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ABSTRACT

The Bushveld Igneous Complex (BIC) is the largest layered mafic intrusion in the world
and contains the largest known deposits of vanadium, chromium and Platinum group elements on
the planet, as well as large deposits of iron, nickel, copper, tin and fluorite. To aid and improve our
understanding of the tectonics that prevailed during the emplacement of the Bushveld Complex
relevant data can still be extracted from the metamorphic aureole of the Complex, not the least
among which are accurate determinations of pressure conditions during peak metamorphism. A
relatively large number of geothermobarometric investigations have been performed on the
Bushveld Complex aureole. The summation of all the thermobarometric studies on the Bushveld
Complex aureole produces a dataset with largely divergent pressure-estimates, ranging from 1.5
kbar to 5.5 kbar. This study’s main aim was to produce new thermobarometric data for the Eastern
Bushveld Complex aureole. To this ends metapelites from the aureole were sampled between
Lydenburg and somewhat northwest of Penge. Polished thin-sections were produced for a number
of samples and studied under microscope. After XRF analyses were performed on a refined number
of samples, pseudosections for these samples were produced using Perplex. Electron microprobe
analyses were used to analyze mineral chemistries of five samples and the resultant data used to
construct isopleths for these samples in Perplex. The isopleth data was then used to scrutinize and,
where possible, refine PT-estimates. The principal results obtained from mineral equilibrium
modeling were the pseudosections and isopleths of samples DY 09-54 and DY 09-56. These
samples’ cumulate results suggest that the metapelites of their sampling locality, which lies roughly
~36 km northwest of Penge, reached 530-565 °C and 2230-2960 bar during peak metamorphism.
Modelled isopleths of MnO/(MnO+CaO+FeO+MgO) suggest that these estimates be refined to 550
+5°C and 2650 + 20 bar. These pressure estimates agree well with the majority of barometric
studies in the literature that post-date the nineteen-eighties. The pressure estimates of 2230-2960
bar suggest that DY 09-54 and DY 09-56 were at a crustal depth of 7.9-10.4 km during peak
metamorphism, assuming that a roughly 1.5 km thick load of rock, mainly of the Rooiberg Group
and/or the Lebowa Granite Suite, were situated above the Rustenburg Layered Suite and at the top
of the pile that overlay the samples. In such a case the Rustenburg Layered Suite’s contribution to
the load would have represented a 4.2-6.7 km thick pile of these mafic rocks and, assuming that the
load of Pretoria Group strata in the floor to the Complex had a thickness of 2350 m, the base of the
Rustenburg Layered Suite would have been at a crustal depth of 5.6-8.0 km during peak
metamorphism and directly above samples DY09-54 and DY 09-56. Modelled palaeogeotherms
together with the peak-metamorphic crustal depths estimated for samples DY09-54 and DY 09-56



suggest that at peak metamorphism the samples’ temperatures had been elevated by no less than
320-355 °C, assuming that no thermal metamorphic effect was active on the samples just prior to

the intrusion of the Bushveld Complex.
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CHAPTER 1

INTRODUCTION
1.1.  General Background

The Bushveld Igneous Complex (BIC) is the largest layered mafic intrusion in the
world (Webb et al., 2004; Clarke et al., 2009). Its outcrops occur over a wide area,
occurring in four Provinces of South Africa, namely Gauteng, North West, Limpopo and
Mpumalanga (Fig. 1). The Bushveld Complex contains the largest known deposits of
vanadium, chromium and Platinum group elements on the planet (Clarke et al., 2009), as
well as large deposits of iron, nickel, copper, tin and fluorite (Eriksson et al., 1995). The
latter two deposit-types are restricted to the felsic portions of the Complex (Eriksson et al.,
1995), which represents the Lebowa Granite Suite, while the mafic-ultramafic portions of
the Complex represent the Rustenburg Layered Suite (RLS) (Johnson et al., 2004; Clarke et
al., 2009). The tectonic settings which prevailed in the Transvaal Basin, wherein most of
the BIC is found (Eriksson et al., 1995), just prior to- and after the intrusion of the
Bushveld Complex has been much debated, though resolution on this matter has somewhat
improved (Eriksson et al., 1991; Eriksson et al., 1995; Clarke et al., 2009). Bushveld
tectonics must have been related to convergence of the Kaapvaal and Zimbabwe cratons
(Clarke et al., 2009), while the emplacement of the Complex must have been influenced by
the Transvaal-Murchison Lineament (TML) (Eriksson et al., 1991; Clarke et al., 2009).
Regarding the former, Clarke et al., 2009 surmised that contemporaneous to intrusion of
the BIC, the Kaapvaal and Zimbabwe cratons must have been subject to a NW-SE
compressional regime. With regards to the latter, Eriksson et al. (1991) suggested that the
TML was subjected to extensional reactivation during deposition of the Pretoria Group and
that the latter was deposited in a series of half-grabens. To aid and improve our
understanding of the tectonics that prevailed during the emplacement of the Bushveld
Complex relevant data can still be extracted from the metamorphic aureole of the Complex.
Accurate determinations of pressure conditions during peak metamorphism in the aureole
can be used to determine the depth of intrusion of the Bushveld Complex and thus be used

to better scrutinize the tectonic models for the evolution of the Complex.
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Fig. 1. Map of South Africa showing the distribution of the Bushveld Complex in green,
modified after Impala Platinum Holdings Limited (2004).

The metamorphic aureole of the Bushveld Complex occurs in the rocks of the
Transvaal Supergroup (Eriksson et al., 1995; Waters and Lovegrove, 2002), though its
manifestation is mostly restricted to the successions of the Pretoria Group (Hall. 1932).
Stratigraphically, the aureole has a maximum thickness of over 5 km (Uken, 1998). This
translates to the aureole being up to 25 km wide in outcrop, perpendicular to the igneous

contact (Waters and Lovegrove, 2002).

