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Abstract Platinum-group element (PGE) deposits in the
Bushveld Complex and other layered intrusions form when
large, incompletely solidified magma chambers undergo
central subsidence in response to crustal loading, resulting
in slumping of semi-consolidated cumulate slurries to the
centres of the intrusions and hydrodynamic unmixing of the
slurries to form dense layers enriched in sulfides, oxides,
olivine and pyroxene and less dense layers enriched in
plagioclase. The most economic PGE, Cr and V reefs form
in large, multiple-replenished intrusions because these cool
relatively slowly and their central portions subside prior to
termination of magmatism and complete cumulate solidifi-
cation. The depth of emplacement has to be relatively shal-
low as, otherwise, ductile crust would not be able to flex and
collapse. In smaller intrusions, cooling rates are faster, sub-
sidence is less pronounced and, where it occurs, the cumu-
late may be largely solidified, resulting in insignificant mush
mobility and mineral sorting. Layering is thus less

pronounced and less regular and continuous and the grades
of the reefs are lower, but the reefs can be relatively thicker.
An additional factor controlling the PGE, Cr and V prospec-
tivity of intrusions is their location within cratons. Intra-
cratonic environments offer more stable emplacement
conditions that are more amenable to the formation of
large, layered igneous bodies. Furthermore, intrusions
sited within cratons are more readily preserved because
cratons are underlain by thick, buoyant keels of harz-
burgite that prevent plate tectonic recycling and destruc-
tion of crust.

Introduction

The ~2.05-Ga Bushveld Complex contains by far the
world’s largest layered mafic–ultramafic intrusion, measur-
ing approximately 60,000 km2 in sub-surface outcrop
(Fig. 1). In addition, the Bushveld Complex contains one
of the world’s largest A-type granites and important vol-
umes of rhyolite. The complex also constitutes the world’s
most valuable mineral province (Naldrett 2009), hosting the
bulk of global resources in PGE, Cr and V, with significant
Cu, Ni, Au, Sn, fluorite, Fe and dimension stone (Wilson
and Anhaeusser 1998), and, in the contact metamorphic
aureole of the intrusion, the world’s largest andalusite
resources (Oosterhuis 1998). Clearly, a unique combination
of petrogenetic processes has occurred, but an internally
consistent petrogenetic model for the formation of the lay-
ered sequence hosting the PGE-, Cr- and V-rich layers has
remained elusive, in part because a comprehensive compo-
sitional study covering the entire sequence has not yet been
conducted. As a result, our understanding of the composi-
tion of the complex is still fragmentary.

The interpretation of cumulate rocks has remained as one
of the key challenges in petrology (Campbell 1978;
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McBirney and Hunter 1995; Naslund and McBirney 1996;
Irvine et al. 1998). In the present paper, it is argued that
cumulate rocks within the Bushveld Complex and other
large layered intrusions, many of which were regarded as
textbook examples of classical fractional crystallization pro-
cesses, are reconstituted rocks generated by crystal sorting
of slurries deposited on the sloping floor of subsiding mag-
ma chambers. An overview of some geochemical studies
that shaped current ideas on the formation of the layered
suite of the complex is followed by examination of some of
the more important geological aspects that remain unre-
solved, including the tectonic setting, the nature and origin
of the layering and the petrogenesis of the Bushveld miner-
alized layers, including their remarkable lateral continuity.
New whole-rock compositional data are then used to build a
comprehensive modal and chemical profile through the
complex. These results constrain the mode of emplacement
of the layered rocks, which is of particular importance in
understanding the formation of the PGE reefs. Based on
these data, a holistic model for the formation of the complex
and its economically important PGE, chromite and magnetite

mineralization is presented. Finally, some implications that
are relevant for defining the PGE–Ni–Cu–Cr–V prospectiv-
ity of layered intrusions in general are discussed.

Review of previous work

Large-scale chemostratigraphic studies on the Bushveld lay-
ered rocks began in the late 1960s by von Gruenewaldt
(1971, 1973) and Molyneux (1970, 1974). Their investiga-
tions focused on the Main and Upper Zones in the relatively
well exposed eastern Bushveld Complex between Steelpoort
and Roossenekal (Fig. 1) and also provided detailed infor-
mation on the composition of the magnetite seams, subse-
quently complemented by, e.g., the work of Reynolds (1985,
1986), Klemm et al. (1985) and Cawthorn and Molyneux
(1986). The first mineral compositional studies across sig-
nificant portions of the Bushveld layered sequence were
also conducted in the eastern Bushveld, on the Jagdlust farm
and adjoining areas, where Cameron (1978, 1980, 1982)
analysed olivine, pyroxenes, plagioclase, chromite and other

Fig. 1 Simplified geological map of the Bushveld Complex, showing
the localities mentioned in the text. TML Thabazimbi–Murchison lin-
eament, CRF Crocodile River fault, BG Brits graben, SF Steelpoort
fault, WF Wonderkop fault, 1 Amandelbult section with Tumela, Dis-
haba and Northam platinum mines, 2 Union platinum mine, 3 Impala

platinum mines, 4 Rustenburg platinum mine, 5 Western platinum and
Karee mines, 6 Crocodile River mine, 7Messina platinummine, 8Atok
platinum mine, 9 Maandagshoek section with Modikwa platinum
mine, 10 Mineral Range and Sheba’s Ridge deposit, 11 Rooipoort,
Moorddrift, and Grasvally farms, 12 Turfspruit, 13 Nonnenwerth

2 Miner Deposita (2013) 48:1–56



minerals in a profile through the Lower and Critical Zones,
at what is now usually referred to as the “Cameron Section”
(Fig. 1). One of the key results of these studies was the
documentation of small-scale cyclicity and numerous com-
positional reversals within the sequence, interpreted to result
from multiple magma replenishment.

The first in-depth whole-rock chemical studies of the
Lower and Critical Zones were conducted in the northern
limb of the Bushveld Complex by Hulbert and von
Gruenewaldt (1982) and Hulbert (1983) on the Grasvally
farm. At this locality, exposure was provided by drill cores
that intersected the entire Critical and part of the Lower
Zone, following exploration for economically important
chromitite seams in the Lower Zone. In the eastern and
western lobes of the complex, the Lower Zone lacks chro-
mitite seams. Hence, no commercial drilling was available
and detailed studies were delayed until the Geological Sur-
vey of South Africa collared a series of boreholes (NG1–
NG3) at Union Section, northwestern Bushveld, in the mid-
1980s. The resulting drill cores, and others intersecting the
Critical and Main Zones at Union Section, provided by
Anglo Platinum, were studied by Eales and students. Of
particular interest are the comprehensive studies of Mitchell
(1986) on the Main Zone, of Teigler and Eales (1996) on the
Lower and Lower Critical Zones and of de Klerk (1992) on
the Upper Critical Zone. More recently, Ashwal et al. (2005)
conducted a detailed compositional study on the 3,000-m
Bellevue drill core through the Main and Upper Zones in the
northern lobe (Fig. 1), including comprehensive magnetic
susceptibility and rock density data. The first lithogeochem-
ical studies on the contact rocks of the northern lobe (the
Platreef) were conducted in the 1980s (Buchanan et al.
1981; Cawthorn et al. 1985; Barton et al. 1986). The iron-
rich ultramafic pegmatite (IRUP) pipes of the eastern Bush-
veld Complex, discovery sites of platinum in 1924 (Wagner
1929; Cawthorn 1999a, b), have been examined by Stumpfl
and Rucklidge (1982), Schiffries (1982) and Scoon and
Mitchell (2004, 2009).

A landmark study was the characterization of the suite of
fine-grained marginal rocks and sills in the floor of the eastern
Bushveld Complex, interpreted to represent the parental mag-
mas to the Bushveld Complex (Sharpe 1978, 1981). At about
the same time, Davies et al. (1980) and Cawthorn et al. (1981)
studied the sill suite in the western Bushveld Complex. Two
types of magma suites were identified, Mg-rich basaltic an-
desite (B1 or Bushveld 1 magma) and tholeiitic basalt (B2 and
3). The rocks were analysed for Ir, Ru, Rh, Pt, Pd and Au by
Davies and Tredoux (1985) and a full range of trace element
and PGE data by Barnes et al. (2010).

Comprehensive isotopic studies on the Bushveld Com-
plex began with the Sr isotopic work of Hamilton (1977).
Subsequently, Sharpe (1985) analysed a Sr isotope profile
across the entire layered sequence in the eastern Bushveld

Complex, and Kruger (1994) compiled a similar profile for
the western Bushveld Complex. The data showed that all
Bushveld cumulates contain a pronounced crustal compo-
nent (87Sr/86Sri 0.704–0.709) and that there are several
isotopically distinct intervals that can be correlated across
the entire complex, a feature that profoundly influenced
Bushveld petrogenetic models for the following decades.
For example, the distinct Sr isotopic change associated with
the Merensky unit has been identified in both the eastern
lobe (Lee and Butcher 1990) and the western lobe (Kruger
1992). Several subsequent studies on other isotopic systems
essentially confirmed these results: Maier et al. (2000) pro-
vided Nd isotopic data on the Lower, Critical and Main
Zones at Union Section, and Prevec et al. (2005) added
Nd isotopic data on the Merensky Reef at Impala mine.
Comprehensive Pb isotope studies were conducted by
Mathez and Waight (2003) and Harmer et al. (1995), and
O–H isotopic studies were conducted by Schiffries and Rye
(1989), Harris and Chaumba (2001) and Harris et al. (2004).
Osmium isotopic studies by Hart and Kinloch (1989),
Schönberg et al. (1999), McCandless and Ruiz (1991) and
Reisberg et al. (2011) identified mantle-like ratios in Lower
Critical Zone silicates and chromitites and more radiogenic
ratios in the Upper Critical Zone, indicating the addition of
an enriched component. Curl (2001) determined Os isotopes
in chromite mineral separates from the B-1 marginal rocks
defining γOs −0.07±0.5. On the other hand, the Nd isotope
data for the B1 samples indicate εNd −5 to −6, suggesting a
crustal component.

The first S isotopic studies on the Bushveld Complex
were conducted by Liebenberg (1970) who showed that
most of the internal PGE reefs have a mantle-like S isotopic
signature. Recent work by Penniston-Dorland et al. (2011)
indicates slightly positive Δ33S values of 0.3±0.05 ‰ in
Critical Zone and Main Zone rocks, suggesting that less than
4 % of S is derived from the crust, unless there was addi-
tional input of S from unfractionated sources. In contrast, S
isotopic studies of the Platreef (e.g. Holwell et al. 2007;
Penniston-Dorland et al. 2007) showed that the contact-style
reefs tend to contain a variable, and commonly significant,
component of crustal sulfur.

Studies on the PGE distribution in the rocks have been at
the centre of geological research on the Bushveld Complex
since the reports on the discovery of the reefs by Merensky
(1926) and the seminal work of Wagner (1929). Subsequent
contributions that characterized extended vertical and lateral
portions of the layered sequence include the work of Scoon
and Teigler (1994), Lee and Parry (1988) and Naldrett et al.
(2009a, 2012) on the PGE contents in the Bushveld chro-
mitites, the papers by Kinloch (1982) and Maier et al.
(1999) on PGM and the kilometre-scale PGE profiles by
Lee and Tredoux (1986: Lower and Lower Critical Zones in
the eastern Bushveld), Maier and Barnes (1999: Lower,
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Critical and Main Zones at Union Section) and Barnes et
al. (2004: Upper Zone in the northern lobe). Key results
of these studies include the realization that the entire
lower portion of the complex contains elevated PGE con-
tents, yet it is mostly exceedingly poor in sulfide (Barnes
et al. 2009). The first detailed PGE profiles through indi-
vidual reefs were provided by Lee (1983: Merensky Reef,
Rustenburg Platinum Mine), Hiemstra (1986: UG2 at
Western Platinum mine), Barnes and Maier (2002a:
Merensky Reef at Impala mine), Wilson and Chunnett
(2006: Merensky Reef in western Bushveld) and Maier
and Barnes (2008: UG1, UG2 and Bastard reefs at Impa-
la). A comprehensive regional PGE study on the Meren-
sky Reef was published by Naldrett et al. (2009b). Godel
et al. (2007) were the first to use X-ray tomography in
studying the Merensky Reef. The distribution of PGE in
the Platreef was documented by, e.g., Gain and Mostert
(1982), White (1994), Armitage et al. (2002), Manyeruke
et al. (2005), Kinnaird et al. (2005) and McDonald et al.
(2005). Compilations of PGE distribution patterns along
strike were provided by Maier et al. (2008a) and
McDonald and Holwell (2011).

Age

From the late 1970s onwards, the emplacement age of the
mafic–ultramafic layered rocks of the Bushveld Complex
(the Rustenburg Layered Suite, RLS) (SACS, 1980)
has been known to be around 2,050 Ma (Hamilton 1977;
Von Gruenewaldt et al. 1985). The first high-precision age
determination of the Merensky Reef (2.054.4 ±1.3 Ma, U–Pb
on zircons, Rustenburg Platinum Mine) was published by
Scoates and Friedman (2008). The age was subsequently re-
vised to 2,056.1±0.7 Ma and a further sample from the Drie-
kop farm in the eastern Bushveld yielded 2,055.3 ±0.6 Ma
(Scoates et al. 2011), confirming that the reef formed contem-
poraneously in the different lobes of the complex. The new
age is also consistent with the age of the Platreef (2,056.2
±4.4 Ma; Yudovskaya et al. 2010) and the Marble Hall
diorite (2,055.6 ±3.1 Ma; de Waal and Armstrong 2000),
which the latter authors consider to be part of the early
alkaline phase of the complex. Recent work by Scoates et
al. (2012) indicates that the UG2 footwall pyroxenite is ca.
5 my older than the Merensky Reef, with two samples
yielding ages of 2,060.5±1.4 and 2,059.8±1.2 Ma (U–Pb
on zircons). A broadly similar U–Pb age of 2,058.9±
0.8 Ma was determined for titanite in a retrogressed xeno-
lith in the Upper Zone by Buick et al. (2001). According
to Scoates and Friedman (2008), this may reflect titanite
crystallization during the emplacement of the early felsic
volcanic phase of the Bushveld event (Rooiberg rhyolites,
2,061±2 Ma; Walraven 1997).

The B1 and B2/B3 marginal rocks have been dated by U–
Pb on zircons by Curl (2001) who obtained ages of 2,050±
4 Ma for a B1 sample and 2,052±6 Ma for a B2 sample.
These data place the marginal rocks within error of most
cumulate rocks of the RLS.

The Bushveld granites and granophyres show cross-
cutting field relationships relative to the layered mafic–ul-
tramafic rocks and were originally thought to be significant-
ly younger than the RLS (Coertze et al. 1978; Retief 1985 in
Vermaak and Von Gruenewaldt 1986). However, the rocks
are now known to be broadly coeval to the RLS (2,054.4±
1.8 Ma; Walraven and Hattingh 1993). The key implication
of the available age data is that the entire giant Bushveld
event was of relatively short duration, on the order of 5–10
my. This is broadly analogous to many continental flood
basalt provinces (e.g. Columbia River, North Atlantic,
Deccan, Emeishan; Mahoney and Coffin 1997; He et al.
2007), lending credence to the suggestion of the involvement
of a mantle plume in the origin of Bushveld magmatism
(Hatton and Schweitzer 1995; Olsson et al. 2011).

Layered intrusions containing PGE reefs occur predomi-
nantly in the late Archean and early Proterozoic (Groves et al.
1987; Naldrett 2010; Maier and Groves 2011; Bushveld,
Great Dyke, Stillwater, Penikat, Lac des Iles). Only one po-
tentially economic PGE-bearing intrusion is younger than
1.8 Ga—Skaergaard at 55.7±0.3Ma (40Ar–39Ar; Hirschmann
et al. 1997), and only one is older than 2.9 Ga—Stella at
3.033.5±0.3 Ma (Schmitz et al. 2004). The age of PGE
deposits generally shows a good correlation with the forma-
tion of a new crust (Hatton and Von Gruenewaldt 1990;
Groves et al. 2005; Maier and Groves 2011), which, in turn,
represents supercontinent amalgamation and breakup, notably
at ca 2.75–2.60 Ga during Kenorland amalgamation (Still-
water, Great Dyke) and at 2.05–1.8 Ga during Columbia
amalgamation (Bushveld, Mirabela, Panton). The 2.45 Ga
intrusions of the Baltic Shield and the Superior craton herald
the breakup of Kenorland in Baltica and Superia. Deposits
tend to be rare in periods of supercontinent stability during
which little juvenile crust formed. Notably, apart from the
Bushveld province and its satellites (Molopo Farms, Uit-
komst), the 2,050Ma event does not seem to represent a major
crust-forming episode; broadly coeval mafic events elsewhere
are confined to the Phalaborwa (ca. 2,060.6±0.5 Ma;
Reischmann 1995) and Schiel (2,059±36 Ma; Walraven et
al. 1992) alkaline complexes in South Africa that may
represent the early alkaline phase of the Bushveld event,
and the Otanmäki and Kevitsa ultramafic–mafic layered
intrusions within the Karelian craton of north-central Fin-
land (2,058±4 Ma; Mutanen and Huhma 2001). Thus,
compared to, e.g., the global 2.7-Ga komatiite event, the
Bushveld magmatic episode (0.7–1 million km3; Harmer
and Armstrong 2000) appears to have been a relatively
local event.
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Tectonic setting and magma emplacement

The bulk of the Bushveld Complex and most of the world’s
other significant PGE- mineralized intrusions are associated
with stabilized cratons (Groves et al. 1987; Maier and
Groves 2011). Most deposits occur within the central por-
tions of the cratons, notably the super-large deposits that
host the bulk of world PGE reserves: the Bushveld Complex
in the Kaapvaal craton, the Great Dyke in the Zimbabwe
craton and the Stillwater Complex in the Wyoming craton.
Other notable deposits that are located more than ~50 km
inboard from the craton margin include Panski Tundra,
Fedorova Tundra, Koillismaa, Portimo and Penikat within
the Karelia and Kola cratons, Big Trout Lake within the
Superior craton, Munni Munni in the Pilbara craton and
Panton in the North Australian craton. The central disposi-
tion of the intrusions within cratons is counter-intuitive
because magma ascent through up to 250-km-thick SCLM
should be more difficult than through relatively thin-rifted
craton margins, unless the SCLM delaminated (Olsson et al.
2011). It is likely that the magmas used pathways represented
by trans-lithospheric suture zones along which protocratonic
nucleii were assembled. This allows dense primitive magmas
to ascend rapidly through relatively light upper crust (Naldrett
2010), thereby limiting differentiation and loss of PGE to
segregating sulfide. In the case of Bushveld, the Thaba-
zimbi–Murchison lineament is believed to be particularly
important, as discussed in the suceeding text. In several other
intrusions, there is good evidence for structural control on
emplacement expressed by, e.g., the elongated shapes of the
Great Dyke (Prendergast and Wilson 1989) and the Monts de
Cristal intrusion of Gabon (Edou-Minko et al. 2002) and by
the vicinity of major lineaments and suture zones.

Importantly, in none of the major deposits is there compel-
ling evidence for significant rifting. For example, in the case
of the 2.45-Ga PGE-mineralized intrusions of the Fennoscan-
dian Shield, craton extension is suggested by the occurrence
of broadly coeval craton-wide dyke suites (Vuollo and Huhma
2005), but flood basalts are lacking. The same applies to the
Bushveld Complex. It is conceivable that significant amounts
of lavas have been eroded (Cawthorn and Walraven 1998;
Arndt 2005), but alternatively, extension could have been
relatively localized, caused by transpression within far-field
compressional regimes (e.g., Holzer et al. 1999; Silver et al.
2004). Maier and Groves (2011) argued that the lack of
protracted extension is a key factor in the formation of PGE
deposits because magmas can pond and differentiate in the
upper crust, allowing the formation of large intrusions with
regular and laterally continuous layering, characteristic of the
richest PGE deposits.

Holzer et al. (1999) proposed that the Kaapvaal craton
was under a NW–SE compressional tectonic regime during
Bushveld magmatism, in response to collision with the

Zimbabwe craton, and that the Bushveld magmas were
emplaced due to localized transpressional extension along
reactivated major crustal lineaments, for example, the Tha-
bazimbi–Murchison lineament (TML: Silver et al. 2004) or
the Crocodile River and Steelpoort faults (Cawthorn et al.
2002). There is evidence that the TML and the Crocodile
River fault were active already during Bushveld emplace-
ment; the Upper Critical Zone is markedly thinned in the
Brits graben compared to the adjacent domains (Maier and
Eales 1997), and iron mineralization at Thabazimbi along
the northern extension of the Crocodile River fault (Fig. 1)
was upgraded during or shortly after Bushveld emplacement
(van Deventer et al. 1986). Alternatively, the Bushveld
magmas may have been emplaced in response to backarc
extension (e.g. at the TML; Clarke et al. 2009), but a
subduction-related model would seem less consistent with
the relatively short duration of the Bushveld event.

Distribution and connectivity of Bushveld lobes

The layered mafic–ultramafic sequence of the Bushveld
Complex crops out in four distinct lobes: the western, east-
ern, northern and far western lobes (Fig. 1). An additional
lobe, termed the Bethal or southern lobe, is covered by
>100 m of Karoo sedimentary rocks (Buchanan 1975).
The individual lobes were originally considered to be
connected at depth, largely based on similarities in igneous
stratigraphy (Hall 1932). The recognition of a gravity low in
the centre of the complex (Cousins 1959) temporarily dis-
pelled this model, but Cawthorn et al. (1998) and Webb et
al. (2003) reinterpreted the gravity data, lending support to
the original model of connectivity of the limbs. The exis-
tence of hidden mafic–ultramafic layered rocks below the
centre of the complex is consistent with the identification of
pyroxenite xenoliths, interpreted to be of Bushveld lineage,
in the Palmietgat kimberlite (Webb et al. 2011; Fig. 1).
Other evidence for extension of the layered sequence to-
wards the centre of the complex includes 2D seismic reflec-
tion surveys that indicate down-dip extension of the
Merensky Reef package for >50 km to the east of the
Pilanesberg Complex (Campbell 1990; in Viljoen 1999)
and exposure of Critical Zone rocks in the dome-like Min-
eral Range, located several tens of kilometres to the west of
the eastern Bushveld limb (Fig. 1) (Iljina and Lee 2005).