In southeastern Limpopo, in the area surrounding Burgersfort, the eastern limb of
the Bushveld Complex lies directly on top of the Silverton, Magaliesberg, Vermont and
Lakenvlei formations of the Pretoria Group (Waters and Lovegrove, 2002). Here, the
aureole’s thickness and width increases from south to north (Hall, 1932). At Lydenburg the
aureole extends midway into the Silverton Formation, around Ohrigstad into the Timeball
Hill Formation and, northwest of Penge, it extends into the calc-silicates of the
Chuniespoort Group (Hall, 1932). In the study area, which stretches from just north-



northwest of Lydenburg, past Burgersfort, to roughly 40 km northwest of Penge, the
aureole is thus largely manifested in Pretoria Group successions, which are rich in pelitic

rocks, thus making ideal subjects for thermobarometric studies.

A relatively large number of geothermobarometric investigations have been
performed on the Bushveld Complex aureole. Some of the earliest works being those of
Human (1975) and Engelbrecht (1976) and some of the most recent being that of Kaneko et
al. (2005). The summation of all the thermobarometric studies on the Bushveld Complex
aureole produces a dataset with largely divergent pressure-estimates, ranging from 1.5 kbar
(Kaneko et al., 2005) to 5.5 kbar (Sharpe, 1982). Such discrepancies are far too large to be
accounted for by variations in stratigraphic depth between studies. One very plausible
reason for this large divergence is the fact that many different geobarometers and
geobarometric methods, as well as different thermodynamic datasets, have been applied.
Furthermore, a large proportion of studies from the late nineteen-nineties and onwards have
obtained their PT-estimates via PT-grids and the construction of pseudosections. These
modern thermobarometric techniques have tended to produce more modest and rather
consistent pressure estimates of peak metamorphism in the aureole (Uken, 1998; Pitra and
De Waal, 2001; Waters and Lovegrove, 2002; Johnson et al., 2003; Johnson et al. 2004). It
can be argued that a pseudosection approach to producing thermobarometric data of peak
metamorphism in the aureole is far superior to more traditional thermobarometric
techniques, as it produces results specific to a sample’s bulk-composition and with errors
and uncertainties that are comparable between studies when the thermodynamic dataset of
Holland and Powell (1998) is applied.

This study provides new geothermobarometric data of peak metamorphism in the
eastern Bushveld Complex aureole using modern geothermobarometric techniques, i.e. the
modelling program Perplex, and the internally consistent thermodynamic dataset of
Holland and Powell (1998).

1.2. Aims

This study was conducted to refine pressure estimates of peak metamorphism in the

thermal aureole of the eastern limb of the BIC. Furthermore, the obtained metamorphic



pressures would be used to infer the depth of samples during peak metamorphism and if
possible to estimate the depth of intrusion of the Rustenburg Layered Suite.

1.3.  Study Area

The sampling area stretches from just north of the Rooipoort River, north-northwest
of Mecklenburg, Limpopo Province, to less than 20 km west-northwest of Lydenburg,
Mpumalanga Province (Fig. 2A).
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Fig. 2A.  Geological map of study area showing sampling locations of all analysed samples;
modified after Department of Mineral and Energy Affairs and the Geological Survey
(1986).
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Fig. 2B.  Geological legend of study area map modified after Department of Mineral and Energy
Affairs and the Geological Survey (1986).



CHAPTER 2

GEOLOGICAL SETTING AND PREVIOUS METAMORPHIC STUDIES
2.1.  Regional Geology

The ~2.05-2.06 Ga old (Walraven et al., 1990; Buick et al., 2001; Cawthorn and
McKenna, 2006; Scoates and Friedman, 2007) Bushveld Igneous Complex is made up of
two suites of plutonic rock, namely the Lebowa Granite Suite and the Rustenburg Layered
Suite (Johnson et al., 2004; Clarke et al., 2009). The Lebowa granites post-date the RLS
and largely intruded the mafic- to ultramafic rocks of the RLS (Clarke et al., 2009). Prior to
this intrusion the RLS intruded the rocks of the Transvaal Supergroup around ~2.05 Ga
(Scoates and Friedman, 2007).

The RLS occurs mainly within the Transvaal Basin (Eriksson et al., 1995) and
intruded the Transvaal Sequence largely subconcordantly (Clarke et al., 2009). In many
areas the Rooiberg Group, of the upper Transvaal Sequence, forms the roof of the RLS.
The floor rocks of the Rustenburg Layered Suite are, in most areas, the upper units of the
Pretoria Group (Eales and Cawthorn, 1996). However, the RLS transgresses onto the
Archaean basement of the Kaapvaal Craton in the northern limb of the Bushveld Complex
(Eales and Cawthorn, 1996).

Today the RLS is exposed at surface in five different areas, collectively covering a
total area of outcrop of >65000 km? (Cawthorn and McKenna, 2006). These five areas are
known as the northern, far western, western, south-eastern and eastern limbs and evidence
suggests that these might be connected at depth forming a giant sill (Cawthorn et al., 1998;
Cawthorn and McKenna, 2006). In the eastern BIC the RLS has a maximum thickness
around 8 km (Cawthorn and Walraven, 1998).

Shortly after intrusion, the rocks of the RLS subsided owing to their greater density
relative to the rocks they intruded. It is not known exactly how this subsidence affected the
structure of the surrounding rocks of the Transvaal Supergroup. However, it is known that
the underlying rock units often dip towards the centre of the BIC and that the dips tend to
increase as the contact with the BIC is approached (Button, 1975). In northern

Mpumalanga, dips increase from below 5° to more than 15° as the igneous contact is



approached, while in south-eastern Limpopo, dips greater than 40° have been measured
near the contact (Button, 1975).

In general, the Pretoria Group rocks in the northern portion of the eastern BIC have
steeper dips than those in the middle and southern sections. The northern portion is also
anomalous in dip direction. As this portion is approached from the south, dip directions

change from roughly south-westwards to roughly southwards.

The Transvaal Supergroup was deposited on the Archaean aged basement of the
Kaapvaal Craton between 2550-2100 Ma (Waters and Lovegrove, 2002). This Supergroup
is divided, from bottom to top, into the Wolkberg Group, the Black Reef Formation, the
Chuniespoort Group and the Pretoria Group, and is dominated by sedimentary rocks that
were deposited in relatively shallow-water conditions (Catuneanu and Eriksson, 1999). The
maximum thicknesses of these subdivisions from bottom to top, are 2000 m, 500 m, 3000
m and 8000 m, respectively (Button, 1975).