Stratigraphy and petrography of the layered suite

The RLS is sub-divided into five stratigraphic zones
(Fig. 2), including the Marginal Zone (not shown), Lower
Zone (LZ), Critical Zone (CZ), Main Zone (MZ) and Upper
Zone (UZ) (Hall 1932).
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The Marginal Zone is of variable thickness (0 to several
hundreds of metres) and consists largely of quenched to fine-
grained norites in contact with the LZ (B-1 suite) or very fine-
grained to fine-grained gabbronorite in contact with CZ (the B-
2 suite) andMZ (B-3 suite) (Sharpe 1981). Xenoliths of quartz-
ite (e.g. on the Clapham farm) and dolomite (e.g. on Hendriks-
plaas) locally attest to interaction with the floor rocks. Less
common are anorthosite xenoliths (Bristow et al. 1993, p. 46).
The latter could suggest that some Marginal Zone rocks crys-
tallized from residual liquids derived from within the chamber
(Sharpe 1981; Eales and Cawthorn 1996). A model of relative-
ly late injection of theMarginal Zone is consistent with some of
the field evidence, notably intrusive relationships of Marginal
Zone rocks relative to CZ rocks (e.g. along the Tweefontein–
Lydenburg road, 25.2 km stone: Bristow et al. 1993).

The Lower Zone (LZ) on the western limb of the complex
consists predominantly of harzburgite and dunite (60 vol.% at
Union Section; Teigler and Eales 1996) as well as orthopyr-
oxenite (approximately 40 vol.%). Plagioclase is not present
as a cumulate phase, with the exception of a ~90-cm norite
layer midway up the sequence that has been delineated in both
the western and eastern limbs of the complex (Teigler 1990a;
Lee and Tredoux 1986). The modal data compiled in Fig. 2
highlight the intricate interlayering of olivine- and
orthopyroxene-rich rocks in the LZ that, analogous to similar
rocks, e.g. in the Rum and Muskox intrusions, inspired early
workers to develop the concept of multiple magma replenish-
ment in layered intrusions (Brown 1956; Irvine 1970). In
places, the layering may be prominently exposed in the field,
for example, on the Jagdlust farm where relatively resistant

Fig. 2 Modal proportions of minerals in the Rustenburg layered suite.
Data compiled from Mitchell (1986), Teigler (1990a), de Klerk (1992),
Maier and Barnes (1999) and Ashwal et al. (2005). Marker horizons:
LG lower group chromitites, MG middle group chromitites, UG upper
group chromitites, MR Merensky Reef, BR Bastard Reef, PM Pyroxe-
nite Marker, MML main magnetite layer, M21 magnetite layer 21.
Abbreviations to the right of the column indicate first appearance (+)
and disappearance (−) of cumulus phases: Pl plagioclase, Ol olivine,
Cr chromite, Cpx clinopyroxene, Inv Pig inverted pigeonite, Opx
orthopyroxene, Mt magnetite, Ap apatite

�Fig. 3 Photographs of lithologies in the Lower and Lower Critical
Zones. a A profile from the floor rocks to the top of the Upper Critical
Zone in the Olifants River Trough (the so-called Cameron Section),
eastern Bushveld Complex. View towards NW. The quartzitic floor rocks
of the Complex form the gently sloped hills 2–3 km to the right of the
road. The Bushveld Complex dips at about 20° to the left (to the SW). The
Lower Zone contains the pyramid-shaped hills to the immediate right of
the road in the distance. The hill tops and the SW-dipping dip slopes are
formed by relatively resistant orthopyroxenites, while depressions be-
tween the pyramids are formed by weathered-out olivine-rich rocks. The
boundary between the Lower Zone and Lower Critical Zone is located
near the road. The gently sloped hill to the left of the road represents the
Critical Zone, with the base of the Upper Critical Zone located approx-
imately 300 m from the foot of the hill. The dip slope at the top of the hill
is formed by the UG1 chromitite and associated rocks, with the steep cliff
beneath being formed by leuconorite and anorthosite. b Interlayered
harzburgite–orthopyroxenite layers of the C1 unit, Lower Critical Zone,
exposed inWinterveld mine adit, eastern Bushveld. c The LG6 chromitite
near the adit to the Jagdlust mine, eastern Bushveld. C=densely packed
chromite, M=disseminated chromite. d The MG3 chromitite exposed on
the farm Jagdlust, containing abundant autoliths of pyroxenite and anor-
thosite. e The MG2–3 sequence and the contact between the Lower
Critical Zone and Upper Critical Zone on the farm Tweefontein, eastern
Bushveld; see truck for scale. f The anorthosite layer at the base of the
Upper Critical Zone, exposed on Jagdlust. Note the undulating chromite
stringer of variable thickness and overlying narrow zone of anorthosite
adcumulate (reproduced with permission of J Scoates)
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orthopyroxenite forms pyramid-shaped ridges within a plain
of weathered olivine-rich rocks (Fig. 3a). The highest modal
olivine contents occur in a dunitic–harzburgitic interval near
the top of the LZ that is also characterized by the most
primitive mineral and whole-rock compositions of the ana-
lysed sequence (Cameron 1978; Teigler 1990a; Teigler and

Eales 1996). Amongst LZ rocks, the dunites are closest to
monomineralic compositions, forming olivine adcumulates
with only minor orthopyroxene oikocrysts (Fig. 4a). Plagio-
clase, clinopyroxene and other minor minerals comprise up to
~10 % of most other LZ samples, apart from the basal 50 m of
the intrusion where these components reach approximately 30
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modal% (Fig. 2). Chromite makes up <1 modal% in most LZ
rocks, irrespective of lithology. Notably, the LZ shows more
pronounced lateral variation in thickness and lithology than
the overlying stratigraphic intervals. In some trough struc-
tures, it reaches a thickness of >1 km, for example, in the
Olifants River trough at Cameron Section (Fig. 3a) or near

Burgersfort in the eastern lobe (Button 1976; Wilson and
Chunnett 2010), but it is thinner or absent above swells
between the troughs. Facies changes of the LZ across the
swells indicate that compartmentalization was effective during
crystallization (Scoon and Teigler 1994). This is also
expressed in the lithological and compositional variation of

Fig. 4 Representative rock types from the Lower and Critical Zones. a
Olivine adcumulate, with orthopyroxene oikocrysts, Lower Zone,
Union Section. Field width 4 mm. b Laminated orthopyroxene–chro-
mite mesocumulate, UG2 unit, Impala section. Field width 4 mm. c
Anorthosite adcumulate, 40 m below Merensky Reef, to the southwest
of Brits. Field width 8.7 mm. d Gabbronorite orthocumulate, Merensky
footwall, to the southwest of Brits. Field width 8 mm. e Olivine

orthocumulate with large grains of intercumulus plagioclase, Pseudor-
eef, Upper Critical Zone, Amandelbult section. Field width 8.7 mm. f
Troctolite, FW8, Impala Wildebeestfontein North mine. Note the anhe-
dral nature of olivine and rounded inclusions of plagioclase in olivine.
g UG2 chromitite to the southwest of Brits. Gangue consists of ortho-
pyroxene and makes up about 50 % of rock. Field width 4 mm
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the LZ between limbs. In the western Bushveld Complex,
olivine-rich rocks occur throughout the LZ, whereas in much
of the eastern Bushveld olivine-rich rocks are relatively less
prevalent and confined to the upper portion of the LZ (Teigler
1990a, b; Cameron 1978) and along its base (to the NE of
Burgersfort; Wilson and Chunnett 2010; Wilson 2012). The
latter rocks appear to be somewhat more primitive than LZ
rocks from elsewhere in the Bushveld Complex (maximum
Fo92, as opposed to the normal maximum values of Fo89–90),
except for the northern limb, where high Fo contents (91)
correlate with relatively high Cr/Fe of chromite (Hulbert and
Von Gruenewaldt 1982; Hulbert 1983). Based on Th and REE
whole-rock concentrations, Maier and Barnes (1998) conclud-
ed that the LZ rocks contain 10–20 % trapped liquid compo-
nent. Godel et al. (2011) combined textural studies with laser
ablation analysis of minerals to show that the LZ and LCZ
rocks crystallized from magma of B-1 composition and that the
calculated percentage of trapped liquid component is consistent
with the petrographic observations.

Next in the stratigraphy is the Lower Critical Zone
(LCZ), which is ~700–800 m in thickness and consists
predominantly of orthopyroxenite (89 %: Teigler and Eales,
1996). Harzburgitic rocks occur within two intervals
(Fig. 2), including the C1 unit of Cameron (1982) where
harzburgite is finely interlayered with orthopyroxenite
(Fig. 3b). There are nine major chromitite seams (Lower
Group or LG seams 1–7 and Middle Group or MG seams 1–
2), of which LG6 (the sixth from the base; Fig. 3c) hosts the
largest chromite reserve on Earth (Crowson 2001). The
seams have been correlated, albeit at variable thickness,
across much of the complex (Cousins and Feringa 1964;
Teigler et al. 1992; Teigler and Eales 1996), highlighting
that the LCZ shows less pronounced lateral variation than
the LZ. The base of the LCZ has been defined as the level
where there is a significant increase in intercumulus plagio-
clase (from 2 to 6 %: Cameron 1978). In contrast, Teigler
(1990a) preferred to place the boundary ~200 m lower, at
the top of the main olivine-rich interval (Fig. 2).

In the western and eastern lobes of the complex, the base
of the Upper Critical Zone (UCZ) is defined by a laterally
continuous, 1–3-m-thick anorthosite layer (Fig. 3d–f). It
overlies orthopyroxenite with a sharp but undulating contact
marked by a 1–2-mm chromitite stringer and, in places, an
overlying 1–2 cm selvage of anorthosite adcumulate
(Fig. 3f). In the northern limb, fine-grained UCZ rocks
overlie thick harzburgites of what is believed to be the LZ,
implying that the LCZ could be absent (Hulbert 1983; Maier
et al. 2008a). In addition, the contact sequence between the
LZ and the UCZ locally contains large xenoliths or rafts of
quartzite and dolomite (Hulbert 1983; Maier et al. 2008a;
Yudovskaya et al. 2012). These field relationships suggest
that, along the northern limb, the LZ and UCZ may form
distinct sill-like intrusive bodies.

The UCZ is up to ~500 m in thickness (Fig. 2). The main
lithologies are orthopyroxenites (~70 %; Fig. 4b), norites
(~25 %; Fig. 4d) and anorthosites (~5 %; Fig. 4c) (Teigler
and Eales 1996; authors’ unpublished data). The pyroxenites
may form adcumulates or laminated ortho- or mesocumulates.
The norites typically are mesocumulates, containing several
percent of intercumulus clinopyroxene, forming in many
cases large oikocrysts (Fig. 4d). Anorthosites mostly occur
as mesocumulates in which large mottles of intercumulus
orthopyroxene and clinopyroxene constitute up to 20 % of
the rock. However, anorthosite may also form adcumulates,
for example, as centimetre- to decimetre-thick selvages at the
base of the UCZ (Fig. 3f) and below the Merensky Reef
(Fig. 5d). Olivine-bearing rocks (harzburgite and troctolite)
make up <1 % of the UCZ (Fig. 2; Fig. 4e, f) and are
essentially confined to the northwestern Bushveld (Viljoen et
al. 1986a, b; Eales et al. 1988; Maier and Eales 1997) where
they form part of the Merensky and Pseudo Reefs. In most of
the remainder of Bushveld, the predominant mafic mineral of
the Merensky Reef is orthopyroxene, and the Pseudo Reefs
are absent. The Merensky and Pseudo Reefs are decimetre- to
metre-wide coarse-grained to pegmatoidal orthocumulate
layers locally characterized by up to 40 % of intercumulus
material (Fig. 4e). Chromite is a trace component in most
UCZ rocks, but the mineral may be locally concentrated to
form bedding-parallel schlieren (Fig. 4b). In addition to dis-
seminated chromite, the UCZ contains four to five major
chromitite seams, including Middle Group (MG) seams 3–4
(Fig. 3d, e) and Upper Group (UG) seams 1–2 (Fig. 5a, b; 1–3
in the eastern lobe) as well as dozens of minor seams and
stringers, including those below the UG1 chromitite (Fig. 5a),
above the UG2 (Fig. 5b) and bracketing the Merensky Reef
pegmatoid (Fig. 5d). The Bushveld chromitites contain vari-
able gangue contents that progressively increase with height
(de Waal 1975; Maier and Barnes 1999), with the UG seams
having up to 40 % gangue component (Fig. 4g).

A feature that is particularly characteristic of the UCZ is the
occurrence of cyclic units (Cameron 1982; Eales et al. 1986,
1988, 1990). The base of the units typically consists of ultra-
mafic rocks (i.e. chromitite and/or harzburgite and/or pyroxe-
nite) that are overlain by progressively more feldspathic rocks
(i.e. first norite and then anorthosite; Fig. 5b). The units have
thicknesses between a fewmillimetres (Fig. 6a) to several tens
of metres, exceptionally reaching several hundreds of metres
(in the cyclic unit overlying the MG4 chromitite; Eales et al.
1990). Platinum-group element mineralization tends to be
concentrated in the basal ultramafic portions of the larger
units, particularly in the case of the economically important
Merensky Reef (Fig. 5c, d) and UG2 chromitite (Fig. 5b), as
well as the sub-economic Pseudo Reef harzburgite and Bas-
tard Reef pyroxenite.

Most authors place the base of the 2–3-km-thick Main
Zone (MZ) at the top of the Bastard cyclic unit, defined by
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Fig. 5 Photographs of Upper Critical Zone rocks. a The UG1 footwall
chromitite stringers at Dwars River. Note the autolith of anorthosite
within chromitite band at the lower left and the warping of chromite
around the autolith indicating the flow of chromite crystal slurry. b The
UG2 chromitite at Karee mine, western Bushveld. The main chromitite
has an undulating basal contact with footwall anorthosite. Also note the
presence of several leader seams and the sharp contact between the
UG2 pyroxenite and the hanging wall anorthosite. c The Merensky

pyroxenite on Hackney, eastern Bushveld, showing a sharply trans-
gressive bottom contact of pyroxenite, cutting the banding in noritic
footwall. d Merensky Reef at Impala Platinum mine, western Bush-
veld. Note the chromitite stringers at the base and 10 cm above the base
of pyroxenite and the anorthosite zone immediately below the reef. e
Hanging wall contact of Merensky pyroxenite on Driekop, eastern
Bushveld, showing Merensky pegmatoid invading the hanging wall
norite
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Fig. 6 Photographs of a miniature cyclic unit in Pseudoreef interval,
Amandelbult section, western Bushveld, with anorthosite at the base
overlain by a chromitite stringer, orthopyroxenite and then norite. b
Anorthosite autoliths with wispy tails in UG1 chromitite, Dwars River.
The preservation of these delicate tails is inconsistent with autolith
entrainment in magma and is instead interpreted to reflect the residual
origin of anorthosite invaded by chromitite slurry. c Undulating basal
contact of Main Magnetite Layer, Magnet Heights, eastern Bushveld. d

The pyroxenite marker (PM) on the farm Mooimeisjesfontein, eastern
Bushveld (from Maier et al. (2001)). Note the undulating contact
between melagabbro and anorthosite footwall reminiscent of load cast
structure. The anorthosite forms flame-like injections into the overly-
ing melagabbro. eMagnetite layer 1 at Magnet Heights. Note the sharp
lower contact with anorthosite and the progressive increase in plagio-
clase content with height
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the upper contact of the Giant Mottled Anorthosite (e.g. de
Klerk 1992), whereas Kruger (1990) prefers to place the
contact at the level of the Merensky Reef, based on a
significant change in Sr isotope ratio within the Merensky
unit (Kruger 1992). Towards the top of the MZ, there is a
prominent melanocratic layer (pyroxenite or melanorite),
termed the Pyroxenite Marker (Fig. 6d). This marks a sig-
nificant compositional reversal and contains some PGE
mineralization (Maier et al. 2001; Maier and Barnes 2010).
Based on changes in 87Sr/86Sri, Kruger (1990) placed the
base of the Upper Zone at this horizon, whereas most other
authors (e.g. SACS 1980) take the base of the UZ as the
stratigraphic level where cumulate magnetite appears, sev-
eral hundreds of metres further up in the stratigraphy. Based
on the evidence presented in the following sections,
Kruger’s sub-division has been adopted in this paper
(Fig. 2). The bulk of the MZ consists of mostly relatively
massive norite and gabbronorite with typically 10–30 %
orthopyroxene, 10–20 % clinopyroxene and about 50 % pla-
gioclase (Fig. 2). Intervals that show distinct centimetre- to
metre-scale layering are largely confined to the Pyroxenite
Marker interval and underlying rocks (Quadling and
Cawthorn 1994). A few relatively thin (decimetres to a few
metres in thickness) pyroxenite layers may also occur in the
lower MZ (Mitchell 1986, 1996), but it remains unknown
whether these are enriched in sulfide and PGE.

The approximately 1–2-km-thick Upper Zone (UZ) has
traditionally been sub-divided into three subzones based on
cumulate mineralogy. Sub-zone A contains cumulus plagio-
clase, low-Ca pyroxene and magnetite. In sub-zone B, oliv-
ine becomes an additional cumulus phase. Sub-zone C is
defined by the appearance of apatite and is also character-
ized by the occurrence of numerous large country rock
xenoliths. Subzones A and B consist of cyclic units of
magnetitite, gabbronorite and anorthosite. In sub-zone C,
granular ilmenite is present in the oxide layers, and the
cyclic units consist of Fe oxide layers overlain by ferrodior-
ites (Molyneux 1970; von Gruenewaldt 1971). If Kruger’s
proposal is accepted, i.e. to place the base of the UZ at the
level of the Pyroxenite Marker, the nomenclature for the
subzones has to be revised, with the interval above the
Pyroxenite Marker constituting sub-zone A and the overly-
ing rocks forming subzones B to D.

The number of magnetite layers varies between localities.
In the northern limb of the complex, 16 layers have been
recorded (Barnes et al. 2004), whereas up to 26 layers are
known from the eastern and western limbs (Cawthorn and
Molyneux 1986; Tegner et al. 2006). The oxide layers are
between a few centimetres to >10 m in thickness (magnetite
layer 21) and many contain abundant anorthosite xenoliths.
Most layers have sharp lower contacts, but the upper con-
tacts may be gradational (Fig. 6e). The fourth layer from the
bottom (in the eastern limb) is the 1–2-m-thick Main

Magnetite Layer from which >50 % of the world’sV pro-
duction is derived (Crowson 2001). It is mined in both the
western and eastern Bushveld. The uppermost magnetite
layer 21 can reach a thickness of 60 m (www.petmin.co.za
2010) but is more usually on the order of 10 m in thickness.
It is characterized by a particularly large amount of anor-
thosite xenoliths and a reversal in plagioclase composition
towards more calcic values (Von Gruenewaldt 1971).

Nature and origin of layering

Review of main concepts

The remarkable diversity in the style of layering within
ultramafic–mafic intrusions implies that the formation of
the layers is unlikely to be related to a single mechanism
(Naslund and McBirney 1996). Processes such as crystal
settling (Wager 1963), magma replenishment (Brown 1956),
in situ crystallization at the bottom of the magma chamber
(Campbell 1978), percolation of interstitial melts and fluids
through semi-consolidated cumulates (Irvine 1980), density
currents sweeping down along the sidewall of intrusions
(Irvine et al. 1998) and emplacement and mobilization of
crystal slurries (Emeleus 1986; Eales 2002) could all have
contributed to the formation of the layers, particularly in the
largest, most slowly cooling intrusions. Some pegmatoidal
layers have been explained through sub-solidus textural
maturation (McBirney and Hunter 1995) and this model
may be applicable to some portions of the laterally extensive
pegmatoids at the base of the Merensky Reef and the Pseudo
Reefs and below the UG2 chromitite (Barnes and Maier
2002a; Cawthorn and Boerst 2006), although some of these
pegmatoids clarly have a replacement origin (Reid and
Basson 2002). A model of flux melting and recrystallization
of noritic protocumulates was envisaged for the anorthosite
selvages underlying the Merensky pegmatoid (Nicholson
and Mathez 1991; Boudreau 2008). In addition, some exam-
ples of layering have been explained by intrusion of sills
into semi-consolidated cumulates (Bédard et al. 1988).

The remarkable lateral extent of many layers in the
Bushveld Complex has remained particularly difficult to
explain. For example, the Merensky Reef, the UG2 and
LG6 chromitites and the Main Magnetite Layer can be
correlated for >100 km of strike and several kilometres of
dip in both eastern and western lobes (e.g. Cousins and
Feringa 1964; Cawthorn and Molyneux 1986). The Pseudo
Reef and Boulder Bed horizons occur over a >30-km strike
length in the western lobe (Maier and Eales 1997). Perhaps
most notably, the UG1 chromitite and its characteristic
footwall stringers can be correlated across the entire western
and eastern lobes, although the detailed nature of the pack-
age may vary considerably (e.g. anorthosite may be
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confined to the footwall of the main chromitite or host the
entire chromitite package, as seen in parts of Impala mine;
Maier and Barnes 2008). In stark contrast to the relative
lateral continuity of many of the ultramafic layers of the
Critical Zone, the thickness of their leucocratic host inter-
vals may show considerable lateral variation (Eales et al.
1988). For example, the thickness of the feldspathic rocks in
the UG2–Merensky interval increases from 20 m in the
northwestern Bushveld to 250 m in the southwestern Bush-
veld (Maier and Eales 1997). The interval between the UG1
and UG2 chromitites lacks feldspathic rocks at Union Sec-
tion but contains up to 100 m of norite elsewhere in the
Western lobe (Cousins and Feringa 1964). The contrasting
lateral continuity of the ultramafic and mafic layers of the
Critical Zone has been explained by the thermal erosion of
feldspathic cumulates by primitive replenishing magmas in
the proximity of magma feeder zones (Eales et al. 1988), but
we will argue subsequently for a different mechanism.

Amongst students of layered intrusions, the model of
gravity-driven fractionation via crystal settling in combina-
tion with replenishment and mixing of magmas remains
perhaps the most popular explanation for the origin of the
layering (e.g. Naldrett et al. 2012). Some features of the
Bushveld Complex remain difficult to reconcile with this
model, including the fine-scale rhythmic banding, for ex-
ample, in the C1 unit of the LCZ (Fig. 3b) or in the hanging
wall of the Pseudo Reefs at Union Section (Viljoen et al.
1986a) where it is referred to as “inch-scale” layering.
However, such layers are relatively rare and could poten-
tially have formed through crystal ageing (Boudreau 1994).
Another feature that is difficult to reconcile with crystal
settling is the interlayering of adcumulates and orthocumu-
lates, for example, in the Jimberlana intrusion of Western
Australia (Campbell 1978). The latter author argued that the
adcumulates reached textural equilibrium during in situ
crystal growth at the surface of the cumulate pile, particu-
larly where low degrees of supercooling prevailed, i.e. in the
central portions of the intrusion. Phase layering would have
formed due to fluctuating supersaturation: orthocumulates
would form at greater degrees of supercooling and thus be
relatively concentrated at the margins and in the upper
portions of the intrusion. This model has also been applied
to the formation of the PGE reefs (Barnes and Naldrett
1986). However, the sulfide content of many PGE reefs is
higher than the cotectic ratio, proposed to be ~0.6 % by
Barnes et al. (2009), and thus some preferential concentra-
tion of sulfides is required. Furthermore, the high metal
tenors of the reef sulfides requires equilibration of the sul-
fides with large volumes of silicate magma (see Campbell
and Naldrett (1979)), which would be difficult to achieve in
a narrow crystallization front. Another reason why the
Campbell model remains controversial is that it cannot be
readily applied to the Bushveld Complex. Adcumulates are

rare and largely confined to dunites at the top of the LZ and
some anorthosites. Most LZ and LCZ rocks contain ~10 %
intercumulus material (Fig. 2), and incompatible trace element
contents are 5–30 % of those of the B1 parental magmas (see
table in the “Electronic supplementary material”), indicating
that the rocks are mesocumulates. The estimation of the
trapped liquid component in the feldspathic rocks is more
difficult as these rocks may have crystallized from mixtures
of several distinct magma types, but the incompatible element
abundances allow a rough estimate of about 20–40 % liquid
component for the Main Zone cumulates (Barnes et al. 2010).