The Pretoria Group mainly consists of alternating units of shale and quartzite
(Eriksson et al., 1991), although it contains various volcanic horizons (Eriksson et al.,
1995). From bottom to top, the Pretoria Group is divided into the Rooihoogte (shale,
quartzite/sandstone and conglomerate), Timeball Hill (mainly shale), Boshoek (diamictite,
conglomerate and quartzite/sandstone), Hekpoort (basaltic andesite), Dwaalheuwel
(diamictite, conglomerate and quartzite/sandstone), Strubenkop (mainly shales), Daspoort
(mainly quartzite/sandstone), Silverton (mainly shale), Magaliesberg (mainly
quartzite/sandstone), Vermont (mainly shale), Lakenvlei (mainly quartzites/sandstone),
Nederhorst (shale and quartzite/sandstone), Steenkampsberg (mainly quartzite/sandstone)
and Houtenberg (shales, quartzite/sandstone and limestone) formations (Hartzer, 1995;
Catuneanu and Eriksson, 1999). Reczco (1994) performed a thorough study of the
geochemistry of the Pretoria Group. He found that two distinct groups of shales can be
distinguished in the Pretoria Group, based on chemistry and mineralogy, namely Al-rich
shales with predominantly kaolinite-mica clay mineral assemblages, and Mg-Ca-Na-rich
shales with mica-plagioclase mineral assemblages. The Al-rich shales are typical of the
shales found between the bottom of the Pretoria Group and the Daspoort Formation, while

the Mg-Ca-Na-rich shales are typical of the Silverton Formation and the shale units



occurring above the Magaliesberg Formation (Reczco, 1994). Of particular interest to this

study are the shales of the Timeball Hill and Silverton formations.

Waters and Lovegrove (2000) reported that in the area around Burgersfort the
Timeball Hill Formation consists of Fe- and Al-rich shales, siltstones and quartzites. They
also reported that these rocks are often graphite rich. According to Reczco (1994), in the
eastern Transvaal (as well as in the western Transvaal, Botswana and in the Dennilton
Fragment inlier) the Timeball Hill Formation consists of a lower unit of shale, a middle
unit of sandstone and/or quartzite and an upper unit of shale. His work shows that the lower
unit of shale is typically enriched in Al,O3 and depleted in MgO, CaO and Na,O relative to
average shale estimates. He reported that this same enrichment and depletion is typically
observed in the upper unit of shales, although the upper unit also shows enrichment for
P,Os relative to average shale estimates. The total thickness of the Timeball Hill

Formation in the eastern Transvaal was reported by Button (1973) as 700-1300 m.

Reczco (1994) reported that in northern Mpumalanga and south-eastern Limpopo
the Silverton Formation is divided, from bottom to top, into the Boven Shale Member, the
Machadodorp Volcanic Member and the Lydenburg Shale Member. He observed that the
Boven Shale Member shows enrichment in SiO, and depletion in Fe,Os(t), MnO, MgO,
CaO and K;O when compared to average shale estimates. For the Lydenburg Shale
Member he reported enrichment in SiO, and depletion in Al,O3, K;O and TiO, relative to
average shale estimates and that in the case of titanium oxide the depletion is minor.
According to Reczco (1994) in northern Mpumalanga the approximate thicknesses of the
the Boven Shale Member and the Lydenburg Shale Member is 300 m and 700 m,
respectively. Button (1976) reported that in northern Mpumalanga the Boven Shale
Member has a thickness varying between 170-300 m, while the Machadodorp Volcanic
Member has a maximum thickness of 400 m in the south, which decreases irregularly to the
north. The Lydenburg Shale has a thickness varying between 1200 and 1700 m (Button,
1976).

According to Johnson et al. (2003), the metamorphic aureole of the Bushveld
Complex has a maximum width adjacent to the northern portion of the Eastern Bushveld

Complex, where it stretches at least 25 km away from the contact with the RLS. This area



corresponds to the northern portion of the study area. At and near the contact with the RLS
the Bushveld aureole exhibits high to ultra-high grades of metamorphism (Nell, 1985;
Engelbrecht, 1990; Johnson et al., 2003; Kaneko et al., 2005), as well as migmatitic
textures (Johnson et al., 2003). Though the aureole is well developed its outcrops are not
ubiquitous around the BIC (Johnson et al., 2003).

2.2.  Previous Metamorphic Studies

Gau (1907) gave a brief description of the geology of the area around the
intersection of the Olifants and Elands rivers, in northern Mpumalanga. He reported that
the Pretoria Group dips to the east at about 25° in that area and also noted a number of
metamorphosed pelites within the Group. These include a relatively thin band of pelite
occurring just above the Chuniespoort Group. The pelite reportedly displays black pigment,
locally separated into black spots, which Gau (1907) interpreted as being caused by contact
metamorphism. He also described a metapelite occurring just below quartzites (probably
Daspoort or Magaliesberg). He described it as a micaceous schist and reported it to contain
chiastolite. He ascribed the metamorphism to a diabase occurring above the overlying
quartzites. Another metapelite was reported to occur between quartzites and an
amygdaloidal diabase, on the farm Elandsdrift close to the Elands River. This pelite also
contains andalusite. Finally, Gau (1907) also described a dark, compact rock with a
concoidal fracture and an appearance similar to chert. These rocks form hills along the
Moos River and Gau (1907) reported that it can contains fine-grained quartz and feldspar,
as well as large crystals of plagioclase. He concluded that it might be a type of hornfels and
that its metamorphism might have been caused by the thermal action of large basic

intrusives to the north and south, combined with the influence of stress.

Hall (1932) performed a broad study of the Bushveld Complex, which includes a
section focusing on the metamorphism associated with the igneous complex. He reported
on the geographic variation in the thickness of the aureole noting that the aureole had a
minimum thickness of approximately 366 metres north of Pretoria Central and a maximum
thickness of roughly 4020 m at Malips Drift (south-eastern Limpopo). Hall (1932) reported
that the most common rock-type in the aureole are the pelites of the Pretoria Group. These
were grouped into three categories of metamorphic character, namely the “Groothoek

10



Type”, the “Longsight Type” and the “Malips River Type”. The Groothoek Type
reportedly consists mainly of holocrystalline cordierite-hornfels from which the
sedimentary structures have been obliterated. Hall (1932) reported that the Groothoek Type
seldom reaches beyond the inner aureole and typically contains the following minerals:
biotite, cordierite, quartz, andalusite, garnet, feldspar, sillimanite and tourmaline, though
pyroxene and amphibole might also be present. The Longsight Type is described as a slate
with visible contact metamorphic minerals that still displays its sedimentary origin. These
rocks occur in the outer aureole and often contain abundant chiastolite. When chiastolite is
less abundant, or absent, these rocks may be characterised by andalusite, or, in south-
eastern Limpopo, by staurolite. The Malips River Type is essentially those rocks within the
inner aureole that display a gneissic or schistose texture. They are reportedly restricted to
south-eastern Limpopo and commonly contain sillimanite, garnet and muscovite, as well as

often-abundant cordierite and sometimes andalusite, but no chiastolite.

According to Hall (1932), the inner aureole is characterised by cordierite-bearing
hornfels, while the outer aureole is characterised by chiastolite- and/or andalusite-bearing
metapelites. Furthermore, staurolite, though only occurring in south-eastern Limpopo, is

reportedly restricted to the outer aureole.

Concerning metamorphism of roof-rocks Hall (1932) reported acute felspathisation
of roof-quartzites together with increased grain-size, which varies between beds (although
both the former characteristics are also observed in floor-quartzites). Furthermore, Hall
(1932) reported that the xenoliths occurring in the Rustenburg Layered Suite show intense
metamorphism, similar to that of the inner aureole, but with widespread partial melting and
contamination from the Rustenburg Layered Suite. In the xenoliths, sedimentary structures

were reported as totally, or almost totally, erased.

Hall (1932) concluded that the aureole was predominantly formed by thermal
influences, except in south-eastern Limpopo where pressure played a significant role. He
further interpreted the Rustenburg Layered Suite as the predominant source of the thermal

energy.

Willemse (1959) reported that the presence of akermanite, monticellite and

wollastonite in calc-silicate xenoliths in the Hendriksplaas norite, Steelpoort area (eastern

11



BIC), could indicate temperatures of 700-750 °C. His reason was that the reaction
akermanite (Ca,MgSi,O7) = monticellite (CaMgSiO,) + wollastonite (CaSiO3) will occur at

these temperatures at pressures of 2.1-4.2 kbar.

Schwellnus et al. (1962) conducted a thorough study of the geology of the Olifants
River area, in south-eastern Limpopo. The following minerals were identified in the
hornfelses in their study area: quartz, andalusite, staurolite, biotite, chlorite, spinel, diopside,
sillimanite, chloritoid, garnet, amphibole, cordierite, tourmaline, muscovite, sericite,
feldspar and plagioclase. The occurrence of these minerals in the study area of Schwellnus
et al. (1962) was described as follows. Quartz is present in all the metapelites, while
andalusite commonly occurs from below the Magaliesberg Formation, into the Timeball
Hill pelites. The abundance of andalusite decreases upwards in the Pretoria Group
stratigraphy — being completely absent above the Magaliesberg Formation. Staurolite is as
abundant in the Timeball Hill Formation and said to contain inclusions of quartz and
opaque minerals. Biotite is present in the studied pelites in varying amounts, occurring
mainly as porphyroblasts. Chlorite is also present in these pelites and inferred to be a
secondary product of biotite. Spinel and diopside occur in calcareous strata above the
Magaliesberg Formation. Gneissic rocks occurring just below the Magaliesberg quartzites
sometimes contain fine-grained fibrous sillimanite formed from biotite. Chloritoid occurs
in metapelites of the Timeball Hill Formation near Penge. Garnet is apparently only found
in the Timeball Hill and Daspoort formations. It occurs in schists, hornfelses and granulites.
Amphibole occurs in granulites throughout most of the Pretoria Group. Cordierite
characterises the metapelites just below the Magaliesberg quartzites and is widespread
throughout the studied area. Tourmaline is common at stratigraphic levels near the
Daspoort-Timeball Hill contact, but sparsely distributed throughout other stratigraphic
horizons. Muscovite is a relatively minor component in the studied metapelites, but sericite
common. Feldspar is restricted to Timeball Hill and Daspoort metapelites, but plagioclase
and K-felspar are common in the cordierite hornfels of the Magaliesberg Formation and
ubiquitous below this Formation. Finally, feldspars are also abundant in the feldspathised

quartzites of Daspoort and post-Magaliesberg ages.

Schwellnus et al. (1962) reported evidence for regional metamorphism in their

study area. These are:
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1) Schistose rocks developed by shearing within the Daspoort Formation. This
shearing was parallel to the strike of the strata.

2) Preservation of all phases of progressive metamorphism from andalusite hornfels
to sericite schists.

3) The occurence of staurolite- and quartz schists.

4) The Daspoort conglomerate shows a schistose fabric and elongated pebbles.

5) Certain Magaliesberg-aged pelitic sediments are altered to schists.

6) Certain cordierite hornfels below the Magaliesberg quartzites were converted to

cordierite gneiss containing sillimanite.

Schwellnus et al. (1962) inferred that medium- and high grades of metamorphism
are recorded in their study area, the medium grade represented by the presence of
andalusite, cordierite and/or staurolite, and the high-grade indicated by mobilised hornfels,

cordierite-sillimanite gneiss and hypersthene granulite.

Schwellnus et al. (1962) interpreted the Hendriksplaas norite (i.e. Rustenburg
Layered Suite) as the most likely cause of the thermal-component of the regional
metamorphism recoded in the Olifants River area. They also interpreted the stress-
component of the metamorphism to have been coeval with folding and to have post-dated
the thermal metamorphism, thus overprinting it. According to Schwellnus et al. (1962), the
thermal metamorphism could also have been caused by mafic magmatism prior to the
emplacement of the Hendriksplaas norite. In such a case a) the intrusion of the
Hendriksplaas norite could have caused the stresses that lead to the regional metamorphic
character of the area, and b) later emplacement of mafic magma could have caused the
high-grade metamorphism. Finally, Schwellnus et al. (1962) inferred that gneissic fabrics
in their area of study could indicate that such rocks had schistose fabric prior to

metamorphism, or might just be the result of high-grade metamorphism.