Formation of magnetite and chromitite layers

Of particular interest are the massive chromitites and mag-
netitites, in part because of their economic value, but also
because of their particularly prominent layering. Looking at
the chromitites first, up to 14 major seams are normally
distinguished (LG1–7, MG1–4, UG1–3), with thicknesses
between ~1 dm and 2 m (Fig. 3c–e). They mostly show
good continuity along strike, but thicknesses may vary
between lobes and between segments within lobes. In addi-
tion to the main seams, there are dozens of thin layers that
show less lateral continuity, i.e. they may bifurcate, termi-
nate or merge with thicker seams on a scale of centimetres to
hundreds of metres (Fig. 5a). However, the combined thick-
ness of individual chromitite packages (e.g. the UG1 seam
and its footwall chromitite stringers, Fig. 5a) is broadly
constant along strike (Maier and Teigler 1995). The host
rocks to the chromitite seams are mostly orthopyroxenite
(LG1–3–5–6–7, MG2–4) or harzburgite (LG2 and 4; Teigler
and Eales 1996), but in the UCZ, the chromitite seams
normally overlie anorthosite (Fig. 5a, b). In most cases, the
contacts of the seams with their silicate host rocks are knife-
sharp. Textural and compositional variation across seams has
been documented by Hiemstra (1986), Maier and Barnes
(2008), Voordouw et al. (2009a, b) and Von Gruenewaldt
and Worst (1986). Many, but not all, seams show denser
packing of chromite in the centre (Voordouw et al. 2009a;
VonGruenewaldt et al. 1986). In the case of the LG6, a central
densely packed domain is bracketed by decimetre-thick zones
of more diffuse chromite (Fig. 3c). Platinum-group elements
tend to be concentrated at the margins, at least in the case of
the well-studied UG1 and UG2 (von Gruenewaldt et al. 1986;
Hiemstra 1986; Maier and Barnes 2008). Our observations
indicate that many chromitites are relatively enriched in xen-
oliths compared to their host rocks, e.g. the LG6, the MG3
(Fig. 3d), the UG1 (Fig. 5a, 6b) and the UG2 and UG3.
Xenoliths are commonly elongated, have narrow tails
(Fig. 6b) and may show extreme length-to-width ratios
(Fig. 3d). In some cases, xenoliths are concentrated at specific
levels of the seam, for example, mid-level within the UG2. In
places, chromitites may drape around xenoliths (e.g. in the
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UG1 or MG3; Fig. 3d, 5a), but in most cases the top and
bottom contacts of the thicker seams do not bulge around
xenoliths, even where the latter constitute a significant portion
of the seams (Fig. 3d).

Many of the textural characteristics of the chromitite
seams are shared by the magnetite seams. The most eco-
nomic seam is the Main Magnetite Layer as this combines
considerable thickness (up to ~3 m) with some of the highest
V contents amongst Bushveld magnetitites (1.5–2 % V2O3;
Klemm et al. 1985). In this seam, the sharp and undulating
basal and top contacts are well exposed (e.g. at Magnet
Heights), showing pothole-like depressions at the base
(Fig. 6c). Elongated autoliths and xenoliths are abundant
and are concentrated near the base and mid-level within the
seam. The latter horizon can be traced for tens of kilometres
along strike (Cawthorn and Molyneux 1986).

The petrogenesis of the oxide seams remains poorly
understood. Magmatic differentiation may drive the magma
to cotectics along which chromite and magnetite crystallize
together with other minerals. To accumulate the oxide
layers, either the minerals must separate effectively from
the magma or the magma needs to be pushed into the
stability field of the oxides by a sudden change in compo-
sition, temperature or pressure. The crystal fractionation
model (Toplis and Carroll 1996; Cawthorn and Molyneux
1986; Tollari et al. 2008a, b; Naldrett et al. 2009a, b)
requires that after the oxides crystallize, they are preferen-
tially accumulated on the chamber floor because the cotectic
porportions of oxides and silicates are ~1 % for chromite
(Barnes 1998b) and in the 5–30 % range for magnetite
(Toplis and Carroll 1996). Cawthorn and McCarthy (1980)
argue that the variation in Cr content across magnetite layers
is consistent with the in situ crystallization of magnetite, and
Naldrett et al. (2012) interpreted the V contents across the
UG2 chromitite to result from crystal fractionation. Howev-
er, one of the main criticisms of crystal fractionation models
has been that the high yield strength of basaltic magmas
prevents the effective segregation of small (originally
<0.2 mm; e.g. Jackson 1961) magnetite or chromite crystals
to form laterally extensive massive oxide layers with knife-
sharp bottom and top contacts (McBirney and Noyes 1979).
Irvine et al. (1998) proposed that cumulate layers in the
Skaergaard intrusion precipitated from density currents of
crystal slurries that sweep down the chamber walls, and this
model could potentially be applied to the Bushveld oxide
layers. However, while it is conceivable that the currents
erode the mushy unconsolidated top layer of the previously
deposited cumulate, thereby causing the knife-sharp bound-
aries between layers, density currents cannot readily explain
the abundant, highly elongated, sub-horizontally orientated
anorthosite autoliths within Bushveld chromitite and mag-
netitite layers (Fig. 3d). These fragments, or at least their
wispy tails, should have been dismembered during flow

and/or unmixed from the oxide slurries due to negative
buoyancy.

A number of alternative models have been proposed for
the formation of the oxide seams, none of which is entirely
satisfactory. For example, mixing of resident with replenish-
ing magmas (Irvine 1975; Sharpe and Irvine 1983) may
cause supersaturation in oxides due to the curvature of phase
boundaries. However, in order to form the laterally extreme-
ly extensive Bushveld layers, the proportions and composi-
tions of the mixing end-members would have to be broadly
constant across the entire 400-km-wide intrusion, which
seems difficult to accept. In what constitutes a variant of
the magma mixing model, O’Driscoll et al. (2010) proposed
that addition of a plagioclase component to the intruding
magma, for example, by assimilation of plagioclase-rich
floor rocks, may trigger Cr–Al spinel saturation, leading to
the formation of thin chromitite stringers in the Rum
intrusion.

Phase stability fields of oxides can be shifted by changes
in pressure (Cameron 1980; Lipin 1993). This is a particu-
larly elegant mechanism to explain the massive oxide layers
as pressure changes would affect the entire magma chamber
simultaneously. Mondal and Mathez (2007) and Naldrett et
al. (2012) have argued that the shifts in chromite stability
fields resulting from pressure change would be negligible,
but relevant experiments remain to be done.

Temporary super-saturation in magnetite or chromite
could also be achieved by an increase in the oxygen fugacity
of the magma, for example, via contamination (Ulmer
1969). With regard to the magnetitites, the model was
rejected by Toplis and Corgne (2002) and Balane et al.
(2006) who showed that the relatively high V contents of
the Bushveld seams (up to 2.2 % V2O5) require the fO2 of
the magma to have been in a narrow range of NNO to NNO-
1, inconsistent with significant oxidation peaks. For chro-
mitite layers, the contamination model was recently re-
evaluated by Naldrett et al. (2012). By means of thermody-
namic modeling, the authors concluded that contamination
with the country rocks is unlikely to drive Bushveld mag-
mas into the stability field of chromite. However, whether
the combination of magma mixing, P-change and oxidation
in response to magma replenishment could trigger oxide
supersaturation is an open question.

Nicholson and Mathez (1991) and Boudreau (2008) sug-
gested that the thin chromitite stringers that border the
Merensky pegmatoid formed through volatile fluxing that
caused reduction of the pyroxene stability field and enlarge-
ment of the olivine, spinel and plagioclase stability fields.
The chromitite stringers would thus represent hydration
fronts. However, the model cannot be easily applied to
explain thicker chromitites because of mass balance consid-
erations, that is, there are no complementary zones of Cr
depletion associated with the massive chromitite seams.
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Furthermore, Barnes and Maier (2002a) have shown that the
microstructures and textures of plagioclase grains in the
anorthosite footwall are not consistent with the notion that
these minerals represent residual material as the grains are
elongate parallel to the horizontal, show normal zonation
and exhibit high-temperature deformation and micro struc-
tures consistent with compaction (Figs. 4c and 5d).

One of the most popular models for the formation of
massive magnetite layers is saturation of the magma in Fe
oxide liquid (Philpotts 1967; McBirney 1975; Naslund
1983; Zhou et al. 2005). Several experimental studies have
produced immiscible Fe oxide liquids from silicate liquids
(Roedder 1978; Freestone 1978; Naslund 1983). However,
the experiments that produced Fe oxide liquids started with
silicate liquids with compositions that are very different to
natural rocks. Toplis and Carrol (1995, 1996) and Tollari et
al. (2006, 2008) showed that using compositions close to
natural basalts and diorites, magnetite or ilmenite crystallize
before the magmas become saturated with Fe oxide liquid.
Therefore, the weight of experimental evidence does not
support the immicibility model. Textural arguments have
also been made in support of immiscibility, with a number
of workers reporting the presence of Fe-rich and Fe-poor
melt inclusions in apatites from layered intrusions (e.g.
Jakobsen et al. 2005; Charlier et al. 2011). However,
London (2008) argued that melt inclusions in general are
not reliable indicators of overall melt composition due to
boundary layer effects. Eales and Cawthorn (1996) rejected
the liquid immiscibility model for the Bushveld magnetite
layers on the grounds that the Fe oxide liquid would not
have formed sharp planar contacts with the underlying
cumulates. Instead the dense liquid would have percolated
into the interstitial spaces in the cumulate.

Formation of anorthosites

The origin of anorthosite layers also remains unresolved.
Some authors have proposed flux melting of noritic proto-
cumulates (Nicholson and Mathez 1991; Boudreau 2008) to
form the footwall anorthosite to the Merensky Reef
(Fig. 3f). However, some anorthosites clearly are intrusive
(see below) and thus it is difficult to apply the concept in a
general sense. The most widely accepted mechanism
remains one of gravitational crystal fractionation (Cawthorn
and Ashwal (2009) and references therein). This has been
successful in explaining the petrogenesis of massive-type
anorthosite complexes (Ashwal (1990) and references there-
in) where negatively buoyant plagioclase crystals may ac-
cumulate at the roof of magma chambers from where they
may rise diapirically through the crust. The model is more
difficult to apply to the formation of stratiform, laterally
extensive and often delicate plagioclase layers within lay-
ered intrusions. However, some anorthosite complexes are

clearly layered (Michikamau: Emslie 1965; Laramie:
Scoates 2000; Kunene: Maier et al. 2008b), suggesting that
there are some similarities in the genesis of layered anor-
thosite massifs and anorthosite layers in layered intrusions.

A particularly enigmatic occurrence of anorthosite has been
observed at Smokey Hills mine, on Maandagshoek farm in the
eastern Bushveld. Here, anorthosite forms a pothole locally
injecting and brecciating pyroxenitic and chromititic host rocks
of the UG3 unit in a sill-like manner (J Mungall, T Oberthür,
written communication; Fig. 7). Such a process would be
consistent with the knife-sharp contacts of many anorthosite
layers andwith the similarity in the composition of footwall and
hanging wall rocks to the layers, but it would require effective
downward draining of dense residual liquid after emplacement
of plagioclase-rich slurries, analogous to the mechanism pro-
posed by Scoates et al. (2010) for the formation of the Poe
Mountain anorthosite. The model implies that some layered
intrusions may represent sill complexes and that cumulate piles
may not necessarily be emplaced in a bottom-to-top sequence.
However, in most Bushveld layers, the An content of the
plagioclase is broadly similar to the noritic host rocks, suggest-
ing that if the anorthosites formed from injecting slurries, these
must have been derived relatively locally.

Patterns of down-dip compositional variation

The extent of down-dip variation in the Bushveld Complex is
not well documented, in part because: (1) the centre of the
intrusion is not exposed, (2) the dip of layering is mostly so
steep (15–70°) that the mining operations expose only a few
kilometres of down-dip exposure and (3) lithological and
compositional information is largely confined to the reef inter-
vals. It also remains unclear whether the available exposure
comprises predominantly a lateral (along strike) component or
whether post-emplacement tilting of the intrusion additionally
introduced a significant down-dip component to the exposure.

One of the main areas where there is good down-dip
exposure is the northern part of the western lobe where
mining occurs over some 10 km in down-dip direction.
Along the Union and Amandelbult sections (Fig. 1), Anglo
Platinum exploits the UG2 and Merensky Reefs at a relative-
ly shallow depth (down to ~1,500 m), whereas the Northam
platinum mine exploits the reefs down-dip from Amandel-
bult at average depths of 1,750 m and a maximum depth of
2,063 m (Smith 2007). Notably, Northam mine shows the
highest grades of the UG2 and the Merensky Reef in the
Bushveld (Cawthorn 1999b; Viljoen and Schürmann 1998)
and the proportion of feldspar-rich rocks within the UG2–
Merensky Reef interval appears to be somewhat lower than
at Union and Amandelbult sections (Viring and Cowell
1999). An analogous pattern of down-dip compositional
variation, together with an increase in the size and depth of
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potholes, has also been recorded on a smaller scale within
Union and Amandelbult sections (Eales et al. 1988; Viljoen
1999; Viring and Cowell 1999). In addition, down-dip lith-
ological variation is well exposed in the northern lobe of the
Bushveld Complex, on the Rooipoort and Moorddrift farms,
where the internal reefs (Merensky, UG2) transform to a
more disseminated, low-grade style of mineralization as the
margin of the intrusion is approached (Maier et al. 2008a). In
the central sector of the Platreef, Yudovskaya and Kinnaird
(2010) have shown that the abundance of xenoliths
decreases, and the proportion of ultramafic and chromite-
enriched rocks increases down-dip. Furthermore, the grade
of mineralization may increase significantly down-dip, for
example, on Zwartfontein (Akanani project), where miner-
alized intervals of up to 44 m with up to 4.4 ppm PGE have
been intersected. In summary, it appears that wherever there
is exposure, the down-dip lithological and compositional
variation is more pronounced than along-strike variation.

In contrast to the Bushveld Complex, the preserved por-
tions of the Great Dyke represent only its central and lower
segments, with the upper and peripheral segments having
been eroded (Prendergast 1988, 1991). Complex patterns of
down-dip variation in chromitite composition and lithology
have been documented by Prendergast and Wilson (1989). In

some layers (e.g. CID), disseminated chromite first transforms
into massive seams in a down-dip direction, which then pinch
out to be replaced by thick layers of disseminated streaky
chromitite in the centre of the intrusion. Of note is the fact
that bulk sulfide contents in the Great Dyke appear to be
significantly higher than in the (internal) Bushveld reefs. Both
the Main and Lower Sulfide Zones can have significantly
more than 1% sulfides over several tens of metres (Prendergast
and Wilson 1989). Furthermore, Wilson and Tredoux (1990)
showed that bulk sulfide and PGE contents are higher in the
axis of the intrusion than at the margins.

A transition from marginal thin chromitite stringers to
centrally located seams, reaching up to 90 m in thickness,
has been described from the Kemi intrusion, Finland (Alapieti
et al. 1989). Below the thickened central segment of the
intrusion, there is a dyke of massive chromitite, interpreted
to be a feeder zone to the complex (Alapieti et al. 1989).
Anderssen et al. (1998) documented a progressive increase
in thickness and Au grade of the Platinova reefs towards the
centre of the Skaergaard intrusion. Another example of well-
characterized down-dip lithological variation is the Jimberlana
intrusion (Campbell 1986a), where layering becomes more
pronounced, ultramafic layers thicken and orthocumulates
transform to adcumulates towards the centre of the intrusion.
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Fig. 7 Photographs showing a
transgressive anorthosite at
Smokey Hills platinum mine,
eastern Bushveld. Anorthosite
forms a depression structure in
UG3 unit, interpreted as a
pothole. b Close-up image
showing the intrusion of anor-
thosite below UG3 chromitite
(right central), locally causing
fragmentation of UG3 and its
hanging wall pyroxenite (lower
left). This exposure suggests
that the stratiform anorthosite
layer below UG3, formed
through the intrusion of
plagioclase-rich magma. Photo-
graphs reproduced with the
permission of J Mungall and T
Oberthür
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Based on evidence from the Bushveld and other layered
intrusions summarized earlier, the variations in stratigraphy
between the western and eastern lobes of the Bushveld Com-
plex can be placed into a new context. In the eastern lobe,
there are three instead of two UG chromitite seams, the UG
chromitite package contains more plagioclase-bearing inter-
layers, potholes are smaller and less abundant, without show-
ing undercuts and having less steep edges than those in the
northwestern part of the Bushveld, and PGE grades of the
reefs are slightly lower than in the west (Gain 1985; Mossom
1986; Cawthorn 1999b; Naldrett et al. 2009b). Of further note
is the contrast in the stratigraphic setting of theMerensky Reef
and UG2 within their pyroxenitic host rocks. In the west, both
layers occur at the base of pyroxenites (Viljoen et al. 1986a,b;
Leeb-du Toit 1986), whereas in the eastern lobe they occur
towards the top of pyroxenite layers (Gain 1985; Mossom
1986; Mathez and Mey 2005). These lithological differences
are interpreted here to result from a relatively more up-dip
location of the exposed eastern lobe (Fig. 8), as discussed in
more detail in a later section.

Modification, disturbance and discordance of layering

The remarkable lateral continuity of many Bushveld layers
on a regional scale has led to an under-appreciation of
locally developed disturbances and irregularities in layering
that are particularly evident in the well-exposed UCZ. Irreg-
ularity is expressed by transgressive contacts of the reefs
relative to their footwalls (in the form of so-called potholes),
by regional-scale transgressions of the UZ through the entire
underlying cumulate package (the so-called “gaps” in the
northwestern Bushveld), by pipe-like transgressive bodies
of magnetite, Fe-rich ultramafic pegmatite, or sulfide and by
numerous structures reflecting ductile and brittle deforma-
tion on various scales. Although some of the latter are
clearly of post-magmatic origin, syn-magmatic deformation

is expressed in the form of high-temperature shear zones in
the reef interval (Carr et al. 1994), and many irregular, in
places chaotically oriented small-scale folds. It is becoming
increasingly clear that such structures also occur, albeit
probably relatively less commonly, in other intervals of the
Bushveld Complex, other PGE-bearing layered intrusions
(e.g. Stillwater, Penikat, Rum, Mochegorsk) and in layered
anorthosite complexes (Scoates et al. 2010). In the follow-
ing section, these features are described in some detail
because it is argued that they are relevant to the formation
of the PGE reefs.

Syn-magmatic and late magmatic deformation

Due to relatively pronounced colour contrast, centimetre to
decimetre-scale folds and schlieren are particularly evident
in interlayered mafic–ultramafic rocks, including pyroxe-
nite–norite and chromitite-anorthosite (Figs. 9 and 10;
Cameron 1963; Lee 1981; Viljoen et al. 1986a). In the
Bushveld Complex, a particularly well-exposed example
of syn-magmatic deformation occurs along the Tweefon-
tein–Lydenburg road, eastern Bushveld, where portions of
the Marginal Zone and the overlying LCZ have been irreg-
ularly folded (Fig. 9a; Bristow et al. 1993, field locality 5.2).
Other examples occur in the UG1 footwall sequence
(Figs. 9b, c), as well as the Merensky and the Bastard units
(Figs. 10) where chromitite, pyroxenite and melanorite may
form sub-angular fragments and irregularly folded schlieren
in leuconorite and anorthosite. Decimetre-scale updomings
of melanorite into overlying leuconorite that resemble
inverted load cast structures occur in the UG2 footwall on
Driekop (Fig. 9d). Other structures that may be explained by
density contrasts include anorthosite diapirs intruding into
overlying chromitite, described from Northam (Viring and
Cowell 1999) and Dwars River (Nex 2004), and flames of
anorthosite intruding upwards into melanorite of the Pyrox-
enite Marker on Mooimeisjesfontein, eastern Bushveld
(Fig. 6a; Maier et al. 2001). Vertical feldspar stringers and
dykelets, particularly common within and above massive
chromitite seams (Viljoen et al. 1986a, Fig. 10; Nex 2004),
but also recorded within the Merensky Reef, may be inter-
preted as a result of compaction and filter pressing of
feldspar-rich intercumulus liquid (e.g. Barnes and Maier
2002a; Godel et al. 2006; Bédard et al. 2007). Carr et al.
(1994) documented the presence of “hot shears” in the
Merensky Reef, and similar structures were described in
the Poe Mountain Anorthosite (Scoates et al. 2010). Indirect
evidence for syn-magmatic deformation of cumulates
includes elongated orthopyroxene oikocrysts in the hanging
wall of Merensky Reef potholes, interpreted to have crys-
tallized from moving crystal slurries (Carr et al. 1994).
Analogous features have been described in the LG6 chro-
mitite (Ireland 1986). Good examples of syn-magmatic

Fig. 8 Schematic diagram, showing how tilting of a complex during
tectonism can lead to exposure of reef sections in the west that formed
in a relatively down-dip disposition and those in the east at a relatively
up-dip disposition (view from south). Red line shows the present land
surface and the exposed segments of the complex are shown in yellow
shade. Several proposed and putative feeder zones are shown schemat-
ically (see text for explanation)
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cumulate slumping also occur in other layered intrusions,
notably Rum (O’Driscoll et al. 2010), Stillwater (Czamanske
and Zientek 1985), Lille Kufjord (Robins 1982), Fongen
Hyllingen (Wilson and Sorensen 1996), Kap Edvard
Holm (Tegner et al. 1993), Duke Island (Irvine 1986) and
the Poe Mountain anorthosite (Scoates et al. 2010). In the
Bushveld, as at Rum and Fongen Hyllingen, deformation
may be concentrated in specific layers (e.g. Viljoen et al.
1986a; Fig. 8) that contain fragments of the footwall and
hanging wall. These observations indicate that trapped liquid
was heterogeneously distributed in the cumulate rocks,
locally triggering slumping below the top of the crystal pile.