Human (1975) investigated the Havercroft-Streatham andalusite deposit in south-
eastern Limpopo. He reported that the deposit is hosted in the upper pelitic unit of the
Timeball Hill Formation and that the formation dips to the southwest at 14-17 ° in that area.
A 12-15 m thick diabase sill reportedly divides the upper Timeball Hill pelitic unit from the

Timeball Hill quartzite. A quartz-epidote-hornblende hornfels occurs as <1 m thick lenses
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directly above this sill. Above these hornfels Human (1975) reported staurolite-biotite-
muscovite hornfelses, 8-10 m in thickness when covered by garnet hornfels, but 20-22 m
thick when the garnet hornfels are absent. The garnet hornfels, which is 10-12 m thick in
places, is reportedly often buried under tallus or alluvium. Human (1975) reported that
biotite-staurolite hornfels, 18-22 m thick, occur directly above the garnet-hornfels. Within
the biotite-staurolite hornfels many <2.5 m thick lenses of andalusite-staurolite-biotite
hornfels were reported. Finally, a roughly 50 m thick andalusite-hornfels apparently occurs

directly above the biotite-staurolite hornfels and is mined for andalusite.

Human (1975) reported that the roughly 50 m thick andalusite hornfels zone
consists of a basal zone of hard andalusite-garnet-staurolite hornfels, <1.5 m thick, which is
overlain by a “giant crystal zone”, which in turn is covered by a banded andalusite hornfels.
The “giant crystal zone” contains andalusite porphyroblasts up to 12 cm in length, while
the banded andalusite hornfels contains interbedded layers of biotite hornfels, staurolite

hornfels and ziosite-garnet hornfels.

Human (1975) also investigated the petrography of the deposit. He reported that the
andalusites in the “giant crystal zone” sometimes have idioblastic to subidioblastic crystals
measuring up to 15x16x120 mm in dimension. Inclusions of carbonaceous matter and
minor staurolite and chloritoid were reported to occur in the deposit’s andalusite. Human
(1975) reported that staurolite idioblasts up to 4 mm in length, as well as biotite xenoblasts
up to 0.7 mm in length occur in the studied hornfelses. The hornfelses, reportedly, typically

have matrices of fine-grained quartz, biotite and sericite, and also minor iron oxides.

Except for accessory minerals, the minerals present in the studied hornfelses are
biotite, muscovite, quartz, chlorite, chloritoid, cordierite, staurolite, andalusite, garnet,
sillimanite, fibrolite, ziosite, hornblende, minor calcite and iron-oxides (Human, 1975).
These minerals reportedly show abnormal sequences of crystallisation, which Human
(1975) interpreted as suggesting chemical disequilibrium and non-simultaneous
crystallisation. Furthermore, Human (1975) interpreted the metamorphic minerals to have
formed directly from the pre-existing quartz and muscovite, as well as minor chloritoid,

biotite and chlorite.
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Based on constructed PT-grids and the presence of staurolite and cordierite, Human
(1975) concluded that the peak metamorphism caused by the Bushveld Complex recorded
in the Havercroft pelites occurred at temperatures of 500-530 °C, + 10 °C and pressures
between 1-2 kbar.

Engelbrecht (1976) studied the metamorphic aureole of the Bushveld Complex in
the area north-east of Zeerust, along the western limb of the Complex. He identified and

described a number of metamorphic mineral assemblages that are here summarised.

1) Andalusite-muscovite-biotite assemblage: This assemblage commonly occurs in
chiastolite-bearing slates of Timeball Hill and Daspoort ages. The horizons bearing this
assemblage are typically characterised by chiastolite porphyroblasts occurring in a
groundmass of quartz, muscovite and biotite, as well as variable amounts of ilmenite and
hematite.

2) Anthophyllite-cordierite-biotite assemblage: This assemblage seems sparse and occurs
within the Daspoort and Magaliesberg Formations. Anthophyllite crystals up to 5 mm in
length are reported.

3) Andalusite-muscovite assemblage: Within the Daspoort Formation a bed occurs
consisting mainly of andalusite and muscovite, with lesser amounts of quartz. Andalusite
porphyroblasts up to 250 mm long and 12 mm thick are reported to occur in this horizon.

4) Garnet-andalusite-muscovite (-biotite) assemblage: This assemblage occurs within the
Daspoort Formation. It is found in alternating layers of almandine-rich and andalusite-rich
metapelite and consists of garnet, andalusite, quartz, muscovite, opaque minerals and
secondary chlorite.

5) Almandine-grunerite assemblage: This assemblage was only found in the lowest
metapelites of the Magaliesberg Formation. The garnets of this assemblage are intergrown
with amphibole and the grunerite is light brown to colourless and has a decussate texture.

6) Cordierite-biotite (-K-feldspar, -muscovite, -andalusite, -plagioclase) assemblage: This
assemblage is commonly found in the lower portion of the Silverton Formation, but also
occurs within the Magaliesberg Formation. In rocks containing this assemblage cordierite
increases at the expense of andalusite. The cordierite is sometimes very xenoblastic and has
varying amounts of inclusions, ranging from virtually zero to large amounts thereof. The

inclusions are typically quartz, muscovite and biotite.
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7) Garnet-muscovite-K-feldspar-biotite assemblage: This assemblage occurs in metapelites
near the base of the Magaliesberg Formation. It consists of porphyroblasts of orthoclase,
almandine, muscovite, chlorite and biotite in a groundmass of quartz, biotite and lesser
muscovite.

8) Hornblende (-cordierite, -biotite, -plagioclase, -K-felspar, -clinoziosite) assemblage: The
hornblende of this assemblage is “apple green” to “olive green” in colour and highly
pleochroic. The cummingtonite sometimes occurs as exsolution textures in the hornblende,
or as rims of the hornblende. Cordierite and clinoziosite are usually only present in small
amounts.

9) Hornblende-cummingtonite (-biotite) assemblage: This assemblage is found in a very
fine-grained rock within the Magaliesberg Formation that reportedly resembles a tuff. A
zoned amphibole was discovered consisting of hornblende in its core and with
cummingtonite forming its rim. Hornblende with exsolution lamellae of amphibole was
also reported.

10) Diopside (-plagioclase, -hornblende, -calcite) assemblage: This assemblage is found in
a band of chert that occurs within the Ongeluk lava. The chert contains diopside with lesser
calcite, hornblende and clinoziosite.