Transgressive layers and potholes

Some prominent and well-exposed ultramafic layers of the
UCZ and UZ, notably the UG chromitites, the Merensky,
Pseudo and Bastard reefs, and the Main Magnetite Layer,
show transgressive contacts to their leucocratic footwall rocks
(Figs. 5 and 6), resulting in depressions with variable depth
and width. The larger examples are usually referred to as
potholes (Fig. 11), but in the present paper the term is applied
in a broader sense to depressions of every scale. The ultra-
mafic rocks thicken in the potholes (e.g. Hahn and Ovendale

1994) as do the overlying mafic layers (Fig. 11b), although to
a progressively lesser degree with height above the pothole.
Potholes have widths and depths between a few millimetres
and >1 km (Viljoen and Hieber 1986, Fig. 30; Viljoen 1999;
Van der Merwe and Cawthorn 2005). In some cases, several
successive ultramafic layers can be affected by a pothole at the
same locality (Viljoen et al. 1986a, Fig. 13), but elsewhere
potholes only affect one layer, leaving the under- and overly-
ing ultramafic layers undisturbed. The detailed cross-sectional
shapes of potholes can be very complex (Fig. 11d; Viljoen et
al. 1986a,b; Viljoen and Hieber 1986; Leeb-du Toit 1986;
Viljoen 1999). One of the most important observations is that
up-dip contacts of potholes tend to be steeper than down-dip
contacts (Fig. 11c; Carr et al. 1994), suggesting that potholes
formed on an inclined magma chamber floor. In plan view,
potholes tend to be roughly circular or ovoid (Fig. 11a), but
examples that are elongated in the down-dip direction have
also been described (Viljoen and Hieber 1986). The latter are
particularly common in the UG3 chromitite layer at Maandag-
shoek, where most potholes form channel-like structures.
Most of the initial descriptions of potholes were from the
Merensky Reef, but this is at least partly due to the excellent
exposure resulting from a long history of mining. In addition,
potholes are now known to occur in the Bastard pyroxenite
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Fig. 9 Ductile deformation in the Upper Critical Zone. a Fold of pyrox-
enite and norite inMarginal Zone, Tweefontein–Lydenburg road, 25.2 km
stone (reproduced with permission of RG Cawthorn). Field width ~1m. b
Footwall of UG1 chromitite (50 cm below main seam), Dwars River,
showing folding of chromite stringers. cUG1 footwall (10 m belowmain

seam), Dwars River, illustrating the complex deformation of banded
norite–anorthosite sequence at the ductile–brittle transition in response
to intrusion of mottled anorthosite. Photographed hand provides scale. d
Plan view of updoming of melanorite into leuconorite, UG2 hanging
wall, Driekop farm, eastern Bushveld
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(Viljoen and Hieber 1986), the UG3 chromitite (e.g. on
Maandagshoek, van der Merwe and Cawthorn 2005), UG2
chromitite (Fig. 11b, d), UG1 chromitite (Fig. 11e; Leeb-du
Toit 1986, Fig. 12), LG6 chromitite (e.g. at Cameron Section;
Coertze 1958) and in the Main Magnetite Layer (Fig. 6c). It
remains unknown whether potholes also occur in the Lower
and Main Zones. One of the best outcrops of potholes was
temporarily exposed at Karee mine (Fig. 11a; Van der Merwe
and Cawthorn 2005). At this locality, UG2 potholes show
variable width (1 cm–10 m) and depth (millimetres to 3 m).
Egg box-like features reminiscent of the contact between the
LZ and UCZ (Fig. 3f) are common, but particularly enigmatic
are sporadic star-shaped (Fig. 11f) and dendritic patterns
(Fig. 11g), reminiscent of textures related to supercooling.

Outside the Bushveld Complex, pothole-like structures
have been described in the J-M reef of the Stillwater Com-
plex, where they are referred to as “ballrooms” (Raedeke
and Vian 1986; Harper 2004), from the Penikat intrusion of
Finland where they are called “channels” or “depression
structures” (Halkoaho 1990a, b; Alapieti and Lahtinen

2002) and from the Poe Mountain anorthosite (Scoates et
al. 2010). Transgressive channel-like features extending in a
direction normal to the strike also occur at Mimosa mine in
the Great Dyke (Prendergast 1988), and structures referred
to as potholes were recently described in the Fedorova–
Pansky intrusion (Kazanov and Kalinin 2008).

Bushveld potholes have been interpreted as a result of
thermo-mechanical–chemical erosion of cumulates by hot
magma replenishing the magma chamber (Schmidt 1952;
Irvine et al. 1983; Campbell 1986b; Eales et al. 1988; Viljoen
1999) or by cumulate resorption and/or non-deposition in
response to volatile fluxing of the compacting cumulate pile
(Barry 1964; Von Gruenewaldt 1979; Kinloch 1982; Buntin et
al. 1985; Ballhaus 1988), consistent with the occurrence of
pegmatoidal domains in the centre of some potholes
(Fig. 11c). One of the earliest interpretations was that potholes
represent slump structures in semi-consolidated cumulate slur-
ries (Barry 1964; Cousins 1964; Viljoen and Hieber 1986),
based on analogies with similar structures in sandstones
(Stewart 1966). The model has been revived by Carr et al.
(1994) who conducted a detailed survey of pothole distribu-
tion at Western Platinum Mine. The authors argue that pot-
holes are preferentially distributed in strike-parallel zones,
which they interpreted to represent pull-apart structures that
formed due to sagging of semi-consolidated cumulate slurries
during subsidence of the centre of the Bushveld Complex.

Transgressive ultramafic bodies

The Bushveld Complex hosts a large number of transgressive
iron-rich ultramafic bodies (IRUPs), commonly in the form of
pipes (Fig. 12). The pipes predominantly consist of medium-
to coarse-grained or pegmatoidal Fe-rich clinopyroxenite and
wehrlite. Harzburgite and magnesian dunite also occur but
subordinate in abundance. The mineralogy of the IRUPs is
complex, comprising olivine (forsterite and hortonolite),
ortho- and clinopyroxene, chromite, Ti-magnetite, ilmenite,
amphibole, phlogopite, sulfides (pyrrhotite, pentlandite, chal-
copyrite), PGM (sperrylite, Pt-Fe alloy) and rare graphite
(Schiffries 1982, Stumpfl and Rucklidge 1982; Viljoen and
Scoon 1985; Scoon andMitchell 1994, 2009). Some pipes are
concentrically zoned, consisting of outer shells of Fe-rich
pegmatoidal pyroxenite and an inner zone of harzburgite and
magnesian dunite. Four pipes (Mooihoek: Fig. 1, Driekop,
Onverwacht, Twyfelaar) contain high-grade PGE mineraliza-
tion (Wagner 1929).

Transgressive magnetite pipes

The MZ and UZ of the Bushveld Complex contain abundant
transgressive, broadly carrot-shaped magnetite pipes, with
depths and widths of up to >100 m (Willemse 1969). In a
detailed field mapping project, Von Gruenewaldt (1971)
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Fig. 10 a Anorthosite and melanorite schlieren in leuconorite, MG4
hanging wall, Cameron Section, Jagdlust. Note that in several instances
anorthosite schlieren are underlain by pyroxenite or rim pyroxenite.
The anorthosite–pyroxenite pairs are interpreted to have resulted from
the unmixing of noritic proto cumulates. b Ductile deformation in
Merensky footwall unit, Hackney. Note the rimming of pyroxenitic
schlieren by anorthosite as well as the transgressive anorthositic veins
at the lower left, interpreted to represent liquid escape structures
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described more than 100 pipes in the Roossenekal area,
which suggests that they are extremely common throughout
the complex. The pipes appear to be concentrated at certain
stratigraphic levels, particularly in the uppermost MZ and in
the vicinity of magnetite layer 8, mid-level within the UZ.
Amongst the largest magnetite pipes is Kennedy’s Vale pipe,
which was mined until 2003. Willemse (1969) showed that
the composition of the pipes correlates with that of adjacent
magnetite seams. This feature would be consistent with the
model of Scoon and Mitchell (1994), who suggested that the
seams and the pipes formed from Fe-rich (immiscible) melts
that locally infiltrated downwards, and with the model of
Nabil (2003) for the discordant oxide-bearing ultramafic
intrusions of the Duluth Complex, MN, USA, which were
interpreted as collapsed magnetite layers plunging into the
underlying semi-consolidated cumulates. Both models
could explain why no magnetite pipes occur above the
uppermost magnetite seam (Willemse 1969). Some of the
Bushveld pipes contain sulfides (e.g. Kennedy’s Vale), but
PGE contents have not been determined. Bearing in mind

that there is a laterally persistent zone of PGE enrichment in
the footwall of the Main Magnetite Layer (Liebenberg 1970;
von Gruenewaldt 1976) and above the lowermost magnetite
layers of the northern limb (Barnes et al. 2004), it is con-
ceivable that some magnetite pipes have elevated PGE
contents.

Sulfide pipes

In the far western lobe of the Bushveld Complex, in an area
of about 25×6 km immediately to the west of the Pilanes-
berg alkaline complex, there are numerous transgressive Ni-
sulfide bearing pipe-like bodies, referred to as the Vlakfon-
tein Ni pipes (Fig. 1; Liebenberg 1970; Vermaak 1976a).
The nature and origin of these pipes remain incompletely
understood because the published descriptions focus on the
mineralogy and regional geology of the pipes. The bodies
occur mostly within interlayered pyroxenite, harzburgite
and, to a lesser extent, norite, located about 200–500 m
above the base of the Bushveld Complex (Liebenberg
1970). The sulfides in the pipes consist of pyrrhotite, pent-
landite and cubanite with less abundant mackinawite and
chalcopyrite, with the latter concentrated in the periphery
and the upper levels of the pipes. The ore contains inclu-
sions of brecciated chromite and rounded norite. Noble
metal contents remain poorly known. Page et al. (1982)
reported metal grades of ~1 ppm Pd, ~0.8 ppm Pt, 0.1–
0.2 ppm Rh, 0.2 ppm Ru and 1 ppm Ir in the ore, whereas
Liebenberg (1970) cited PGE values up to 15 dwts (approx.
30 g/t) in a sulfide pegmatoid with 6.5 % Ni, and Wagner
(1929) reported up to 11 ppm Au and 6 ppm Ag. These data
suggest significantly lower PGE tenors of sulfides (i.e. PGE
in 100 % sulfide) than in the Merensky and UG2 reefs.

Early petrogenetic models related the pipes to putative
sulfide pools at the base of the Complex (Schwellnus 1935),
which led to extensive geophysical surveys and the drilling
of a 1,000-m borehole in the 1930s. No sulfides were
encountered. Liebenberg (1970) proposed that the emplace-
ment of the pipes was structurally controlled, and he argued
that the sulfides were emplaced syngenetically from above.
He drew comparisons to IRUPs, based on field observations
such as the pinching-out of the bodies at depth, and com-
positional data indicating relative Fe enrichment of the
silicate minerals (Fo65, En74). However, a syngenetic, mag-
matic origin of the ores, perhaps via draining of sulfides
from the reef horizons, would seem to be inconsistent with
the relatively low PGE tenors of the sulfides in the pipes.
Moreover, the S in the Ni pipes is isotopically light (δ34S0
−5; Liebenberg 1970), implying some introduction of floor-
derived sulfur. Vermaak (Vermaak 1976a) suggested that the
pipe sulfides were injected from below into structures of
Pilanesberg age (1,310±60 Ma; Emerman 1991), which
would imply an epigenetic origin.

Fig. 12 Satellite phases of the Mooihoek iron-rich ultramafic pipe,
eastern Bushveld. Note that the Fe-rich ultramafic phase forms bleb-
and drop-like masses as well as veins extending downwards, suggest-
ing the downward percolation of magma

�Fig. 11 Photographs of potholes: a The anorthositic floor rock of the
UG2 chromitite exposed at Karee mine. The overlying UG2 chromitite
has been scraped off and mined. Potholes occur on the scale of several
metres to centimetres and have variable depths (millimetres to 3 m). b
Potholed UG2 at Karee mine. Note that the layers located at about 2 m
above the pothole have resumed a sub-parallel orientation, indicating
that potholes formed at a syn-magmatic stage. Also note the flame-like
protrusions of chromitite into the pyroxenitic hanging wall. c Dome-
like pegmatoid in the centre of pothole at Karee mine. d Sharply
transgressive UG2 pothole at Crocodile River Mine, western Bushveld,
cutting the sub-horizontal layering in norite. Note the feldspathic phase
associated with pothole. e Small potholes along the base of the UG1
main seam, Dwars River. f Star-shaped arrangement of small potholes,
Karee mine (note the marker pen for scale). g Dendritic chromitite
forming small potholes at the base of UG3, Maandagshoek
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Large-scale transgressive features

In the so-called Gap areas to the southwest and northeast of
Amandelbult Section in the northwestern Bushveld Com-
plex (Fig. 1), the UZ transgressively cuts through the entire
MZ, CZ and LZ sequence to rest directly on the floor rocks
of the complex (Wilson et al. 1994). In the vicinity of the
“Gaps,” the dip of the Merensky Reef and other cumulate
layers steepens to approximately 30° and the strike swings
to a direction normal to the basal contact of the intrusion
(Viljoen et al. 1986a). The “Gaps” are thus unlikely to be
graben structures. Instead the available data have been inter-
preted to be consistent with a model whereby the “Gaps”
represent magmatic transgressions that formed prior to com-
plete solidification of the cumulate pile (Wilson et al. 1994),
perhaps representing giant potholes. Similar structures have
been described from the Liloise intrusion in Greenland
(Chambers and Brown 1995), implying that cumulates
may remain unconsolidated to considerable depth below
the top of the cumulate pile. However, the field evidence
seems difficult to reconcile with the recent geochronological
data by Scoates et al. (2012), indicating a ~5-Ma age span
for the Bushveld cumulates, and with most numerical stud-
ies that proposed that the mush zone at the top of cumulate
piles is relatively thin (up to a few metres: Morse 1988;
Holness et al. 2011; Tegner et al. 2009), although Sparks et
al. (1985) modeled a mush zone with a thickness on the
order of hundreds of metres.

Occurrence of PGE mineralization in the Bushveld
and other layered intrusions

Classification schemes for the different styles of PGE miner-
alization in layered intrusions have been proposed by a num-
ber of authors. For example, Naldrett (2004, 2009) sub-
divided the deposits based on the type of parental magma
from which the rocks crystallized. In the present paper, we
use the classification of Maier (2005) which is based on host
rock type and stratigraphic setting within the intrusions, partly
because it is relatively easy to apply in the field: In this
classification, there are seven types of deposits: (1) contact
reefs, (2) PGE reefs in the peridotitic and pyroxenitic lower
portions of layered intrusions, (3) PGE-enriched chromitite
layers, (4) silicate-hosted PGE reefs in interlayered mafic–
ultramafic rocks, commonly within the central portions of
layered intrusions, (5) PGE reefs in the magnetite-enriched
upper portions of layered intrusions, (6) PGE-mineralized
transgressive Fe-rich ultramafic pipes and (7) vein-hosted
PGE deposits in the roof of the intrusions:

1. Contact reefs occur along the sidewalls and the base of
layered intrusions (Fig. 13). The type locality is the

Platreef on the Sandsloot farm and surrounding areas
in the northern lobe of the Bushveld Complex (Fig. 1),
where the Anglo Platinum Mogalakwena mine is
presently the world’s only platinum mine exploiting
contact-style PGE mineralization. Contact reefs are
characterized by thick (tens to hundreds of metres)
sequences of mafic–ultramafic rocks, including pyroxe-
nite and gabbronorite, with subordinate peridotite and
anorthosite. Sulfides occur mostly in disseminated form,
making up between <1 and ~5 % of the rocks. In places,
sulfides have been injected into the floor rocks of the
intrusions (e.g. Kilvenjärvi, Finland: Andersen and
Thalhammer 2006; Platreef: Holwell and McDonald
2006). The reef rocks are commonly vari-textured (or
taxitic) and contain abundant autoliths and/or fragments
of country rock, the latter interpreted as xenoliths or
remnants of the host rocks into which the Platreef has
injected as sills (Maier 2002; Manyeruke et al. 2005;
Kinnaird et al. 2005). Other evidence for crustal con-
tamination includes highly variable 87Sr/86Sri (Barton et
al. 1986), low εNd (Pronost et al. 2008), high
187Os/188Osi (Reisberg et al. 2011) and enrichment in
LILE and other incompatible trace elements (Maier et
al. 2008a; McDonald and Holwell 2011). Values of δ34S
that differ from mantle values (Holwell et al. 2007)
suggest that at least some of the sulfur in the ores are
derived from the country rocks. However, Iljina and Lee
(2005) have proposed that the contact mineralization in
the Portimo intrusion of Finland represents the abuttal
of the internal reefs against the margin of the intrusion
and that in situ contamination was not critical to the
formation of PGE mineralization but merely overprinted
the magmatic sulfides. Lee (1996), Holwell et al.
(2007), Penniston-Dorland (2007) and Maier et al.
(2008a) have presented evidence from the Platreef con-
sistent with this model.

2. Silicate-hosted PGE reefs in the peridotitic–pyroxenitic
lower portions of layered intrusions tend to be relatively
thick and most have relatively low PGE grades (<1–
2 ppm PGE over several metres). The main exception is
the Main Sulfide Zone of the Great Dyke where PGE
grades reach several parts per million over up to 5 m
(Prendergast and Wilson 1989; Oberthür 2002). Other
potentially economic examples include the Munni
Munni intrusion of Australia (2–5 ppm over 2–5 m;
Barnes 1993) and the Mirabela intrusion of Brazil where
the PGE and sulfide mineralized interval is several tens
of metres thick but contains <1 ppm PGE (Barnes et al.
2011). The Main Sulfide Zone of the Great Dyke shows
no evidence for a crustal S or Os component (Li et al.
2008; Schönberg et al. 2003), possibly consistent with
sulfide saturation having been reached by magma dif-
ferentiation. As the amount of sulfides in the reefs does
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not significantly exceed the cotectic ratio of ~0.6 %
(Barnes et al. 2009), the reefs could have formed
through relatively minor concentration of sulfides, in
response to preferential settling of sulfide through the
silicate magma, or via percolation of sulfide melt
through semi-consolidated cumulates. Alternatively,
sulfide saturation of the magma could have been trig-
gered by magma mixing. This model is consistent with
the fact that several examples of such reefs occur near
the transition from the ultramafic to the mafic portions
of the intrusions (e.g. Great Dyke, Mirabela, Munni
Munni). Furthermore, in most of the ultramafic rocks,
the dominant pyroxene is orthopyroxene, whereas at the
level of the reefs it is clinopyroxene, possibly suggest-
ing influx of a distinct magma. The Volspruit PGE-
mineralized zone in the ultramafic portion of the Bush-
veld Complex (up to 3 ppm PGE over up to 30 m;
Hulbert 1983; Harmer 2004) contains a crustal S isoto-
pic signature consistent with sulfide saturation having
been triggered by contamination.

3. PGE-enriched chromitite layers occur in the lower to
central portions of many layered intrusions, notably in

those examples where orthopyroxene crystallized before
clinopyroxene (Bushveld, Scoon and Teigler 1994;
Stillwater, Zientek et al. 2002; Great Dyke, Oberthür
2002). In most of these cases, the PGE-rich chromitites
occur within the lower peridotitic or pyroxenitic por-
tions of the intrusions, but in some cases massive chro-
mitites may also occur within interlayered ultramafic–
mafic cumulates situated up to 2 km above the base of
the intrusion (Bushveld: Cousins and Feringa 1964;
Teigler and Eales 1996; Akanvaara and Koitelainen:
Mutanen 1997). The thickness of the mineralized seams
varies from a few millimetres to ~1.5 m, i.e. the reefs are
much thinner than the ultramafic-hosted silicate reefs
described earlier, but grades are normally much higher
in the chromitites, reaching ~6 ppm in the UG2 and
several tens of parts per million in the Merensky Reef
chromitites. In the Bushveld Complex, the correlation
between chromitite and PGE is exceptionally good such
that even the thinnest chromitite stringers tend to con-
tain elevated PGE grades. However, this is not neces-
sarily the case in all layered intrusions. For example, the
thick chromitites at the base of the Kemi intrusion
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appear to be barren of PGE, yet a (low-grade) PGE reef
occurs in pyroxenite within the upper portion of the
intrusion (T Halkoaho, personal communication). The
origin of the PGE enrichment in chromitite layers
remains controversial partly because many of the most
PGE-enriched seams tend to be very S-poor (commonly
<100 ppm S; Scoon and Teigler 1994) and the PGE are
predominantly hosted by PGM (e.g. Hiemstra 1986).
Von Gruenewaldt et al. (1986) and Naldrett and
Lehmann (1988) have proposed that the PGE were
originally hosted by PGE-rich magmatic sulfides, seg-
regated in response to magma mixing, but that these
sulfides were subsequently removed by late magmatic
fluids and/or by reaction of sulfide with chromite. The
Bushveld seams show a progressive increase with
height in PPGE (Rh, Pt, Pd) at broadly constant IPGE
(Os, Ir, Ru) contents (Naldrett and von Gruenewaldt
1989; Scoon and Teigler 1994). This trend coincides
with decreasing Cr/Fe of the chromitites and has been
interpreted to result from the combined effects of dif-
ferentiation and progressively more vigorous magma
mixing (Campbell et al. 1983). A problem with the
magma mixing model for the PGE is that, by implica-
tion, the chromitites would have to also be related to
magma mixing, as proposed by, e.g., Sharpe and Irvine
(1983), but there is rarely any evidence for compositional
reversals in terms of major or trace elements or Sr isotope
ratios above chromitite seams. Schönberg et al. (1999)
showed that the Sr of gangue material in chromitite seams
is systematically more radiogenic than in the host rocks to
the chromitites and argued that this reflects selective roof
contamination of those magma pulses from which the
chromitites formed. However, it is difficult to compre-
hend how roof contamination would leave no chemical
trace in the host rocks to the chromitites.