11) Diopside-scapolite-hornblende-clinoziosite assemblage: This last assemblage occurs in
an impure chert layer, within the Magaliesberg Formation, sandwiched between a sill and
quartzite. The scapolite occurs as large poikiloblasts and the clinoziosite is inferred to have

formed from the hornblende and diopside in the rock.

Engelbrecht (1976) found that the identified mineral assemblages are characteristic
of the hornblende-hornfels facies of metamorphism. He estimated that the conditions of
metamorphism were between 530-630 °C and of a pressure <2.5 kbar. The temperature
estimates were based on constructed PT-grids using curves of Evans (1965), Richardson et
al. (1969) and Winkler (1970). The pressure constraint was based on Evans (1965) and
Fyfe et al. (1958), who defined the upper limit of the hornblende-hornfels facies as 2.5 kbar
of pressure. Finally, Engelbrecht (1976) concluded that the Rustenburg Layered Suite is the
only reasonable source of the thermal energy responsible for the formation of the aureole in

the study area.
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Hulbert and Sharpe (1981) produced pressure-temperature estimates of
metamorphism for a number of sites around Burgersfort, as well as for a site near
Lydenburg and for another near Belfast. They estimated 500 © C at 5.3 kbar and 710 °C at
5.3 kbar, respectively, for two sites east of Burgersfort, 530 °C at 5.2 kbar for rocks located
roughly 40 km north-northwest of Burgersfort and 700 °C at 5.2 kbar for roof rocks located
west of Burgersfort. For a xenolith located west-northwest of Lydenburg they estimated
1200 °C at 4.5 kbar and for rocks located roughly 48 km north of Belfast - 600 °C at 4.0

kbar. The pressure estimates were based on the following inferred equilibria:

1) plagioclase = garnet + sillimanite + quartz (Ghent, 1976; Schmid and Wood,
1976)

and  2) cordierite = garnet + sillimanite + quartz (Wood and Fraser, 1976).

The temperature estimates were obtained from biotite-garnet pairs, according to the
method of Ferry and Spear (1978), and from cordierite-biotite pairs by utilizing their
Mg/Mg+Fe?* values.

Hulbert and Sharpe (1981) also produced preliminary isotherms for 600- and 700 °C.
The 600 °C isotherm is restricted to the Silverton Formation to the south of Burgersfort,
and cuts across the Daspoort Formation into the Timeball Hill Formation, roughly east-
northeast of Burgersfort. The 700 °C isotherm is restricted to the Silverton pelites close to

Burgersfort.

Sharpe and Fortsch (1981) calculated metamorphic temperatures of 535 °C and 589
°C by the methods of Raheim and Green (1974) and Wells (1979), respectively, for
metamorphosed limestones at Houtenberg. These calculations were performed for an
assumed pressure of 3.5 kbar as based on stratigraphic summation. The estimates were
based on garnet-clinopyroxene assemblages that were interpreted to reflect the equilibrium:

clinopyroxene + almandine = clinopyroxene + pyrope.

Sharpe (1982) produced a map showing the following calculated conditions for the
Burgersfort area: 500 °C and 5.2 kbar for a location west of Burgersfort and near Ohrigstad,
700 °C and 5.3 kbar at Burgersfort, 705 °C and 5.5 kbar for a location southwest of
Burgersfort, 533 °C and 5.2 kbar for a location north-northwest of Burgersfort, 1150 °C and
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4.5 kbar for a location west-northwest of Burgersfort, 1150 °C and 4.5 kbar for a location
southwest of Burgersfort and 575 °C and 3.5 kbar for a location south-southwest of
Burgersfort (and southwest of Lydenburg) and near Dullstroom. These temperature and

pressure pairs were obtained by the same methods used by Hulbert and Sharpe (1981).

Nell (1984) gave evidence for two stages of metamorphism preserved near
Potgietersrus. He determined that initial maximum temperatures of 750 °C were reached at
1.5 kbar based on cordierite + olivine + orthopyroxene + spinel + quartz assemblages. The
inferred second stage of metamorphism occurred at approximately 850-900 °C and 4 to 5
kbar as was obtained via the following assemblages:

1) Garnet + cordierite + orthopyroxene + biotite.

2) Clinopyroxene + plagioclase + quartz.

3) Cordierite + spinel % sillimanite = corundum = orthopyroxene + olivine.

The inferred metamorphic conditions mentioned above were interpreted from
various estimates of metamorphic conditions that were performed on numerous samples
and calculated according to a number of methods. The methods and/or
geothermobarometers used are:

a) Garnet-biotite thermometry according to the methods of Thompson (1976 b), Holdaway
and Lee (1977) and Ferry and Spear (1978).

b) Garnet-cordierite thermometry, applying the methods Thompson (1976 b), Wells (1976
a) and Holdaway and Lee (1977).

c) Garnet-orthopyroxene thermometry according to the method of Powell (1978 a).

d) Two-pyroxene thermometry, applying the methods of Wood and Banno (1973), Wells
(1977) and Powell (1978 a).

e) Cordierite-spinel thermometry according to the method of Vielzeuf (1983) and a method
prepared by Nell himself.

f) Garnet-cordierite ion-exchange barometry according to the work of Hensen and Green
(1973).

g) A geobarometer centred on the reaction: ferrosilite = fayalite + quartz, according to the
work of Bohlen and Boettcher (1981) and Berg (1977 b).
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h) The assemblage olivine + cordierite + orthopyroxene + spinel, utilizing the work of Hsu
and Burnham (1969), Schreyer (1976), Lal and Seifert (1979), Frost (1979) and Abraham
& Schreyer (1973).

I) Garnet-orthopyroxene barometry according to the method of Wood (1974).

J) The Ca-Tschermaks molecule — plagioclase — quartz barometer (applying the method of
S. Reed as described by M.R. Sharpe during personal communication with Nell).

k) The assemblage cordierite + spinel + corundum + sillimanite according to the method of
Wells and Richardson (1979).

I) The assemblage cordierite + spinel + quartz according to the method of Harris (1981).

Nell (1984) interpreted the first stage of metamorphism to be related to the intrusion
of the lower zone of the Bushveld Complex, while attributing the second to the intrusion of
the upper critical-, main- and upper zones of the Complex. He perceived that, according to
the preserved regional geology, the large increase in pressure estimated for the second
stage exceeds the expected increase in pressure resulting from the added overburden of the
critical-, main- and upper zones. However, Nell (1984) proposed a solution to this
conundrum. The excess pressure could be due to anisotropic stress active during
metamorphism together with an overburden roughly 1 kbar greater than suggested by the
region’s geology.

Engelbrecht (1986) calculated maximum metamorphic temperatures ranging
between 615 - 789 °C and pressures of 4.2 and 4.3 kbar for granofels near Nietverdiend

(western BIC). His geothermometry was based on the inferred equilibrium:
phlogopite + almandine = annite + pyrope

according to the methods of Thompson (1976), Holdaway and Lee (1977) and Ferry and
Spear (1978). For the calculations based on the work of Holdaway and Lee (1977) and
Ferry and Spear (1978), two sets of calculations were performed, namely one set assuming
a pressure of 2 kbar and the other assuming 4 kbar. The barometry was based on the
inferred reaction:

cordierite + hypersthene = garnet + quartz

and the method of Hensen and Green (1973).
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Hammerbeck (1986) studied the andalusite deposits of the Bushveld Complex
aureole. He found that along the south-western limb of the Bushveld Complex chiastolite is
the predominant species of andalusite within the Timeball Hill Formation. This area was
divided into four metamorphic zones by Blain (1974), which Hammerbeck (1986) named
Zones A-D. Hammerbeck (1986) reported that no stress-component was active in the
metamorphism of these rocks. He described Zone A as consisting of shale and slate which
contain ubiquitous chiastolite and biotite and moderate amounts of andalusite, epidote and
cordierite. Zone B was described as consisting of blue, grey and green biotite- and
chiastolite-bearing slates, which are similar to those of Zone A, except that they don’t
contain cordierite. Hammerbeck (1986) also reported that Zone B had the largest area of
outcrop of all four zones. Zone C is reportedly characterised by incipient andalusite
growths, and its few chiastolite porphyroblasts are almost all pseudomorphed by quartz and
sericite. Finally, Zone D is characterised by spotted shales and slates with characteristic

anhedral biotite. In some cases this zone contains totally altered chiastolite porphyroblasts.

Hammerbeck (1986) described the metamorphic zones of Blain (1975), which occur
along the eastern limb the Bushveld Complex, and named them Zones A-E. He described
these as follows. Zone A, which occurs in the region of Malipsdrif, records regional
metamorphism. This zone is bounded in the south and north-west by shear zones and
consists of cordierite- and sillimanite-bearing schists, as well as schists containing relict
andalusite grains that are sericitized. Zone B is restricted to north of Burgersfort and was
produced by thermal metamorphism. It consists of very fine-grained dark cordierite-bearing
metapelites. Zone C stretches over most of the eastern Bushveld Complex aureole and is
manifested in the Silverton to Timeball Hill formations. It contains andalusite- and
staurolite-bearing metapelites and assemblages containing chiastolite-muscovite-biotite,
garnet-staurolite-biotite, and chiastolite-staurolite-biotite (along northernmost portions of
eastern limb). Low-grade metamorphism caused by the Bushveld Complex is evident in
Zone D, which is characterised by chloritoid-bearing metapelites. Zone E also represents
low-grade metamorphism and consists of spotted slates between Lydenburg and Penge.
These slates contain chiastolite that has been totally pseudomorphed by sericite and quartz.

This zone is manifested in rocks of the Silverton, Daspoort and Timeball Hill formations.
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The metamorphic rocks of the aureole along the north-western margin of the
Bushveld Complex, surrounding Thabazimbi, were also described by Hammerbeck (1986).
These he described as follows. The metapelites of the Silverton Formation are reported as
being characterised by dark-grey and fine-grained cordierite-bearing hornfelses. Andalusite,
sensu stricto, and chiastolite are apparently only seldom present in the rocks. The upper
Timeball Hill Formation has poor exposure along this margin of the Complex, nevertheless
chiastolite-bearing rock, rich in quartz, was reported to occur in these parts of the
Formation. The lower unit of the Timeball Hill Formation has a larger area of outcrop in
his study area and contains abundant chiastolite. These pelites are described as iron-rich
with iron-stained chiastolite. Pseudomorphs of chlorite after chiastolite were also reported.
East of Middelwit, Hammerbeck (1986) tells of evidence for polymetamorphism. Here
muscovite-biotite-quartz schists are developed which are totally absent in the same
stratigraphic units to the west. Hammerbeck (1986) reported chiastolite-rich shists north of

Rooiberg. In these rocks the chiastolite crystals are orientated parallel to bedding.

Human and Collins (1986) also studied the Havercroft-Streatham andalusite deposit
in south-eastern Limpopo. They largely recited the mineralogical variation with
stratigraphic position, as well as the petrological observations of Human (1975), but also
contributed further data on the deposit. Human and Collins (1986) reported that a zone of
staurolite-andalusite-garnet hornfels with a thickness of 25-30 m occurs above the 50 m
thick zone of andalusite hornfels of Human (1975). Furthermore, directly above these
staurolite-andalusite-garnet hornfels occur a “Mixed Zone” of garnet-staurolite hornfels,
andalusite-staurolite hornfels and biotite hornfels. The two researchers also reported that
andalusite in the eastern Bushveld Complex aureole occurs from south of Lydenburg up to
Malipsdrif.

Hartzer (1987) inferred estimates of the peak metamorphic conditions recorded in
the argillaceous and calc-silicate rocks of the Crocodile River Fragment (western BIC). He
identified two mineral assemblages, useful for thermobarometric inferences, in the

argillites, namely:
muscovite, quartz, chlorite and K-feldspar

andalusite, biotite, muscovite and quartz.
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He inferred that the reaction of Turner (1968) was responsible for the formation of these

assemblages. This reaction is:
muscovite + quartz = K-feldspar + andalusite + H,O.

The work of Evans (1965) gives evidence that this reaction occurs at pressures of 0-2.5
kbar and temperatures of 470-620 °C. Further constraints were identified as given by the
presence of biotite and chlorite. According to Winkler (1976) biotite will only start forming

between 410-470 °C, at all pressures.