4. Silicate-hosted PGE reefs within the interlayered mafic–
ultramafic portions of layered intrusions include the
type example Merensky Reef (Vermaak 1976b;
Ballhaus and Stumpfl 1986; Viljoen et al. 1986a,b;
Viljoen and Hieber 1986; Mossom 1986; Ballhaus and
Sylvester 2000; Barnes and Maier 2002a; Arndt et al.
2005; Wilson and Chunnett 2006; Godel et al. 2006,
2007; Mitchell and Scoon 2007; Naldrett et al. 2009b),
the J-M reef of the Stillwater Complex (Barnes and
Naldrett 1985; Boudreau, 1988; Zientek et al. 2002;
Harper 2004; Godel et al. 2007) and the SJ, AP and
PV reefs of the Penikat intrusion in Finland (Halkoaho
et al. 1990a, b; Alapieti and Lahtinen 2002). In the case
of the Merensky Reef of the western Bushveld Com-
plex, ~1–3 % disseminated sulfides occur in predomi-
nantly ultramafic rocks (harzburgite, orthopyroxenite
and chromitite) or melanorites at the base of a cyclic
unit, overlying anorthosite or leuconorite. In places,

notably at Impala and Rustenburg mines, PGE also
occur in the feldspathic footwall to the ultramafic rocks
(Leeb-du Toit 1986; Barnes and Maier 2002a). In many
cases, the main mineralized zone consists of pegmatoid,
bracketed by two thin chromitite stringers that contain
the peak grades. In the eastern Bushveld, the mineral-
ized interval is located towards the top of an approxi-
mately 2–4-m pyroxenite layer. As at most localities in
the west, a thin chromitite stringer located at the top of
the mineralized zone marks the peak grades. Pegma-
toids may also be present, but they tend to overlie the
peak reef (Mossom 1986; Mitchell and Scoon 2007;
Naldrett et al. 2009b). The SJ reef of the Penikat intru-
sion also occurs predominantly in ultramafic rocks at
the base of a cyclic unit, but as is the case in the
Merensky Reef, the feldspathic rocks in the immediate
footwall to the ultramafic rocks may also be strongly
mineralized. The JM reef of the Stillwater Complex
occurs in the first olivine-bearing unit within the mafic
part of the intrusion. The rock types hosting the JM reef
range from harzburgite, through troctolite and gabbro-
norite to anorthosite. Chromitite is absent, but PGE
grade correlates well with the abundance of sulfides
(Zientek et al. 2002). The PV and AP reefs of the
Penikat intrusion are somewhat distinct from the other
examples discussed as they occur in predominantly
plagioclase-rich rocks. However, an ultramafic layer is
present in the immediate hanging wall of the PV reef
(Halkoaho et al. 1990a, b).

Several models have been proposed to explain the
formation of Merensky-type reefs. The most widely ac-
cepted model is one whereby sulfide saturation of the
silicate magma and segregation of an immiscible sulfide
liquid was triggered by mixing between different mag-
mas, either comprising differentiated and primitive mem-
bers of the same lineage (Irvine 1975) or magmas of
different lineage (Campbell et al. 1983; Naldrett and
Von Gruenewaldt 1989), consistent with the interlayering
of ultramafic and mafic cumulates in the reef intervals and
with the fact that some of the reefs occur near the transi-
tion between distinct magma types (Merensky Reef: Nal-
drett et al. 1986; Penikat: Alapieti and Lahtinen 2002). It
has been argued that magma mixing was facilitated by the
relatively large density contrasts between primitive
replenishing and differentiated resident magmas
(Campbell et al. 1983), resulting in magma fountaining,
high R factors and thus high metal tenors of any immis-
cible sulfide liquid. We can think of several criticisms of
the magma mixing model. First, it has recently been
shown that Bushveld parental magmas were strongly
undersaturated in sulfide melt (Barnes et al. 2010), yet
magmamixing can only result in sulfide supersaturation if
the mixing end members are close to sulfide saturation
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(Cawthorn 2002; Li and Ripley 2005). Second, in the case
of PGE reefs in magnetite-bearing gabbros or magnet-
itites, discussed in more detail subsequently, there is
mostly no chemical evidence for magma mixing, so the
process does not seem to be required to form PGE reefs.
Third, it remains an open question whether magmas with
different viscosities can effectively mix and homogenize
across a 400-km-wide intrusion. Fourth, sulfide saturation
in response to magma mixing would have to be followed
by preferential settling of the sulfide liquid to the top of
the cumulate pile, yet whether sulfide droplets can settle
through a strongly convecting large magma chamber
remains unproven.

Some authors have proposed that the Merensky Reef
sulfides formed through contamination of the magma in
staging chambers at depth, followed by entrainment of the
sulfides (Lee and Butcher 1990; Arndt et al. 2005). How-
ever, strong evidence for this model is lacking; whereas
initial Sr isotope ratios do show a significant increase in
the Merensky Reef interval, this forms part of a broader
100-m interval throughout which 87Sr/86Sri increases
(Eales et al. 1990; Kruger 1994), and thus no clear corre-
lation between the PGE mineralization and crustal com-
ponent exists. Furthermore, the trace element ratios of the
Merensky Reef pyroxenite are not substantially different
from those of other UCZ pyroxenites, which can mostly
be modeled as a mixture between B1 and B2/B3 magma
(Barnes and Maier 2002a). Finally, mass-independent S
isotope data (Penniston-Dorland et al. 2011) indicate that
the sulfur in the Bushveld layered rocks is isotopically
broadly similar to mantle. This does not rule out contam-
ination, as Lesher and Burnham (2001) have demonstrat-
ed, but casts further doubt on the role of contamination in
the formation of the Merensky sulfides.

Naldrett et al. (2009a, b) proposed that the Merensky
Reef sulfides segregated from a sulfide undersaturated
magma pulse that contained several 100 ppb PGE. The
PGE enrichment would reduce the required thickness of
the magma column from which the PGE in the reef are
extracted to a few tens of metres, as opposed to hundreds
of metres if the magma had the PGE levels of B1marginal
rocks (30–40 ppb Pt + Pd). A thin magma column would
facilitate efficient concentration of sulfides at the base of
the chamber to produce the decimetre-wide reef. Naldrett
et al. suggested that the postulated high PGE contents
were acquired when the magmas cannibalized and
resorbed previously deposited PGE-rich magmatic sul-
fides lodged in a feeder conduit or a staging chamber.
However, all Bushveld sills analysed so far have Pd
contents in the range of other terrestrial basalts and show
only minor relative Pt enrichment (Fig. 14). There are
only limited PGE data available for potential parental
magmas to other layered intrusions. The chilled margin

of the Penikat intrusion has 13 ppb Pd (Halkoaho 1994).
For the Great Dyke, Prendergast and Keays (1989) give a
value of 0.6 ppb Pt and 4 ppb Pd. For Stillwater, the
USGS database for dykes with <1,000 ppm S (n022)
gives 1–30 ppb for both Pt and Pd (Zientek et al. 1986).
Thus, there is presently no evidence that exceptionally
PGE-rich magmas, such as those proposed by Naldrett et
al. (2009a, b) for the Bushveld Complex and by Keays et
al. (2010) for the Stillwater Complex, exist. Furthermore,
the model is also inconsistent with the low solubility of Pt
in basic magmas as determined by experiments and ther-
modynamic calculations. Borisov and Palme (2000) have
shown that the solubility of Pt in basic magmas is in the
5–30 ppb range depending on fO2. Higher Pt contents
would thus have to be carried in the form of PGM.

A particularly elegant model for triggering sulfide
saturation and PGE reef formation involves changes in
pressure (Cawthorn 2005) as this would affect the entire
intrusion simultaneously and thus could explain the lateral
continuity of the reefs. The model is difficult to test by
analysis of the rocks as the subtle pressure changes envi-
sioned would not result in significant compositional

Fig. 14 Platinum and Pd contents of basic and ultrabasic magmas,
Bushveld sills are indicated as red squares (with the large square
indicating average composition). Data compiled from Barnes and
Fiorentini (2008) and Maier et al. (2009)
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changes, but experiments at controlled pressure variations
may offer added insight. In particular, it needs to be
determined whether small pressure changes <0.1 kbar
could trigger sulfide supersaturation. The MZ is approx-
imately 2 km in thickness, and if this was emplaced as a
single pulse, pressure may have to be increased by up to
0.6 kbar. However, whether such large influxes are real-
istic remains controversial. Furthermore, the MZ magma
was likely strongly sulfide undersaturated (Barnes et al.
2010). Another problem with the model is that sulfides
formed due to pressure change would still have to settle
through the magma, facing similar problems to those
outlined for the magma mixing model.

5. PGE reefs in the upper portions of layered intrusions
tend to be relatively wide (up to tens of metres) and have
variable tenors. Examples include the Bushveld Complex
(Von Gruenewaldt 1979), the Stella intrusion (Maier et al.
2003), Skaergaard (Andersen et al. 1998), Koitelainen
(Mutanen 1997), Sonju Lake (Miller et al. 2002), Rincon
del Tigre (Prendergast et al. 1998) and Rio Jacaré (Sá et al.
2005). Mineralization is hosted by magnetitites, magnetite
gabbros and gabbronorites. In the UZ of the Bushveld
Complex, there is only one PGE-enriched horizon of note,
forming a laterally persistent, decimetre-wide zone of dis-
seminated sulfides, with 0.7 ppm Pt, 0.9 ppm Pd and
0.5 ppm Au, in the immediate footwall of the Main Mag-
netite Layer (von Gruenewaldt 1979). The relatively low
PGE contents of the Bushveld UZ could be explained by
the fact that the intrusion lost much of its PGE budget in the
LZ and CZ. At Stella and Skaergaard, the reefs are richer,
suggesting that these intrusions remained sulfide-
undersaturated throughout more of their crystallization his-
tory. This model is consistent with a low crustal component
in these intrusions (Stewart and DePaolo 1990; Maier et al.
2003). At Stella, it has been proposed that sulfide saturation
was triggered by abundant magnetite crystallization which
led to a decrease in fO2, reduction of sulfate to sulfide, and
hence falling S solubility (Maier et al. 2003). A similar
model may apply to Koitelainen and Rincon del Tigre.
However, at Skaergaard and Sonju Lake, there is no strong
positive correlation between sulfur and magnetite contents.

6. Transgressive iron-rich ultramafic pipes can host some
of the highest PGE grades in the Bushveld Complex,
with up to hundreds of parts per million PGE in some
samples (Wagner 1929). However, mineralization is high-
ly heterogenous and the bodies tend to be small, giving
these deposits a subordinate economic importance. Scoon
and Mitchell (2009) proposed that the IRUPs formed from
both upsurging and downward percolating melts that may
have triggered melting and downward percolation of reef
sulfides as outlined in a later section.

7. A rare type of PGE deposit hosted by quartz-monazite
veins occurs at Naboomspruit in volcanic and sedimentary

rocks overlying the RLS (the Waterberg deposit;
McDonald et al. 1999). The veins may contain hundreds
of parts per million PGE, particularly Pt, with lesser
amounts of Pd and Au. The metals are postulated to have
precipitated from oxidized, low-T, low-salinity fluids, pos-
sibly due to increase in pH in response to replacement of
feldspar in the wall rocks (McDonald et al. 1999). Al-
though hydrothermal PGE deposits appear to be rare in the
Bushveld Complex, an increasing number are described
from elsewhere in the world (e.g. Bursztyn and Olivo
2010), testifying to the fact that PGE can be mobile under
certain conditions.

Formation of PGE reefs via late magmatic fluids?

In a series of papers, Boudreau and co-workers (e.g.,
Boudreau and McCallum 1992; Boudreau and Meurer
1999a, b; Willmore et al. 2000) suggested that the PGE in
the reefs of the Stillwater and Bushveld Complexes and other
layered intrusions precipitated from late magmatic fluids that
ascended through the compacting crystal pile. The authors
argue that a high-T fluid percolating through the semi-
consolidated cumulates dissolved the sulfides and soluble
metals (Pd, Cu and Pt). The fluid moved up into the fluid-
undersaturated melt above the cumulate pile and re-dissolved
into the melt. At the re-dissolution front, the magma became
saturated in sulfide and a sulfide liquid formed to collect the
PGE and processes would proceed as normal. In this model,
none of the alteration or structural complexity that is so typical
of hydrothermal deposits would be expected.

The main evidence presented includes the presence of (1)
fluid inclusions and hydrous melt inclusions in silicates and
oxides from the reefs, (2) pegmatoids and pegmatites asso-
ciated with many reefs, (3) desulfidation in and around
potholed reef and (4) high Cl/F ratios of apatites below the
reef horizons. Evidence for localized, potentially fluid-
driven recrystallization is abundant in the Bushveld as
expressed by plagioclase halos around chromitite rafts and
xenoliths (Viljoen et al. 1986a; Maier and Barnes 2003),
replacement of layered rocks by felsic rocks adjacent to
potholes (Carr et al. 1994) and potentially non-magmatic
Pt/Pd ratios (UG1: Maier and Barnes 2008; IRUPs: Stumpfl
and Rucklidge 1982). The model is feasible for the genera-
tion of some Pd-rich horizons, but given the low solubility
of Pt in silicate magma, it is unclear how the magma can
become sufficiently Pt-rich at the mineralization front, un-
less the Pt moves directly from fluid into sulfides. Another
problem with the model concerns the whereabouts of the
PGE-depleted material beneath the reefs. In order to form
two 1-m reefs containing 10 ppm PGE each via leaching of
PGE from footwall rocks containing 100 ppb PGE, 200 m of
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completely depleted material beneath the reefs is required,
for which there is no evidence in the field or in boreholes.
Furthermore, the fluids must also dissolve the insoluble
metals Ir, Ru and Rh in order to produce PGE patterns in
the Merensky Reef that are broadly consistent with those of
the B1 magmas.

Constraints from S contents of Bushveld magmas

In order to constrain the formation of the PGE reefs, it is
necessary to know the S solubility and the S content of the
parental magmas to an intrusion. For the Bushveld Complex,
this can be deduced from the suite of fine-grained marginal
rocks and sills emplaced along and below the basal contact of
the complex (Sharpe 1978, 1981; Davies et al. 1980;
Cawthorn et al. 1981). Barnes et al. (2009) report average S
concentrations of approximately 450 ppm for B1 magma,
275 ppm for B2 magma and 100 ppm for B3 magma. The
trace sulfides in the sills have magmatic textures and mantle-
like S/Se ratios, consistent with a primary magmatic origin
(Barnes et al. 2010). The measured S values are significantly
lower than those previously reported by Davies and Tredoux
(1985). Barnes et al. (2009) propose that the difference is due
to the improvement in analytical methods.

The low S contents of the Bushveld magmas have pro-
found implications for the formation of the reefs in that none
of the magmas would have been saturated in sulfides at the
time of their emplacement in the magma chamber. Barnes et
al. (2010) showed that average B1 magma (11.9 % MgO)
reaches sulfide saturation after 16 % crystallization (Fig. 15)
during the crystallization of orthopyroxene. More primitive
B1 compositions with, e.g., 14.5 %MgOwould reach sulfide
saturation after as much as 40% crystallization. These results
indicate that the Merensky and other Bushveld reefs cannot
have formed through mixing of replenishing and residual
magmas as proposed originally by Campbell et al. (1983)
and subsequently by many other authors. This remains valid
even if the resident magma was sulfide-saturated. For exam-
ple, modeling with the PELE programme of Boudreau

(1999) indicates that 9:1 mixtures of fractionated, sulfide-
saturated B1 magma with primitive B2 magma are sulfide-
undersaturated for the first 6 % of crystallization. A larger
proportion of replenishing magma would lead to more severe
S undersaturation in the hybrids. Thus, instead of triggering
sulfide saturation, magma mixing would likely result in
sulfide-undersaturated hybrids, inconsistent with the system-
atic enrichment of sulfides and PGE in the basal, ultramafic
portions of cyclic units. Sulfide saturation could conceivably
be achieved if not only the resident but also the replenishing
magmas were already fractionated and thus sulfide-
saturated. However, in that case, the replenishing magma
would likely have been PGE-poor. Moreover, although there
are some fractionated B1 sills in the floor of the complex
(e.g. ECBV021, 8.84 % MgO; Barnes et al. 2010) that could
represent differentiation products of relatively more primi-
tive B1 magma, these sills are also sulfide-undersaturated
and they occur below the LZ and LCZ, not the UCZ. The
majority of sills below the UCZ formed from strongly
sulfide-undersaturated B2 magmas.

Other models invoked to trigger sulfide saturation, includ-
ing changes in pressure potentially associated with magma
replenishment, or contamination, are also implausible in light
of the low S contents of the Bushveld magmas. The available
data are more consistent with a model whereby sulfide satu-
ration was reached in response to differentiation. Because the
proportions of sulfide in the reefs are supercotectic (i.e. the
orthopyroxenites have >0.6 % sulfide and the gabbronorites
have >0.1 %), the formation of the reefs must have involved
some additional concentration of sulfides, potentially via pref-
erential settling of sulfide liquid through the silicate magma or
percolation of sulfides through semi-consolidated cumulates
(Godel et al. 2007). Chung and Mungall (2009) have argued
that sulfide percolation may be impeded at low sulfide con-
tents, but there is textural and compositional evidence in
support of the process in the form of PGE-rich sulfides below
the Merensky Reef (Viljoen 1999; Barnes and Maier 2002a).
Such sulfide percolation could have been facilitated in
deforming cumulate slurries when sulfide droplets are
squeezed through small pore spaces.
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Chemical stratigraphy of the Bushveld Complex: new
results

In order to re-evaluate the petrogenesis of the Bushveld PGE
reefs, a lithogeochemical section has been compiled through
the Bushveld Complex, based largely on analysis of samples
collected by the Rhodes University group in the 1980s and
1990s (e.g., de Klerk 1992; Mitchell 1986; Teigler and Eales
1996; Maier and Eales 1997). The rocks are mostly from the
NG suite of drill cores located at Union Section in the
northwestern Bushveld, except for the samples from the
~400-m-thick Pyroxenite Marker interval which were col-
lected from the drill core on the Moorddrift farm, northern
Bushveld (Maier and Barnes 2010), and the UZ samples,
collected from the drillcore on the Bellevue farm, 10 km to
the north of Mokopane (see detailed descriptions in Barnes
et al. (2004); Ashwal et al. 2005).

The major and minor elements were previously deter-
mined by WD-XRF at Rhodes University and the University
of Québec at Chicoutimi (UQAC), Canada, except for P2O5

in the NG samples, which was determined by ICP-MS at
Cardiff University, UK. The lithophile trace elements (Cr,
Ni, Cu, Co, Zn, Sc, V, REE, Th, U, Nb, Ta, Y, Zr, Hf, Cs, Sr,
Ba, Rb) were also determined by ICP-MS at the University
of Cardiff. Sulfur was analysed by Leco® infrared spectrom-
etry (Barnes et al. 2009), Se was analysed by thiol cotton
fibre-INAA (Barnes et al. 2009) and PGE levels were ana-
lysed by ICP-MS after Ni-sulfide fire assay with Te-co-
precipitation at UQAC (see Savard et al. (2010) for analyt-
ical details). Mineral modes and petrographic descriptions
for the samples from the LZ and LCZ are given in Teigler
and Eales (1996). The petrography of the UCZ samples is
described in de Klerk (1992), that of the MZ samples in
Mitchell (1986) and that of the UZ samples in Ashwal et al.
(2005). All data are provided in the “Electronic supplementary
material”, and the most important compositional trends in the
composite section are summarized in the following text.

Major and compatible lithophile elements

The major element compositional variation across the stud-
ied sequence is illustrated by plots of whole-rock MgO and
Cr contents and Mg# of orthopyroxene vs. stratigraphic
height (Fig. 16a). Ratios of Cr/V and Ni/Sc show broadly
similar trends, due to higher bulk compatibility of Cr and Ni
relative to V and Sc, and thus are also useful differentiation
indexes, at least in samples free of significant amounts of
sulfide and chromite. The data indicate a broad trend of
progressive differentiation with height, albeit with numer-
ous major and minor compositional reversals, notably at the
base of the sequence, towards the top of the LZ, in the lower
portion of the LCZ (where there is a sharp increase in Cr;
Fig. 16a), at the top of the UCZ and in the Pyroxenite

Marker interval. The reversal at the base of the complex is
analogous to those documented in other layered intrusions
(e.g. Latypov (2003) and references therein) and may reflect
elevated trapped liquid contents due to an enhanced cooling
rate. The LZ and CZ reversals broadly coincide with
olivine- and/or chromite-rich intervals and, like the reversal
in the pyroxenite marker interval, have previously been
explained by magma replenishment to the Bushveld cham-
ber (Von Gruenewaldt 1973; Cameron 1978, 1980, 1982;
Eales et al. 1990; Cawthorn et al. 1991). Magma replenish-
ment is also held responsible for causing the spectacular
modal layering, namely, in the PGE- and Cr-mineralized
CZ, characterized by the occurrence of cyclic units. Replen-
ishment of the chamber probably occurred through emplace-
ment of all three Bushveld parental magma types (Eales et
al. 1990; Naldrett et al. 2009a, b, 2012; Wilson and
Chunnett 2006). Replenishment with tholeiitic basalt (B2
and B3) is consistent with the progressive upward increase
in Sr isotopic ratio (Fig. 16b), whereas replenishment with
basaltic andestite (B1) is indicated by the lack of progressive
Cr and PGE depletion in the CZ (Fig. 16c). However, other
data are not entirely consistent with a model whereby the
ultramafic layers formed solely in response to magma re-
plenishment. Detailed studies by Eales et al. (1990) in the
MG3 and MG4 units and Maier and Eales (1997) in the
UG2–Merensky Units have shown that changes in lithology,
Mg# and An content tend to be decoupled, with the result
that the most magnesian orthopyroxenes occur in norites
rather than pyroxenites (Fig. 17). This could suggest that
modal variation was at least partly caused by crystal sorting,
perhaps in slurries sweeping down the chamber walls (Irvine
et al. 1998), or in crystal mushes that slumped down-dip
along the top of the cumulate pile during chamber subsi-
dence, as will be discussed in more detail in a later section.

Incompatible lithophile trace elements and Sr–Nd isotopes

The distribution of incompatible trace elements in the cumu-
lates is controlled by several factors, including the nature of
the parental magma, its state of differentiation, the modal
proportions of the main rock-forming minerals, the compo-
sition and proportion of trapped melt and percolation of late
magmatic and hydrothermal fluids. The relative importance
of these factors can be difficult to unravel. For example,
many rocks from the LZ and LCZ have higher incompatible
trace element contents than most MZ rocks and many of the
UZ rocks, possibly in part due to higher trapped melt con-
tents in the LZ, but mainly because the basaltic andesite B1
magma is significantly enriched in incompatible trace ele-
ments relative to the tholeiitic B2 and B3 magmas (Fig. 16b;
Table 1). The zirconium contents of the LZ and CZ rocks are
mostly between 5 and 20 ppm (Fig. 16b), indicating trapped
melt contents of about 5–30 % in the LZ and CZ (based on
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77 ppm Zr in B1 magma; Barnes et al. 2010; Table 1). The
MZ contains approximately 10 ppm Zr, translating to 36 %
trapped liquid (based on 23 ppm Zr in B3 magma; Table 1).
Some, but not all, ultramafic layers in the UCZ have much
higher incompatible trace element contents than associated
norites and anorthosites, presumably because of relatively
higher trapped liquid components in the ultramafic rocks.
This applies, for example, to the Merensky Reef and UG2
pyroxenite at Amandelbult (Fig. 18) and the Bastard

pyroxenite in much of the western Bushveld (De Klerk
1992). This aspect is particularly notable because the ultra-
mafic rocks are denser than the mafic rocks and thus might
be expected to compact more efficiently. Other intervals that
are relatively enriched in incompatible trace elements in-
clude the basal and the relatively differentiated top portions
of the complex. Of further note is that the intervals imme-
diately below and above the MZ appear to be particularly
enriched in incompatible elements (Fig. 16b).
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In order to see through the modal effects, it is useful to
examine ratios of incompatible trace elements and isotopes.
All Bushveld cumulates have a strong crustal component, as
indicated by elevated Th/Hf, Ce/Sm and 87Sr/86Sri (Fig. 16b).
Comprehensive incompatible trace element data remain un-
available for the Eastern lobe, but equivalent stratigraphic
levels in the eastern and western Bushveld have essentially
identical 87Sr/86Sri isotope ratios (Sharpe 1985; Kruger 1994),
suggesting that the crustal component was acquired prior to
final emplacement. Evidence for considerable in situ contam-
ination is mainly confined to the basal portion of the northern
lobe (the Platreef), whereas in the remainder of the complex
the trace element and Sr isotope ratios of the basal rocks differ

little from those of the remainder of the sequence (Fig. 16b),
which is inconsistent with significant in situ contamination.

In terms of variationwith height, the trends for incompatible
trace elements and 87Sr/86Sri are decoupled. For example, Th/
Hf and Ce/Sm ratios are highest in the UCZ and UZ, whereas
initial Sr isotope ratios are highest in the MZ. The MZ stands
out in terms of virtually all compositional parameters exam-
ined. Major compositional changes occur over relatively nar-
row intervals immediately below and above the MZ. At the
lower contact of the MZ, 87Sr/86Sri increases sharply over an
interval of about 100m, starting from the UG1 or its immediate
footwall rocks to the top of the Bastard Unit (Fig. 19). Thori-
um/Hf and Ce/Sm ratios also change across the CZ–MZ
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boundary (Fig. 16b), and analogous to the Sr isotope pattern,
there is a tendency that the pyroxenitic bases of cyclic units
have more B1-like signatures, whereas the more plagioclase-
rich upper portions have more B3-like signatures (Fig. 19).
This has been explained by a model of progressive mixing of
resident B1–B2 hybrid magma with replenishing B1 magma
(Campbell et al. 1983; Eales et al. 1986). The basal pyroxenites

precipitated mainly from the fresh magma, whereas the over-
lying norites accumulated from increasingly mixed B1 and B2
magma. At the top of the MZ, across the up-to-400-m-wide
Pyroxenite Marker interval, 87Sr/86Sri falls from 0.708 to
0.707, and εNd, Ce/Sm and Th/Hf increase. Notably, detailed
Sr isotopic studies of minerals in mafic–ultramafic horizons
near the base and the top of the MZ (Merensky Reef and

Table 1 Summary of composition of parental magmas to Bushveld

Name of marginal rock suite B1 B2 B3

Rock type Melanorite–pyroxenite Gabbronorite Gabbronorite

Magma type SHMB Tholeiitic basalt Tholeiitic basalt

Crystallization sequence ol > opx + cr > opx + pl > cpx + opx + pl pl + ol > pl + cpx + opx pl + ol > pl + cpx + opx

MgO (wt.%): range - avg 8–14.5 (11.85) 3.5–9.5 (6.9) 7–9 (7.7)

Mg# 0.71 0.54 0.62

Cr (ppm) 965 200 407

Ni (ppm) 284 106 132

Zr (ppm) 77 54 23
87Sr/86Sri 0.70471–0.70599 (0.70540) 0.70618–0.70728 (0.70681) 0.706–0.70618 (0.70611)

εNd −4.6 to −6.1 (−5.6) −4.9 to −6.7 (−6.1) −6.4 to −6.6 (−6.5)

Pt + Pd (ppb) 33 12.5 16

Pt/Pd 1.5 2.5 2.9

Cu/Pd 4,200 20,000 1,100

Data from Barnes et al. (2010), Harmer and Sharpe (1985) and Curl (2001)
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Pyroxenite Marker, respectively) have shown considerable
isotopic disequilibrium (Eales and Cawthorn 1996; Prevec et
al. 2005; Seabrook et al. 2005).

Sulfur and chalcophile elements

The majority of the rocks of the Bushveld Complex contain
remarkably little sulfur, with <100 ppm measured in most
samples from the LZ, CZ andMZ (Fig. 16c; Maier and Barnes
1999; Barnes et al. 2009). This could suggest that the bulk of
cumulates crystallized from sulfide-undersaturated magma,
consistent with the fact that the B1–B3 Bushveld magmas

are strongly sulfide-undersaturated. The model can be
assessed by considering the concentration of incompatible
trace elements. As discussed above, the Zr contents of the
rocks suggest 5–30 % trapped liquid in the LZ and CZ rocks
(Fig. 16b). As B1 magma has about 450 ppmS (Barnes et al.
2010), the S contents of cumulates are broadly consistent with
the crystallization of the rocks from sulfide-undersaturated
magma. The S/Se ratios of most rocks are mantle-like, imply-
ing that no significant S has been lost during late magmatic or
hydrothermal fluid percolation (Barnes et al. 2009).

However, the chalcophile element contents of most
cumulates are inconsistent with crystallization from
sulfide-undersaturated magma. The Cu/Zr ratios are above
that of B1 (Fig. 16d) and the concentration of Pd in the LZ
and LCZ is mostly >>5 ppb (Fig. 20), too high to be
controlled by trapped melt alone. These data instead indicate
the presence of cumulus sulfides. To explain the elevated
PGE levels at low S contents, Barnes et al. (2009) suggest
two possible solutions. Either after sulfide saturation was
achieved, the sulfide liquid percolated downwards into the
cumulate pile—in that case, the amount of sulfide liquid
need not be at cotectic proportions—or, alternatively, the
magma that was emplaced into the chamber was a crystal
mush carrying a small proportion of sulfide liquid.

The basal rocks of the intrusion have up to 500 ppm S
and ~50 ppm Cu. The presence of cumulus sulfides in this
interval is consistent with Cu/Pd ratios that plot below the
primitive mantle values (Fig. 16d). Based on the lithophile
trace element data discussed above, there is little evidence
that the sulfides formed in response to contamination. Sul-
fide percolation or sulfide saturation due to supercooling is
instead more consistent with the data.

Fig. 18 Zirconium concentrations in the UG2–Merensky Reef interval
at Amandelbult section. Data taken from Maier and Eales (1997).
Colour coding for rock types as in Fig. 17

Fig. 19 Variations in S, Cu/Pd, Pt + Pd, initial Sr isotope ratios, and Th/Hf with stratigraphic height in UG1–Bastard Reef interval. Primitive
mantle value is from Becker et al. (2006). Vertical grey bands represent the compositional range of Bushveld B1 and B3 magmas
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The dunites and associated rocks at the top of the LZ are
relatively depleted in all PGE and Cu (Fig. 20). Copper/Pd
ratios are at mantle level and Cu/Zr is near unity (Fig. 16d),
suggesting that these rocks crystallized from sulfide-
undersaturated magma. This is consistent with the fact that
the dunites show the highest values of whole rock Mg# and
forsterite component in olivine, implying that they crystallized
from the most primitive magmas in the analysed profile.

The reef interval in the uppermost CZ is characterized by
relatively high S, PGE and Cu contents compared to the
under- and overlying rocks (Figs. 16, 19). This has been
explained by progressively more enhanced magma mixing
towards the top of the CZ due to enhanced density contrasts
between resident and replenishing magmas (Campbell et al.
1983) or mixing-in of relatively differentiated, nearly sulfide-
saturated magma (Naldrett et al. 2012). Notably, whereas the
PGE contents of the reefs progressively increase with height
(Figs. 16, 19; Naldrett and Von Gruenewaldt 1989; Scoon and
Teigler 1994; Barnes and Maier 2002b; Naldrett et al. 2009a),
the PGE tenor, as expressed by Cu/Pd ratios, decreases
(Fig. 19). This could be explained by the progressive metal
depletion of the Bushveld residual magma in response to
sulfide segregation or by lower R factors.

All chromitites in the CZ are PGE-enriched relative to
their silicate host rocks (Scoon and Teigler 1994; Maier and
Barnes 2008; Naldrett et al. 2009a). The LG chromitites
contain significantly less PGE than the MG and UG seams,
but a sulfide component must have been present in all cases,
based on the elevated Pd contents of the seams (Scoon and
Teigler 1994). This raises a perplexing question. Many of
the chromite crystals contain abundant laurite inclusions
(Maier et al. 1999) which would appear to require that the

magma was sulfide-undersaturated at the time of chromite
formation (Brenan and Andrews, 2001). Moreover, the com-
position of the laurites is decoupled from that of the host
chromitite seams as expressed by Ru/Ir (Fig. 20).

The MZ is relatively PGE-poor, mostly at <10 ppb Pt + Pd
(Fig. 16c). As the contents of lithophile trace elements, S and
Cu, are also low, it is difficult to judge whether the rocks
crystallized from sulfide-saturated magma: the low metal con-
tents could reflect low trapped liquid contents. Barnes et al.
(2010) found low S contents and mantle-like Cu/Pd in the B3
sills, consistent with sulfide-undersaturation of the magmas.
This result is surprising in view of the high crustal component
of the magmas and suggests that the contaminant must have
been very S-poor. Metal ratios in the MZ cumulates are vari-
able: in some samples, Cu/Pd and Cu/Pt ratios plot below the
primitive mantle, consistent with the presence of a small sul-
fide component, whereas many other samples have Cu/Pd
above the primitive mantle, suggesting a depleted parent mag-
ma. Copper/Zr ratios are mostly significantly above unity
(Fig. 16d), also consistent with a small cumulus sulfide com-
ponent in the rocks. The combined metal data for the MZ thus
suggest that the B3 magma was initially sulfide-undersaturated
during emplacement but reached sulfide saturation during
crystallization within the Bushveld chamber.

The Pyroxenite Marker interval contains elevated S, Cu
and PGE contents (Maier et al. 2001; Maier and Barnes
2010; Fig. 16c). Above the Pyroxenite Marker interval, the
concentrations of the PGE drop rapidly, whereas S contents
increase, particularly in the magnetite layers of the UZ
(Fig. 16c; Barnes et al. 2004; Harney et al. 1990). The
standard model employed to explain the lithophile and
chalcophile element data of the Pyroxenite Marker and its

Fig. 20 Palladium, Pt, Cu, and Ru/Ir in whole rocks and laurites, plotted vs stratigraphic height in the Lower and Critical Zones, Union Section.
Grey vertical bands indicate compositional range that may be accounted for by 5–30 % trapped liquid (TM)

Miner Deposita (2013) 48:1–56 33



overlying rocks has been one of replenishment with magma
of Critical Zone lineage, followed by mixing of primitive
and resident magma (Harney et al. 1990; Maier et al. 2001),
but Maier and Barnes (2010) proposed an alternative model
of cumulate reorganization due to subsidence of the intru-
sion, which is discussed in more detail below.

Pd/Ir and (Pt + Pd)/(Os + Ir + Ru) ratios are commonly
used as magma differentiation indexes because IPGE are
compatible during the fractionation of basaltic magma
(Barnes et al. 1985). The (Pt + Pd)/(Os + Ir + Ru) ratios
are lowest at the top of the LZ (Fig. 16d), consistent with the
lithophile element data, showing that this interval is the
most primitive (Fig. 16a). Ratios then increase into the
UCZ with a reversal at the level of the UG chromitites and
associated rocks. The MZ and the base of the UZ have the
highest (Pt + Pd)/(Os + Ir + Ru) ratios, whereas there is a
gradual reversal throughout the remainder of the UZ.

The platinum/Pd ratios of the rocks are highly variable
(Fig. 16d). Most samples have Pt/Pd > unity, with the
exception of some Pyroxenite Marker samples and many
of the basal rocks of the complex, both in the analysed
Union Section profile and in the Platreef of the northern
lobe (Manyeruke et al. 2005; Kinnaird et al. 2005; Maier et
al. 2008a, b). As also reflected in many other element ratios,
strong reversals in Pt/Pd occur at the base and top of the
Main Zone. A feature that remains difficult to explain is that
Pt/Pd ratios in the sulfide-bearing layered suite are broadly
similar to those in the sulfide-deficient marginal suite. The
sulfide melt–silicate melt partition coefficient of Pd is be-
lieved to be significantly higher than that of Pt (Stone et al.
1990; Barnes 1998a, b; Sattari et al. 2002), consistent with
the observation of Barnes and Picard (1993) that Pt/Pd in the
Cape Smith picrites is around unity, whereas the associated
Raglan ores have Pt/Pd <0.5. The Dsulf/sil for Pd at Raglan
thus appears to have been at least twice that of Pt. By
implication, the sulfide-bearing Bushveld cumulates
should have significantly lower Pt/Pd than the barren
marginal rocks, particularly since the former are believed
to have equilibrated at high R factors. We considered
whether the magmas achieved Pt saturation in the cham-
ber, but this seems unlikely because (1) the most primi-
tive, sulfide-undersaturated rocks at the top of the LZ are
depleted in both Pt and Pd (Fig. 20) and (2) the remainder
of the LZ and CZ are elevated in both Pt and Pd, indic-
ative of the presence of cumulus sulfides. The data thus
suggest that Pt saturation did not occur before sulfide
saturation. Another possibility is that within the relatively
slowly cooling main intrusion, Pd was relatively mobile at
the late magmatic stage. Extremely high Pt/Pd ratios inter-
preted to result from preferential Pd mobility have been
reported from the UG1 chromitite (Maier and Barnes
2008). In this model, the high Pt/Pd of the internal reefs
would, in part, be a secondary feature, whereas the

relatively lower Pt/Pd of many of the marginal rocks
would be a primary feature.

Towards a model for the Bushveld Complex and other
PGE-mineralized layered intrusions

Composition and crystallization sequence of Bushveldmagmas

Past authors have recognized that many PGE-mineralized
layered intrusions crystallized from two compositionally
distinct suites of parental magmas (Irvine et al. 1983; Kruger
and Marsh 1985; Naldrett et al. 1986; Alapieti et al. 1989;
Miller and Andersen 2002), originally termed the U
(ultramafic) and A (for Al2O3 rich) magmas (Irvine et al.
1983). For most intrusions, the nature of the parental mag-
mas has been inferred from the crystallization sequences of
the intrusions and cumulate geochemistry (e.g. Helz 1985;
Lambert et al. 1994; Lambert and Simmons 1987, 1988;
Bédard 1994). In the case of the Bushveld Complex, the
composition of the parental magmas can be better con-
strained by means of the fine-grained sills and marginal
rocks exposed at and below the base of the complex that
have similar crystallization sequences, whole-rock and min-
eral trace element signatures and emplacement ages as the
cumulate rocks (Sharpe 1981; Cawthorn et al. 1981; Harmer
and Sharpe 1985; Scoates and Friedman 2008; Barnes et al.
2010; Godel et al. 2011; see Table 1 for a summary of their
compositional characteristics). The B1 suite is a basaltic
andesite similar to modern boninites or Archean siliceous
high-magnesian basalts. The B2 and B3 rocks resemble
tholeiitic arc basalts in that they are depleted in HFSE and
enriched in LILE (Barnes et al. 2010). In addition to fine-
grained noritic sills, there are medium-grained peridotite
sills that appear to represent mixtures between B1 magmas
and cumulus olivine, orthopyroxene and chromite (Sharpe
and Hulbert 1985; Davies and Tredoux 1985; Barnes et al.
2010). Field evidence suggests that they intruded after the
fine-grained sills (Curl 2001), consistent with a model
whereby the peridotite sills are ejections of crystal slurries
from the main chamber (Harmer and Sharpe 1985).

The crystallization sequence of the B1 suite has been
modeled as ol → opx + cr → opx + plag → cpx + opx +
plag (Harmer and Sharpe 1985; Barnes et al. 2010), consis-
tent with the petrography of the LZ and LCZ. Using ther-
modynamic modeling software (e.g. PELE; Boudreau
1999), it can be shown that the average B1 magma would
crystallize olivine and orthopyroxene with compositions of
Fo/Mg# ~87–90 (at low pressure and fO2 at QFM), broadly
consistent with the compositions of the Union Section
cumulates. Slightly more magnesian olivines (up to Fo92)
occur in the LZ of the northern limb (Hulbert and von
Gruenewaldt 1982) and the eastern limb (Wilson and
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Chunnett 2010; Wilson 2012), requiring more magnesian
parental magmas than the average B1, possibly reaching
komatiitic compositions. The coeval Uitkomst Complex
also contains rocks that have olivine with compositions up
to Fo91 (Gauert et al. 1995; Li et al. 2002).

In the B2 and B3 suites, the modeled low-P crystalliza-
tion sequence is plag + ol→ plag + cpx + opx (Barnes et al.
2010). Troctolitic rocks have been reported from the MZ of
the northern lobe (Ashwal et al. 2005), but the crystalliza-
tion order of most UCZ and MZ rocks in the western and
eastern lobes is opx + cr→ plag + opx → plag + opx + cpx,
and troctolites are rare, inconsistent with the crystallization
order of the B2 and B3 sills. A possible explanation for the
discrepancy could be that the UCZ and MZ cumulates
crystallized from mixed B1 and B2/3 magma.

All Bushveld magmas contain a relatively large crustal
component, as indicated by relatively high contents in SiO2

(particularly in the case of B1), LILE (Harmer and Sharpe
1985; Barnes et al. 2010), high 87Sr/86Sri (0.703–0.708;
Harmer and Sharpe 1985; Curl 2001), negative εNd (−4.6
to −6.7; Curl 2001) and, for B1, the crystallization of ortho-
pyroxene before clinopyroxene. Two contrasting interpreta-
tions have been offered to account for these features: (1)
plume-derived komatiitic or picritic magma assimilated
crust during magma ascent and emplacement (Barnes
1989; Maier et al. 2000; Harris et al. 2004). The B1 magma
partially melted the upper crust, whereas the B2 and B3
magmas assimilated the crustal residues from the initial
melting. (2) The Bushveld magmas formed, at least in part,
from metasomatized SCLM (Harmer and Sharpe 1985;
Richardson and Shirey 2008). These models are evaluated
in more detail in the following section.

Magma derivation

Potential sources for the generation of primitive magmas
include the convecting mantle and the lithospheric mantle.
In general, most high-Mg magmas are interpreted to be
derived from the convecting mantle via adiabatic partial
melting of mantle plumes (e.g. Herzberg et al. 2007). In
contrast, few primitive magmas are generally accepted to be
derived from the SCLM, notable exceptions being Group II
kimberlites (Gurney et al. 2005) and lamproites (Lambert et
al. 1995). Some continental flood basalts that are highly
enriched in crustal components, e.g. the Ventersdorp lavas
(Marsh et al. 1992), have also been proposed to be derived
from SCLM, as have some alkali basalts (Francis and
Ludden 1995). The location of most large PGE deposits in
the centre of cratons suggests that a SCLM derivation of
their parental magmas is a possibility. For the Bushveld
Complex and other PGE-bearing layered intrusions, the
model was first proposed by Harmer and Sharpe (1985).
Hamlyn and Keays (1986) argued that a mantle source that

had undergone a previous, small-degree melting event
would be PGE-rich due to residual enrichment in PGE and
that second-stage melting of such mantle could liberate the
PGE, thereby producing PGE-rich magma. The SCLM has
subsequently been shown to be relatively PGE-depleted
(e.g. Pearson et al. 2004; Maier et al. 2012a, b; for an
exception, see McInnes et al. 1999), probably through
large-degree Archean and early Proterozoic melting events,
and it seems counterintuitive to derive the magmas to the
world’s largest PGE deposits from the most PGE-depleted
mantle known. Furthermore, some studies (Luguet et al.
2007) have shown that Pt in the lithospheric mantle can
occur in the form of alloys and PGM that may be refractory
during partial melting of the mantle. On the other hand, the
presence of an SCLM component in the Bushveld magmas
would be consistent with the relative Pt enrichment of many
SCLM samples (Pearson et al. 2004; Maier and Barnes
2004; Maier et al. 2012b) that matches the relatively high
Pt/Pd ratio of the Bushveld magmas (Barnes et al. 2010), the
Main Sulfide Zone of the Great Dyke (Oberthür 2002), most
rocks in the Penikat intrusion (Halkoaho 1994; Maier et al.
unpublished data) and many of the ultramafic rocks (albeit
not the reefs) of the Stillwater Complex (Keays et al. 2011).
A significant SCLM component in the Bushveld would also
be consistent with the available isotope data: For example,
Curl (2001) argued that the combination of negative εNd
and near-chondritic γOs in Bushveld marginal rocks
requires a component of sub-continental lithospheric mantle
(SCLM) in the Bushveld mantle source. A similar conclu-
sion has been reached by Richardson and Shirey (2008). A
possible model to reconcile the seemingly contradictory data
could include the following elements (Figs. 21 and 22):

1. Relatively high-degree partial melting of the convecting
mantle in the Archean (Pearson et al. 2004), resulting in
extraction of komatiitic or komatiitic–basaltic melt and
formation of SCLM. The bulk of the Pd in the mantle
would have been removed during this step. However, in
order for the SCLM to contribute some PGE (in partic-
ular Pt) to the Bushveld magmas at a later stage, some Pt
must have been left behind in the mantle, i.e. Pt cannot
be completely incompatible, or it must have been rein-
troduced at a later, pre-Bushveld, stage. There are few
experimental data to constrain the compatibility of the
PGE during mantle melting, but the Pt contents of
komatiites (mostly ~8–10 ppb Pt at 30–50 % partial
melting; Fiorentini et al. 2011) suggest that Pt is not
completely incompatible. If the Archaean mantle had
6 ppb Pt (Maier et al. 2012b) and a 50 % komatiitic
partial mantle melt has 8 ppb Pt, then the residue must
have 4 ppb Pt, broadly consistent with the 4.5 ppb
average Pt content of the Kaapvaal and Karelia SCLM
(Maier et al. 2012b).
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2. Metasomatism of the refractory mantle residue (Simon
et al. 2007), refertilising the SCLM and rendering it
once again fusible. Metasomatism and associated intro-
duction of sulfur and volatiles (Lorand and Gregoire
2006) oxidized the SCLM (Yaxley et al. 2011). The Pt
mass balance of the mantle and of potential partial melts
discussed above suggests that insignificant Pt was rein-
troduced to the SCLM after initial melting.

3. The arrival of a plume resulting in an increased conduc-
tive heat flux into the lithosphere and plume-derived
magmas that infiltrate the SCLM together cause partial
melting of metasomatised domains of the SCLM. Be-
cause the partial melt is relatively oxidized, and Pt solu-
bility is positively correlated with fO2 (Borisov and Palme
2000), the bulk of the remaining Pt, and any Pd that may
have been introduced during metasomatism, can be

dissolved. The melting residue would be highly PGE-
depleted, consistent with the occurrence of PGE-
depleted xenoliths in the Premier kimberlite pipe (Maier
et al. 2012b).

Assuming that the Bushveld magmas contained a contri-
bution of between 40 and 75 % SCLM (Richardson and
Shirey 2008), the SCLM component must have been highly
Pt-enriched because most melts of the convecting mantle
contain ~20 % less Pt than Bushveld magmas (Fig. 14).
Mass balance suggests that the SCLM magma would have
to contain ~20–30 ppb Pt, significantly higher than any
known small-degree SCLM-derived partial melts (e.g. kim-
berlites (McDonald et al. 1995) or MARIDs (Maier et al.
2012b)). Alternatively, the SCLM could have provided all
the Bushveld primary melt, in which case the required PGE

SCLM

Crust

a

c

b

Ultramafic rocks

Mafic-ultramafic
        rocks

Mafic rocks

d

Fe-V

PGE

Cr

Ni
NiPGE

Metasomatised
SCLM

Melt &
 fluid flux

Sub
du

cti
on

O
ceanic lithosphere

Fig. 21 Schematic diagrams summarizing processes relevant to the
formation of PGE and Ni–Cu deposits. a Mid-Archean formation of
cratonic crust and sub-continental lithospheric mantle. b Late-Archean,
Proterozoic and Phanerozoic metasomatism of SCLM, predominantly
by subduction-derived fluids and melts. cMantle plume impacts on the
base of composite craton and undergoes limited adiabatic melting.
Melts infiltrate SCLM. Heat of plume and infiltrating plume melts
cause melting of metasomatized domains of SCLM. Melts of SCLM

and plume mix and ascend along trans-lithospheric suture zones
through SCLM and crust to form layered intrusions. d Inset from c
showing the formation of PGE, chromite and magnetite reefs in layered
intrusion. Crustal loading during magma emplacement causes central
subsidence. Incompletely solidified cumulates slump towards the cen-
tre of intrusion and disseminated sulfide, chromite and magnetite form
massive layers (modified from Maier and Groves (2011))

Fig. 22 Flow chart
summarizing the PGE contents
of mantle reservoirs through
time
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contents of the SCLM partial melt are somewhat lower
(20 ppb Pt, 15 ppb Pd), but the required degree of melting
is higher (~20 %). In this model, the unusually low Ti
contents of the Bushveld magmas (0.35 % TiO2) are easier
to explain. Neither option seems entirely satisfying, but a
model involving the SCLM in the petrogenesis of the PGE
reefs would be consistent with the concentration of PGE-
mineralized intrusions in the late Archean and early Prote-
rozoic during which the bulk of the SCLM was formed and
metasomatised (Griffin et al. 2004; Simon et al. 2007).
Subsequent melting of the SCLM clearly did occur, as
indicated by the relatively recent ages of Group II kimber-
lites (Gurney et al. 2005), but the heat flux from mantle
plume events likely decreased (Richter 1988), potentially
causing a lower degree of subsequent melting of the SCLM
and more refractory behaviour of Pt.

The main alternative to the SCLM as a source for the
magmas parental to PGE deposits is the convecting mantle.
This model may be particularly relevant for intrusions that are
located at rifted craton margins and that contain a relatively
small crustal component (e.g. Skaergaard, Stewart and De
Paolo 1990). If the model was applied to the Bushveld Com-
plex, the high crustal component of the Bushveld magmas
would have to be explained via significant (20–40 %) con-
tamination of a primitive primary magma with upper crust,
probably in a staging chamber, to produce the observed re-
gional homogeneity of the crustal signature (Maier et al. 2000;
Harris and Chaumba 2001; Harris et al. 2004; Barnes et al.
2010). To prevent early S saturation of the magmas, the crust
would have to be very S-poor. A problem with the model is
that contamination with PGE-poor crust would dilute the PGE
in the magma, requiring that the PGE contents of the original
magmas were unreasonably high (Barnes et al. 2010). Lesher
and Burnham (2001) argued that contamination of magmas
with PGE-poor crust may result in an increase in PGE due to
the effect of simultaneous fractional crystallization, but in the
Bushveld Complex the required amounts of contamination
and thus crystallization are so large (30–40 %) that the MgO
and Ni contents in the residual magma would become too low.
Another problem with the model is that it provides no expla-
nation for the unusually high Pt/Pd of the Bushveld magmas.

A third possibility is to suggest that the Bushveld mag-
mas were derived from an anomalously Pt-enriched con-
vecting mantle source, perhaps resulting from heterogenous
mixing-in of Pt-rich late veneer (Pt/Pd, about 1.8; Palme and
Jones 2005). However, the data of Maier et al. (2009)
suggest that by the time the Bushveld magmas formed, the
mantle had largely equilibrated with the late veneer.

A fourth possibility is that the mantle source to the
Bushveld magmas contained a component from the Earth’s
core. If the primitive upper mantle estimates of Becker et al.
(2006) are correct (Pt/Pd, about 1.1), then mass balance
dictates that the core must have a higher Pt/Pd ratio than

the bulk mantle. However, if the PM estimate of Palme and
O’Neill (2004) or the Archean mantle estimate of Maier et
al. (2012b) was used, the core may not be Pt-enriched.
Models involving unusually Pt-rich mantle or core domains
are rather speculative, but their attraction lies in their poten-
tial to explain why more than 50 % of the world’s PGE
resources are hosted in a single intrusion that crystallized
from magma of unusual PGE distribution patterns.

Magma emplacement

The emplacement depth of the Bushveld Complex was
probably relatively shallow. Calc-silicate assemblages in
the Marginal Zone indicate equilibration pressures of 0.6–
2.4 kbar (<2 to 7 km: Wallmach et al. 1989; shallower still
according to Cawthorn and Walraven (1998)), consistent
with the fine-grained nature of many of the Bushveld sills.
As the xenoliths are now situated at the base of a 6–8-km
intrusion, the implication is that much of the complex was
built from successive magma influxes that inflated earlier
sills. In some cases, magma pulses may have formed sill-
like injections into already solidified, or partly solidified,
cumulates or formed independant sill-like bodies, consistent
with the presence of a screen of quartzite and calc-silicate
xenoliths at the contact between the LZ and the UCZ in the
northern lobe (Hulbert 1983; Maier et al. 2008a). Significant
time intervals between some magma injections were postu-
lated by Holwell et al. (2005) who argued that in the north-
ern lobe the MZ was emplaced on top of solidified CZ.

Further evidence for a relatively shallow emplacement
depth of the Bushveld Complex is provided by the inward
dip of layering. Based on the morphology of potholes, it is
argued that the inward dip formed syn-magmatically due to
crustal subsidence, yet the crust would not be able to flex/
collapse if it was hot and ductile.

The fine-grained nature of many Bushveld marginal
rocks indicates that some of the earliest Bushveld magmas
ascended as phenocryst-poor melts, consistent with the oc-
currence of chilled margins at the base of the LZ (Teigler
1990a; Teigler and Eales 1996; Wilson and Chunnett 2010;
Wilson 2012) and the CZ (Grasvalley, Hulbert 1983; Rooi-
poort, Maier et al. 2008a). However, based on mass balance,
Eales (2002) and Eales and Costin (2012) have argued that
at least some B1 magma pulses intruded as olivine- and
chromite-rich slurries. This model is consistent with the
abundance of peridotite sills in the floor of the complex
(Sharpe and Hulbert 1985), some of which have harzburgitic
chill zones (Eales 2002). Maier and Barnes (1998) and
Roelofse (2010) have proposed that the MZ magma intruded
as a crystal slurry, based on (1) the paucity of highly differ-
entiated rocks in the MZ, (2) the low incompatible trace
element contents of the MZ cumulates, (3) the subdued
differentiation trends in many MZ profiles (e.g. in the
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northern lobe; Roelofse 2010), (4) the abundant deformation
features of plagioclase crystals, (5) the super-cotectic pro-
portions of plagioclase in the MZ, (6) the decoupling of
plagioclase and pyroxene differentiation trends (Roelofse
2010), (7) disequilibrium in Sr isotope signatures of mineral
pairs (Roelofse 2010) and (8) lack of chilled margins. These
studies highlight that the mode of Bushveld magma em-
placement remains far from resolved.

The location of the feeder(s) also remains uncertain.
Previously proposed feeders include the coeval and co-
genetic Uitkomst Complex (Gauert 1998), gravity highs at
Union Section and to the northeast of Rustenburg (Eales et
al. 1988; Viljoen 1999), the Steelpoort fault (Cawthorn et al.
2002) and the Thabazimbi–Murchison lineament (Silver et
al. 2004). The latter proposal is consistent with the occur-
rence of some of the most primitive LZ rocks in the vicinity
of the TML, at Union Section (Eales et al. 1988), Grasvalley
(Hulbert 1983) and to the north of Burgersfort (Wilson
2012). Considering the remarkable width (at least 400 km,
much more if the Molopo Farms Complex is included and if
erosion is accounted for) and thus width/thickness ratio of
the Rustenburg Layered Suite, it seems likely that the com-
plex was fed by several feeders (Fig. 8), particularly if
bottom flow of intruding magma is envisaged (Naldrett et
al. 2009a, b, 2012).

Magma replenishment

In a general sense, the observed magmatic stratigraphy of
the Bushveld Complex is consistent with that expected from
a magmatic system undergoing progressive fractional crys-
tallization: that is, an olivine-rich LZ is overlain by an
orthopyroxene-rich LCZ, a predominantly noritic–gabbro-
noritic UCZ and MZ, and a ferrodioritic UZ. In detail, the
sequence is characterized by numerous lithological and
compositional reversals of variable magnitude. Reversals
may be expressed by olivine-and chromite-rich rocks on
top of plagioclase- or pyroxene-rich rocks (e.g. in the cyclic
units of the UCZ or ~1,000 m above the base of the complex
where whole-rock Cr contents abruptly double; Fig. 16a),
relatively magnesian olivines and pyroxenes on top of rela-
tively more ferric end-members, calcic plagioclase overly-
ing sodic plagioclase or rocks with a low crustal component
(relatively low 87Sr/86Sri and unfractionated LILE) overly-
ing sequences with a more pronounced crustal signature.
The most widely accepted explanation for such reversals is
that they formed in response to major replenishments to the
chamber with relatively primitive magma, either of B-1
(Campbell et al. 1983) and/or B2/3 lineage (Eales et al.
1986). In terms of Mg#, the evidence for magma replenish-
ment is actually rather weak. Compositional reversals are
subdued, and in the UCZ the most magnesian compositions
tend to be in norites rather than in pyroxenites (Fig. 17).

However, a strong argument for frequent magma replenish-
ment in the LZ and CZ is that the entire 2-km sequence is
PGE- and Cr-enriched (Fig. 16a, c). Without multiple re-
plenishment of the chamber, the PGE and Cr contents would
be expected to decrease rapidly with height in response to
Raleigh-type fractionation of sulfide, chromite and ortho-
pyroxene, notwithstanding the fact that some metal-rich
sulfides, or chromite and orthopyroxene, may be suspended
in the magma for some time. A further argument for magma
replenishment is the fact that the UG chromitites show a
strong increase in Ru/Ir contents relative to the MG chro-
mitites (Fig. 20). Ruthenium is compatible with regard to
chromite (at least in komatiitic liquids; Locmelis et al. 2011;
Pagé et al. 2012) and laurite and thus might be expected to
progressively decrease with height.

A particularly notable reversal occurs towards the top of
the LZ. Using thermodynamic modeling software such as
PELE (Boudreau 1999), the bulk of the orthopyroxenites of
the LZ and LCZ can be modeled as differentiates of prim-
itive B1 magmas (14.5 % MgO) after about 10–15 % frac-
tionation. In contrast, the ~100-m dunitic–harzburgitic
interval at the top of the LZ contains the most primitive
rocks of the analysed drill cores with the highest Fo contents
(up to Fo90) and whole rock Mg#. This interval also com-
prises the only rocks that unambiguously crystallized from
sulfide-undersaturated magma, as indicated by low PGE con-
tents, mantle-like ratios of PGE to incompatible elements, as
well as Cu/Pd~7,000 and Cu/Zr~1 (Figs. 16, 20). These
features are consistent with magma replenishment, but in view
of the fact that the B1 sills are strongly sulfide-undersaturated,
it is remarkable how rare primitive sulfide-undersaturated
rocks are in the analysed sequence and that they occur towards
the top rather than the base of the Lower Zone. This suggests
that the bulk of the most primitive rocks of the Bushveld
Complex are contained in its unexposed centre.

Emplacement sequence

The emplacement sequence of the different stratigraphic
zones of the RLS has been indirectly constrained by field
evidence: Curl (2001) found that the B1 sills were emplaced
first, followed by the B2 and B3 sills, and that the fine-
grained members of the individual suites predated the
coarser-grained sills and the main Bushveld layered suite.

The relative timing of the MZ emplacement has been
particularly controversial. Based on stratigraphic relation-
ships, it could be proposed that the MZ was emplaced after
the UCZ and before the UZ. In a landmark paper on the Sr
isotopic stratigraphy of the Bushveld Complex, Sharpe
(1985) proposed that the MZ formed from the final magma
influx to the layered suite, emplaced and crystallized
between the UCZ crystal pile and residual UZ liquids.
Cawthorn et al. (1991) contested the model, arguing that
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the relatively cool MZ magma would have mixed with the
overlying, hotter UZ liquids.

Maier and Barnes (1998) have shown that the MZ has a
broadly similar bulk composition to the B3 sills in terms of
compatible elements. They went on to suggest that the MZ
solidified from a viscous and relatively cool crystal mush
that underwent limited in situ fractionation. It was surmised
that mixing of MZ magma with overlying UZ magma would
be confined to the interface of the magmas, perhaps produc-
ing transition zones of metres to tens of metres in thickness
that are characterized by interfingered layers, schlieren and
magmatic breccias with highly diverse geochemical charac-
teristics. A weakness of the model is that the samples of B3
studied so far are all relatively fine-grained, but the database
remains small and it could be argued that the studied B3
samples represent filter-pressed ejections of crystal-poor
liquid into the country rocks.

Maier and Barnes (1998) considered that the MZ slurry
could have been emplaced into a largely crystallized cumu-
late package. In that case, mixing between the MZ magma
and the host cumulates would be particularly subdued, con-
sistent with the fact that the MZ stands out as a relatively
unlayered, compositionally homogenous, exotic package
within a progressively differentiated LZ–CZ–UZ sequence
(Fig. 16) and with seismic data of Campbell (1990) showing
deformation of the UZ by a dome-like MZ at depth in the
Western lobe (in Viljoen (1999); Fig. 15). The model is also
consistent with the V-enrichment of the magnetitite seams of
the UZ (up to 2.2 % V2O5; Cawthorn and Molyneux 1986);
Toplis and Corgne (2002) and Balane et al. (2006) showed
that the seams crystallized at an oxygen fugacity between
NNO and NNO-1 and that the bulk of the V in the magma
was in the 3+ state. Under these conditions, V is compatible
into clinopyroxene (D 4-10; Toplis and Corgne 2002), and
crystallization of 2–3 km of clinopyroxene-rich MZ rocks
should have strongly depleted the V content of the residual
magmas. Invoking magma replenishment at the Pyroxenite
Marker (Cawthorn et al. 1991) does not solve the V mass
balance problem: The UZ has a homogenous Sr isotopic
signature (Kruger 1994) which suggests that, if there were
distinct magmas, they were effectively hybridized, thereby,
at least partially, inheriting the V-depleted signature of any
MZ residues. In contrast, if the MZ intruded after the bulk of
the UZ, the magnetitite seams would have crystallized from
residual B1 (CZ) liquids that were likely less V-depleted
than residual MZ liquids because clinopyroxene is not a
cumulus phase in most of the LZ and CZ.

Cumulate mobilization and deformation

The Bushveld Complex and many other layered intrusions
display a distinct pattern of inward-dipping layering that has
been explained, in part, by lopolithic subsidence (e.g. in the

Lilloise intrusion: Chambers and Brown 1995; Bushveld:
Carr et al. 1994). Subsidence may be generated when high
intraplate stresses weaken the lower crust to allow viscous
flow (Howell and van der Pluijm 1999). This may cause
deformation of thin slabs of upper crust. It is possible that
the heat flux derived from craton-scale magmatic events
related to mantle plume impact at the base of the lithosphere
further facilitates the viscous flow of the lower crust.

In the case of the Bushveld Complex, the geometry of the
interior of the intrusion remains largely unknown, but it is
now widely accepted that the eastern and western limbs are
connected at depth (Cawthorn et al. 1998). The dip of the
exposed portions of the complex is too steep to be contin-
uous to the centre, and thus the layering either flattens in the
centre as has, for example, been documented for the Platreef
by Yudovskaya and Kinnaird (2010) and modeled for the
Trompsburg intrusion using geophysical data (Maré and
Cole 2006) and/or the dip may be locally enhanced by
post-emplacement faulting.

Based on field evidence, it is proposed that subsidence
resulted in slumping of relatively liquid-rich, semi-
consolidated cumulate layers towards the centre of the in-
trusion. This caused the development of transgressive fea-
tures such as potholes (Carr et al. 1994), “gaps”, pipes, and
the many small-scale deformational features summarized
earlier. The flow of crystal slurries led to sorting of crystals
and unmixing of crystals and liquid in response to buoyancy
forces, somewhat analogous to the model proposed by
Bédard et al. (2007) for the Ferrar dolerites in Antarctica.
Plagioclase was separated from denser pyroxenes and
oxides (and sulfides, as discussed below), resulting in an
interlayered sequence of ultramafic and leucocratic layers
(Fig. 23). Efficient crystal sorting resulted in a distinctly
bimodal sequence, with pyroxenites and chromitites on the
one hand and leuconorites and anorthosites on the other
hand. Melanorites are relatively rare (e.g. Maier and Eales
1997), except for the Merensky Reef.

To be mobile, crystal slurries need to contain a significant
liquid component, although debate continues as to how
much liquid is required (probably <50 %: Paterson 2009
and references therein). Most of the Bushveld rocks are
mesocumulates and thus would seem to have too little
trapped liquid to allow mobility, but this likely reflects
late-stage compaction and cementation. It is normally ac-
cepted that porosities high enough to allow cumulate mo-
bility only occur in the mush zone on top of the crystal pile.
However, field evidence suggests that, in places, the cumu-
lates remained unconsolidated for a considerable depth be-
low the top of the pile: (1) In some deep Merensky Reef
potholes at Rustenburg platinum mines, the Boulder Bed
may slump into the pothole (Fig. 24; Viljoen and Hieber
1986), indicating that for several tens of metres below the
Merensky Reef, the footwall rocks were unconsolidated
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when the potholes formed; (2) The “gaps” represent
kilometre-scale transgressive features, possibly implying
that portions of the entire 1–5 km underlying cumulate pile
remained incompletely consolidated prior to accumulation
of the Upper Zone. Similar large-scale slumping structures
occur in the Lilloise intrusion, Greenland (Chambers and
Brown 1995); (3) In the Penikat intrusion, potholes of the
AP reef transgress for >50 m into their footwall sequence
(Halkoaho 1994).

Other evidence suggests that slumping and deformation
may affect specific layers within relatively more competent
host rocks. For example, the uppermost portion of potholed
UG2 chromitite may show flames that inject into the pyroxe-
nitic HW (Fig. 11b: see also Carr et al. 1994). In the Rum
intrusion, slumping is concentrated in certain layers that con-
tain fragments of the hanging wall rocks (O’Driscoll et al.
2010). These observations could suggest that relatively dense
ultramafic slurries enriched in sulfides may transgressively
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Fig. 23 Schematic diagrams showing a cumulate unmixing during
subsidence of intrusion, resulting in the formation of sulfide- and
chromite-rich pyroxenites, and sulfide- and chromite-poor anortho-
sites. At the top is a semi-consolidated proto cumulate deposited by a
fresh influx of sulfide-undersaturated magma prior to the subsidence of
the chamber, precipitating first pyroxene, chromite and PGM and later
also plagioclase and sulfide. Cu/Pd is initially at mantle level but falls
below the mantle once sulfide precipitates and then progressively
increases during Raleigh fractionation of sulfide. The lower part of
panel shows how cumulate layers are progressively sorted during
subsidence, resulting in the pronounced layering of pyroxenite, norite
and anorthosite in down-dip direction. Sulfides percolate towards the
bottom of the ultramafic layer (where they may absorb PGM), thereby

also shifting the reversal in Cu/Pd towards the base of the layer and
making reversal more pronounced. b Relative movement of pyroxenite
and oxide vs feldspathic slurries. Note that the oxide slurries may inject
downwards into the anorthositic footwall, whereas feldspathic slurries
may inject upwards through dense ultramafic cumulates as, e.g., shown
in Fig. 7. Also note that the model predicts the significant thickening of
oxide layers towards the centre of the intrusion. c Compositional
evolution of slurries during down-dip slumping, including the relative
concentration of mafic minerals and sulfides towards the base of slurry
and centre of intrusion and percolation of metal-depleted intercumulus
residual liquids upward across the slurries and up-dip towards the
margin of intrusion, leading to progressive lowering of metal tenors
of intercumulus sulfides
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inject downwards into less dense, incompletely solidified
footwall rocks. Examples of layers that could be interpreted
as sills include the Merensky pyroxenite, the UG2 chromitite–
pyroxenite, the UG1 chromitite and some magnetite seams
based on the knife-sharp bottom and top contacts of the layers
(Fig. 5b), their protrusion into the hanging wall (Fig. 5e) and
the abundance of autoliths (Fig. 3d). The magnetite plugs of
the Bushveld and Duluth complexes may also have formed in
response to cumulate mobilization, when semi-consolidated
slurries enriched in magnetite and Fe-rich intercumulus melt
sagged towards the centre of the intrusions and locally perco-
lated downward through the cumulate pile, possibly exploit-
ing pull-apart structures. Subsequent expulsion of residual
liquid led to near-monomineralic magnetite bodies. Transgres-
sive relationships and sill-like injection have also been
recorded in anorthosites (Fig. 7). However, as the anorthosites
are less dense than their host rocks, it is envisaged that the
plagioclase-phyric liquids injected in an up-dip direction, that
is, in an opposite sense to the ultramafic sills (Fig. 23b).

Mixing of semi-consolidated crystal slurries within a
slumping, metre- to tens-of-metre-wide mush zone during
magma chamber subsidence is consistent with the disequi-
librium in Sr, Nd and Os isotopic mineral compositions in
the LCZ (Eales et al. 1990), the Merensky Reef (Seabrook et
al. 2005; Prevec et al. 2005; Hart and Kinloch 1989) and the
Pyroxenite Marker (Eales and Cawthorn 1996), the co-
existence of laurite and sulfide in the chromitites (Maier et
al. 1999) and the intricate compositional variations within
the Merensky Reef documented by Arndt et al. (2005).

Magma replenishment, associated with renewed tectonism
and instability would result in repeated slumping of succes-
sively deposited mushes. Injection of slurries would locally
prevent residual liquid ejection and may result in high
trapped liquid contents of some ultramafic layers (Fig. 18).

Some authors have argued that the model of cumulate
sorting proposed here is inconsistent with trace element
fractionation trends across individual oxide seams. For ex-
ample, Naldrett et al. (2012) documented an increase in V
content of chromite with height in the UG2 chromitite
which they explained by a change in magma composition
from which the chromites accumulated on the cumulate pile.
The authors argued that the variation is inconsistent with the
slurry model because slurries are not expected to sort crys-
tals according to their composition. However, only one seam
has been analysed, and thus it is difficult to evaluate how
representative the pattern is. There are several alternative
possibilities. The specific example cited by Naldrett et al.
(2012) could have been caused by the localized equilibra-
tion of chromites with residual liquid from below, by super-
imposition of primitive, relatively V-rich chromite slurry on
to a less primitive slurry or by downward transgression of a
relatively differentiated, V-poor slurry that injected along
the base of an earlier, more primitive slurry. Irvine et al.
(1998) have documented localized reversed layering in the
Skaergaard intrusion, apparently formed by autolith impact.

Some magnetite layers show a progressive decrease in Cr
content with height that has been explained as a result of
fractional crystallization (McCarthy et al. 1985). However,
the Cr variation in the magnetite layers is highly irregular,
with reversals common at various levels in certain layers,
whereas other layers lack systematic Cr variation (Klemm et
al. 1985; McCarthy et al. 1985). Moreover, the latter authors
showed that there is strong lateral variation in Cr content at
the base of magnetite layers which they explained by growth
nodes. It is argued here that variation in Cr content of
magnetite layers (and V content of chromitite layers) may
reflect compositional variation in the precursor cumulate
sequence. During cumulate sorting and unmixing, the
early-formed, large, Cr-rich magnetite grains at the base of
the mobilized sequence ended up towards the bottom of the
slurry. Unfortunately, due to sintering, original grain size
variation is generally not preserved and so this model cannot
be tested petrographically.

An important question is whether subsidence was a con-
tinuous, gradual process that acted throughout the emplace-
ment of the complex and the building of the cumulate pile or
whether it was a more episodic process triggered by partic-
ularly large magma replenishment events. The available
evidence suggests that layering and ductile deformation is
particularly prominent in the UCZ. Geochemical evidence
indicates that this interval formed during an episode of
major magma replenishment. Enhanced subsidence and

Fig. 24 Slumping of anorthositic Boulder Bed with pyroxenitic bould-
ers into its footwall. Bottom of large complex Merensky and Bastard
Reef pothole in Brakspruit area. Base of photograph ~1 m (photograph
from Viljoen and Hieber (1986), reproduced with the permission of the
Geological Society of South Africa)
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cumulate sorting thus appear to be intrically related to
magma replenishment.

Subsidence of the Bushveld Complex and cumulate mo-
bilization could potentially also explain the formation of the
IRUPs. They are somewhat reminiscent of the pipes and
tubes in syenites as documented by Paterson (2009) who
interpreted them to represent siliceous slurries that flowed at
crystal contents in excess of 50 %. Scoon and Mitchell
(2009) proposed a multi-stage model for the formation of
the platiniferous pipes. The first step involved channelized
upsurge of dunitic crystal mushes. The slurries caused par-
tial melting of noritic wall rocks, producing Fe-rich partial
melts. The Fe-rich melts drained downwards, mainly along
the outer margins of the pipes where they metasomatised
and replaced the country rocks to form the outermost Fe-rich
clinopyroxenite pegmatoid. Reaction of the Fe-rich melts
with the magnesian dunite produced Fe-rich wehrlite.
Where the Fe-rich liquids percolated through the semi-
consolidated centre of the magnesian dunite, hortonolite
was produced via reaction replacement. The PGE within
the hortonolite dunite are interpreted to be derived from
partial melting of the PGE reefs of the UCZ. The early
dunitic slurries could have been derived from staging cham-
bers or from slumping LZ and LCZ cumulates dammed up
at floor upwarps (Fig. 25). Wagner (1929) described exam-
ples of apparent downward movement of chromitite rafts,
which could be explained if the upward flow of olivine-rich
slurries is locally reversed due to drag from slurries flowing
at depth. However, the model would require cumulate mo-
bility far below the top of the crystal pile, which is difficult
to reconcile with most numerical studies of cumulate solid-
ification that argue that the mush zone at the top of cumulate
piles is relatively thin. Furthermore, if the IRUPs formed
during subsidence, they might be expected to intrude at an
angle to the layering (Carr et al. 1994). The available infor-
mation is contradictory; Heckroodt (1959) suggested that
the plunge of the pipes is inclined, but recent work by Scoon
and Mitchell (2009) suggests that the pipes plunge normal to
the layering.

It should be noted that paleomagnetic measurements
indicate cooling of the exposed portion of the Bushveld
intrusion in the near-horizontal (Letts et al. 2009). However,
tilting of the layering prior to solidification is indicated by
field evidence in the form of ductile deformation and slump-
ing (Figs. 9–11) and the relatively steep up-dip margins of
potholes. At present, these observations cannot be readily
reconciled with the paleomagnetic data. Possibly, dip was
locally steepened, whereas regional dip was shallow enough
to be consistent with the paleomagnetic data (<5°). The Carr
et al. (1994) data show localized steepened strike-parallel
zones in the western Bushveld. Turbidity currents can occur
at slopes as shallow as 1° (Kersey and Hsü 1976). By
analogy, it is argued here that cumulate slurries can begin

to slump at very low angles of the chamber floor in the event
of, e.g., liquefaction induced by earthquakes.

Formation of PGE reefs

Most authors interpret the PGE reefs in layered intrusions
to have formed through magma mixing (e.g. Campbell et
al. 1983; Naldrett et al. 2012), but, as discussed in an
earlier section, this model is inconsistent with the low S
contents of the Bushveld magmas deduced from the com-
position of the marginal rocks and sills. The formation of
the PGE reefs and their location near the ultramafic basal
portions of cyclic units (the latter being one of the main
arguments for the magma mixing model) thus require an
alternative explanation. The spatial association of sulfides
with dense silicate and oxide phases, for example in the
Merensky, Pseudo and Bastard Reefs, and the UG2 chro-
mitite, is consistent with density sorting during unmixing
of semi-consolidated cumulate slurries that slumped to-
wards the centre of the intrusion during subsidence in
response to crustal loading. The paucity of sulfides in most
chromitite seams can be explained by late- or post-
magmatic sulfur loss (Naldrett and Lehmann 1988).

In detail, the following sequence of events is proposed:
The basal cumulates of the Bushveld Complex are magne-
sian olivine-rich rocks (dunites) that crystallized from
sulfide-undersaturated B1 magma and are thus PGE-poor.
Most of these rocks are located in the unexposed central
portions of the complex, but some occur at the top of the LZ
exposed in the Union Section profile analysed here. The
residual magma became progressively differentiated,
resulting in precipitation of first harzburgites and then

Fig. 25 Schematic diagrams illustrating formation of iron-rich ultra-
mafic pipes. a Slumping dunitic slurry is injected upwards into the
Upper Critical Zone. b Hot dunitic slurry causes partial melting of host
rocks (yellow), including PGE reefs, leading to the downward perco-
lation of Fe-rich melts (black arrows) locally enriched in PGE (red
stippled arrows)
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orthopyroxenites, but frequent replenishment with primitive
magma reversed differentiation temporarily. The magma
reached IPGE saturation relatively early, resulting in the
crystallization of laurites that were included in chromite
phenocrysts. Sulfide saturation was reached after more sig-
nificant fractionation (15–40 %, depending on the MgO
content of the B1 magma) during the crystallization of
orthopyroxenites and then norites, resulting in cotectic con-
centrations (~0.6 %) of PGE-rich disseminated sulfides.
Continued frequent magma replenishment led to mafic–ul-
tramafic layering, but this was more diffuse and occurred on
a larger scale than the layering now observed. In the largest,
most slowly cooling and most frequently replenished intru-
sions, magma replenishments were accompanied by tecto-
nism and gradual subsidence of the centre of the magma
chamber. This resulted in liquefaction and slumping of
semi-consolidated cumulates at the top of the mush column
and sorting of the slurries, enhancing the phase layering and
producing sharper layer contacts. Sulfides were concentrat-
ed into reefs, whereas in most of the host rocks to the reefs
sulfides were diluted, resulting in sub-cotectic sulfide con-
tents or rocks barren of sulfides.

The increase in PGE grade from the LG chromitites at the
base to the UG2 chromitite and theMerensky Reef at the top of
the main mineralized sequence may be related to the enhanced
intensity of magma replenishment and thus mineral sorting in
the UCZ, culminating in the intrusion of the MZ magma pulse
that caused the most severe cumulate liquefaction, subsidence
and mineral sorting in the underlying rocks. In addition, it is
possible that MZ replenishment led to other phenomena that
helped to induce sulfide saturation, e.g. a particularly pro-
nounced increase in pressure (Cawthorn 2005).

The residual, sulfide-saturated liquids of the CZ were
cooled by the underlying MZ magma, but because the latter
was emplaced as a slurry, mixing was limited to a relatively
narrow transition interval around the Pyroxenite Marker.
Magnetite appeared on the liquidus some 400 m above the
Pyroxenite Marker. Continued subsidence of the chamber led
to further cumulate sorting and formation of massive magne-
tite seams, consistent with the observation that (1) the silicate
rocks hosting the seams have sub-cotectic proportions of
magnetite (~10%, Von Gruenewaldt 1971) and (2) magnetite
contents of the silicate rocks progressively decrease with
height above magnetite layers (Harney et al. 1990). As
expected within the model, the magnetite seams are relatively
enriched in sulfide, but apart from a PGE-rich zone below the
main magnetite layer, the sulfides are mostly PGE-poor be-
cause the bulk of the PGE were extracted from the magma
during the formation of the CZ (Barnes et al. 2004).

The model is consistent with the PGE fractionation with-
in and across individual reefs (Fig. 23a). Slumping and
associated sorting of cumulates with no more than cotectic
sulfide abundances led to co-concentration of dense sulfides

with dense silicates and chromite at the base of cyclic units.
This largely preserved original fractionation trends, but
reversals in Cu/Pd that originally occurred within the centres
of cyclic units, when the sulfide undersaturated magma had
reached sulfide saturation, were shifted to the base and
compressed significantly (Fig. 23a). At the same time,
PGE-depleted residual silicate liquid was filter-pressed to-
wards the top of the slurry where it equilibrated with, and
decreased, the PGE content of those sulfides that failed to
accumulate at the base of the layer (Fig. 23c).

The model of crystal sorting also explains variation in
lithophile elements within cyclic units. It is surmised that,
prior to unmixing, most UCZ cumulates formed from mix-
tures of variable proportions of B1 and B2/3 magmas.
Orthopyroxene-rich intervals contained a larger B1 signa-
ture than plagioclase-rich cumulates because replenish-
ments with B1 magma spreading out along the floor of
the chamber led to precipitation of pyroxenites with a
predominantly B1 signature (with higher Mg# and Cr/V
and lower 87Sr/86Sri), whereas the overlying norites precip-
itated from progressively more mixed B1–B3 magmas.
Cumulate sorting broadly preserved these trends, but the
process locally led to mixing of crystals of different lineage,
resulting in isotopic disequilibrium as described by Eales et
al. (1990), Seabrook et al. (2005), and Prevec et al. (2005).
The enrichment in incompatible trace elements in some
pyroxenites, and their pegmatoidal textures, could be
explained by injection of slurries into semi-consolidated
footwall rocks, preventing escape of residual liquid into
the main magma reservoir.

At the margins of intrusions, phase sorting and cumulate
unmixing is expected to be less efficient due to faster cool-
ing rates. This would result in less distinct layering and
lower metal grades of reefs (Fig. 26a). Notably, bulk PGE
grades in the Platreef exceed those of the UCZ (Maier et al.
2008a), and variation in grade can be spectacular, with up to
15 ppm PGE over 20 m at Akanani. The higher bulk PGE
contents could be explained by the addition of external
sulfide, leading to more efficient PGE extraction from the
magma. In addition, the PGE budget of the internal reefs
could have been reduced in response to downward slumping
of PGE-rich sulfides towards the centre of the intrusion
(Fig. 26a). The extreme variation in PGE grade in the
Platreef could be explained by enhanced cumulate slumping
at tectonically active margins of intrusions leading to local
enrichment in sulfides and PGE (Fig. 26b).

The model proposed here shares some similarities with
the models of Eales (2002), Eales and Costin (2012) and
Irvine et al. (1998) who invoked crystal–liquid suspensions
to explain certain features of the Bushveld and Skaergaard
complexes. Eales (2002) and Eales and Costin (2012) pro-
posed the intrusion of olivine–chromite slurries from a stag-
ing chamber to overcome the olivine and chromite mass

Miner Deposita (2013) 48:1–56 43



balance problem in the Bushveld Complex. Irvine et al.
(1998), perhaps inspired by the pioneering work of Wager
and Brown (1964) on the Skaergaard intrusion in which they
drew analogies to turbidity currents, proposed that crystal
suspensions swept down the wall and the floor of the cham-
ber to deposit graded and autolith-enriched cumulate layers.
Both models are consistent with many features of layered
intrusions, but they fail to explain the observed Raleigh-type
PGE distribution patterns at the base of the Bushveld cyclic
units (Fig. 18) because the models predict vigorous mixing
of slurries that should have led to homogenization of metal
contents. In contrast, the process proposed in the present
paper is somewhat analogous to sorting of raisins in a box of
corn flakes that is gently shaken. All raisins ultimately
accumulate at the bottom of the box, but their position
relative to each other is largely preserved.

Implications for PGE prospectivity

1. Intrusions with economic PGE reefs formed during
periods of supercontinent amalgamation, possibly be-
cause these events were characterized by enhanced
plate collision, subduction, mantle metasomatism and
refertilization, mantle delamination and thus mantle
upwellings, resulting in enhanced partial melting of
the convecting and lithospheric mantle.

2. Large layered intrusions containing PGE reefs tend to be
located within the central portions of stabilized Archean
cratons as this favours the formation and preservation of
large, relatively slowly cooling bodies that may undergo
mineral sorting during crustal subsidence.

3. The SCLM is relatively Pt-enriched, as are many PGE-
rich intrusions. Relative Pt enrichment of mantle-
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Fig. 26 Schematic diagrams illustrating: a variation in sulfide contents
between a fast-cooling marginal setting where sulfides form wide, low-
grade reefs and central settings where sulfides are concentrated due to
slumping of dense slurries. Note the postulated presence of a relatively
sulfide- and PGE-depleted zone inboard from the margins resulting
from inward slumping of sulfides. b Generation of textural and

compositional variation in Platreef. Note the gradation from finer-
grained rocks to coarser-grained rocks with height and the local juxta-
position of fine-grained and coarse-grained rocks due to faulting,
resulting in vari-textured rock packages. Also note the general concen-
tration of pyroxenes, chromite and sulfide in down-dip direction and
the localized concentration near floor upwarps and faults
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derived magmas may thus point to an SCLM source
and enhanced prospectivity for PGE reefs in associated
layered intrusions. However, Pt enrichment of the
magma may or may not be preserved in cumulate
rocks because of stronger partitioning of Pd relative
to Pt into sulfide and higher Pd mobility in fluids.

4. If the generation of PGE-rich magmas requires a melt
component from the SCLM, metasomatism of the
SCLM is likely a key ore-forming process. This inter-
pretation is consistent with the relatively low-velocity
seismic signature of both the Kaapvaal and Zimbabwe
cratons (Begg et al. 2009), hosting two of the world’s
largest PGE deposits. Seismic tomography could thus
potentially delinate other relatively metasomatised and
thus prospective cratons or portions thereof.

5. High-grade PGE reefs occur predominantly in large
intrusions because these are more frequently replen-
ished, cool slower and subside faster than smaller
intrusions. Mineral sorting and cumulate unmixing is
thus more effective.

6. The thickest oxide layers are expected to occur towards
the centre of layered intrusions (Figs. 23b and 27). An
example is the Kemi intrusion in Finland where chromi-
tite seams thicken from a few millimetres at the margin
to as much as 90 m in the centre (Alapieti et al. 1989).
Relations in the Bushveld Complex are less clear due to
lack of central exposure, but it is significant that the

thickest magnetite layer (layer 21) is located furthest
from the margins. Sulfides are also expected to be rela-
tively concentrated in the centre of intrusions, but due to
paucity of exposure no clear examples have been iden-
tified, with the possible exception of the Great Dyke
where bulk PGE contents are highest in the axial por-
tions (Wilson and Tredoux 1990).

7. The central segments of intrusions are expected to con-
tain relatively larger amounts of transgressive oxide and
sulfide bodies that may form due to the downward
percolation of semi-consolidated oxide–sulfide slurries.

8. It is proposed that the centres of some large layered
intrusions may contain chromitite pipes analogous to
magnetite pipes.

9. Feeder conduits and areas proximal to feeders may be
particularly prospective to form thick concentrations of
dense minerals in response to cumulate unmixing be-
cause they may show prolonged heat flux, resulting in
slower cooling of cumulates. Furthermore, dense slur-
ries may sink back into the feeders when the staging
chambers are emptied through other vents. Alapieti
and Lahtinen (2002) have described a dyke-like mas-
sive chromitite body in the floor of the Kemi intrusion,
interpreted as a feeder dyke.

10. The marginal segments of intrusions may undergo
reduced cumulate unmixing because they are frozen
against the wall and floor (Fig. 26). Layering is thus
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Fig. 27 Schematic diagram illustrating the formation of PGE and
oxide reefs in Bushveld Complex. Arrows indicate the direction of
slumping of cumulates during central subsidence. PGE reefs and oxide
layers become increasingly high-grade and thicker towards the centre

of the complex. Central feeder zones are speculative. Also shown are
geologic environments of localities discussed in the text (see text for
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expected to be less distinct, and the proportion of
norites and gabbronorites relative to anorthosites,
chromitites and pyroxenites is larger. Furthermore,
layering may be disturbed by interaction of cumulates
with floor and wall rocks. Sulfides (and oxides) are
mostly less concentrated than in internal reefs, but the
bulk amount of sulfides can be higher, possibly be-
cause transfer of sulfides to the centres of the intru-
sions was prevented by relatively fast cooling.

11. Cumulate slurries may locally inject downwards (e.g.
chromitites) or upwards (e.g. anorthosites) into their
host cumulates, giving rise to locally mineralized sills.

12. The olivine-rich lower portions of many layered intru-
sions tend to crystallize from sulfide-undersaturated mag-
ma and are thus less likely to host PGE reefs than the
pyroxene and plagioclase-rich segments. Contamination
may drive the magma to sulfide saturation at an early
stage, but this tends to result in low R factors and low
PGE contents of the sulfides, likely rendering the deposits
sub-economic, at least in terms of PGE as a main product.

13. Intrusions formed from komatiitic magma are less likely
to contain economic PGE reefs in their ultramafic seg-
ments than basaltic intrusions because komatiites are
more likely to be sulfide-undersaturated than basalts. In
addition, komatiites are less Pt- and Pd-enriched than
basalts.

14. Prospective intrusions are characterized by pro-
nounced interlayering of ultramafic and mafic rocks,
the presence of slumping and other deformational
structures, abundant autoliths and pegmatoids that
may form through injection of slurries.

15. Chromitite seams are positive indicators for PGE prospec-
tivity because they require particularly effective cumulate
sorting. They may also reflect a Cr-rich parental magma
derived from a pyroxene-rich source in the SCLM.

16. Anorthosite layers may form through mineral sorting
and cumulate unmixing and could thus also be positive
indicators for PGE prospectivity.

17. The presence or absence of a crustal component in the
magmas is not discriminative of PGE prospectivity. Pro-
spective SCLM-derived magmas are enriched in crustal
components, but so are many magmas from the convect-
ing mantle that are contaminated during ascent through
the lithosphere, which could lower their PGE potential.
Furthermore, some PGE-mineralized intrusions show no
significant crustal component (e.g. Skaergaard).

Summary

Large layered intrusions hosting PGE deposits are located
within the central portions of cratons because thick, stable

and relatively light cratonic crust favours the formation of
intrusions through ponding and differentiation of mantle-
derived magma. Buoyant cratons also result in enhanced
preservation of the intrusions. The parental magmas are
derived from multiple mantle sources. Partial melts of as-
thenospheric mantle plumes interact with thick SCLM dur-
ing magma ascent, generating siliceous high-magnesian,
high-LILE, low-S basalt characteristic of most of the min-
eralized intrusions. The presence of an SCLM component in
the magmas is consistent with their elevated Pt/Pd ratios.
Whether such interaction is critical in leading to economic
PGE deposits remains uncertain, but the model provides an
explanation for the occurrence of PGE-mineralized intru-
sions predominantly in the early Proterozoic; this era may
have provided the unique combination of favourable con-
ditions, including the presence of thick metasomatised
SCLM amenable to fusion and thereby providing extra
PGE and high mantle-derived heat flux. In the Archean,
the SCLM may have been too refractory to melt, whereas
in the Phanerozoic mantle heat flux may have decreased to
such a degree that widespread, relatively high degree of
melting of the SCLM could no longer occur.

Pathways for magma ascent were provided by extension
of the crust and lithosphere, probably along sutures along
which the protocratonic nucleii were originally assembled.
In the case of Bushveld, the Thabazimbi-Murchison linea-
ment is important, representing a transpressional rift that
formed due to collision between the Zimbabwe and Kaap-
vaal cratons. Equally important may have been the N–S
lineament that separates the eastern and western limbs of
the complex and along which the Scheel carbonatite and the
world-class Vergenoeg fluorite-bearing magnetite-fayalite
pipe are located. The clustering of PGE-mineralized intru-
sions during periods of supercontinent amalgamation may
be related to enhanced subduction and mantle metsomatism
during such events, causing delamination, plume ascent and
melting of fertilized SCLM.

Due to their low sulfur contents (100–450 ppm), the
injected magmas were strongly undersaturated in sulfide.
Consequently, mechanisms including mixing between
replenishing and resident magmas, or pressure changes,
are unlikely to have caused sulfide saturation on their own.
A model of sulfide saturation via in situ contamination is
inconsistent with the laterally continuous grade of the reefs.
For all the above models, the question also remains open as to
whether small sulfide droplets can settle efficiently through a
thick, convecting magma column to produce the narrow reefs.

In the present paper, it is proposed that the Bushveld
magmas reached sulfide saturation due to fractionation. Mag-
ma replenishment of the chamber must have occurred period-
ically as indicated, for example, by the lack in Cr or PGE
depletion with height in the Critical Zone. Each new magma
pulse precipitated initially sulfide-poor ultramafic rocks,
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followed by norites in which silicate minerals and sulfide
liquid co-precipitated in broadly cotectic proportions. Crustal
loading led to progressive subsidence of the central portion of
the complex. Semi-consolidated cumulate slurries slumped
towards the centre of the intrusion and underwent gravity-
driven phase sorting. Dense olivine and pyroxene concentrat-
ed at the base of slurries, whereas relatively light plagioclase
concentrated in the upper portions of slurries. Sulfides and
chromite were concentrated with the ferro-magnesian sili-
cates, causing supercotectic proportions of these phases in
the reefs and sub-cotectic proportions in all other lithologies.
The dense slurries transgressively eroded their footwall rocks
and, in places, injected downwards. In contrast, more buoyant
plagioclase-rich slurries moved up-dip and locally injected
into overlying denser, more mafic cumulates, until downward
draining of dense residual liquid arrested their ascent.
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