Hartzer (1987) interpreted the presence of chlorite, as well as the absence of
cordierite, staurolite and sillimanite, in the argillites as additional indicators of the
relatively low-grade of metamorphism. According to Winkler (1976), at all pressures,
cordierite and staurolite will only start forming at temperatures between 510-570 °C.
Furthermore, considering that the Fragment was probably metamorphosed below 2.5 kbar
of pressure, the work of Evans (1965) suggests that sillimanite would only have formed at

temperatures exceeding 650 °C.

Hartzer (1987) inferred the following two reactions for the calc-silicates of the

Crocodile River Fragment:
3 dolomite + 4 quartz + H,O =1 talc + 3 calcite + 3 CO,
5 talc + 6 calcite + 4 quartz = 3 tremolite + 6 CO,+ 2 H,0.

The first mentioned reaction will occur between 400-490 °C, at a pressure of 1 kbar
(Winkler, 1976), and at a maximum temperature of 520 °C, at 2.5 kbar (Winkler, 1976).
The latter reaction will occur at temperatures between 450-530 °C at pressures of 0-2.5
kbar (Winkler, 1976), but based on the absence of diopside, Hartzer (1987) inferred a

temperature range between 470-530 °C.

Hartzer (1987) also reported on the metamorphism of the Penge Formation iron
stones, and of the Hekpoort Formation volcanics, of the Crocodile River Fragment. The
iron stones reportedly consist of chert, magnetite and grunerite and it was reported that
according to Burt (1971) grunerite forms from carbonate minerals between 300-700 °C.

Lastly, Hartzer (1987) reported that the mineral assemblage present in the Hekpoort
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volcanics is hornblende, quartz, plagioclase, biotite and muscovite, which corresponds to

the hornblende-hornfels facies of metamorphism according to Turner (1968).

Miyano et al. (1987) gave evidence that amphibolitic sills in the Penge Iron
Formation, at Penge, post-date the peak metamorphism caused by the intrusion of the
Bushveld Complex. Their evidence was based on the discovery of a contact-metamorphic
assemblage related to the sills and containing hornblende, clinopyroxene and fayalite,
which overprints a grunerite-bearing assemblage ascribed to contact-metamorphism caused
by the Bushveld Complex. They also reported that the metamorphic assemblage ascribed to
Bushveld Complex contact-metamorphism in these ironstones, at Penge and Mafefe,
consists of grunerite, quartz, biotite, calcite, magnetite, ankerite, K-feldspar, pyrrhotite,

pyrite, chalcopyrite and sphalerite, in estimated order of abundance.

Working on calc-silicate xenoliths of the Marginal and Critical Zones of the
Bushveld Complex near Steelpoort, Wallmach et al. (1989) gave evidence that
metamorphic temperatures had exceeded 1200 °C, and that overburden pressures of 0.6-1.6
kbar and 1.1-2.4 kbar are recorded in these xenoliths. The former pressure range they
ascribed to the emplacement of the magmas of the critical zone and the latter to those of the
main zone. They also emphasised the overlap of 1.1-1.6 kbar between the two pressure

ranges. Their evidence was based on the following:

1) The mineral assemblages: calcite + akermanite + monticellite (with polygonal
texture), calcite + forsterite + monticellite, akermanite + diopside + monticellite and
diopside + forsterite + monticellite, for xenoliths of the Marginal Zone, and calcite
+ periclase + monticellite, merwinite + akermanite + monticellite and forsterite +
periclase + monticellite (with polygonal texture), for xenoliths of the Critical Zone.

2) Forsterite exsolution in monticellite with anomalously positive optical signature.

3) Dehydroxylated Ba-rich phlogopite.

The pressure determinations were performed by the construction of a P-T diagram

assuming maximum temperatures between 1200-1300 °C.

Working adjacent to the western-most lobe, Engelbrecht (1990) gave
thermobarometric evidence for peak metamorphic conditions between 646-760 °C and 2.1-

3.2 kbar. The barometric results were obtained from orthopyroxene-garnet-cordierite-
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biotite-plagioclase-quartz assemblages by applying the research of Bowlen et al. (1983),
Newton and Perkins (1982), Perkins and Chipera (1985) and Powell and Holland (1988).
For the same samples they obtained pressures of 4.2-5.6 kbar by applying the barometric
methods of Hensen and Green (1973) and Bhattacharya (1986) for the assemblage
cordierite + hypersthene + garnet + quartz. These higher pressure results were however
rejected as erroneous by Engelbrecht. Despite his thermobarometric results, Engelbrecht
(1990) argued that field and petrographic evidence suggest pressures less than 2.2 kbar. His
thermometric results were calculated by garnet-biotite pairs of the inferred equilibrium:
almandine + phlogopite = pyrope + annite, according to the method of Ferry and Spear
(1978), as well as by garnet-cordierite pairs according to the equilibrium: pyrope + Fe-
cordierite = almandine + Mg-cordierite, as described by Ferry and Spear (1978), Holdaway
and Lee (1977), Perchuk et al. (1981) and Thompson (1976).

Kaneko et al. (1990a) calculated pressure and temperature estimates for two
stratigraphic levels of metapelites of the Pretoria Group samples near Penge.
Stratigraphically these two levels occur 1.7 and 2.9 km below the Bushveld-Pretoria Group

contact, respectively. Their pressure estimates were based on the equilibrium:
anorthite = grossular + andalusite + quartz

and performed according to the method of Newton and Haselton (1981), while applying the
experimental dataset of Koziol and Newton (1988). The results were 2.0 and 2.3 kbar for
the shallower stratigraphic level and 2.6 kbar for the deeper level. Their temperature

estimates were based on the equilibria:
almandine + phlogopite = pyrope + Fe-cordierite
and almandine + Mg-cordierite = pyrope + Fe-cordierite.

The method of Hodges and Spear (1982) was utilized for the former equilibrium
and produced temperatures of 560 ° and 570 © C for the shallower stratigraphic level and
540° C for the deeper level. For the latter equilibrium, the method of Thompson (1976) was
implemented, producing 570 ° and 560 °C for the shallower stratigraphic position. This

second equilibrium was not applicable to the deeper level.
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Kaneko et al. (1990b) investigated the occurrence of fibrolite in the eastern
Bushveld Complex aureole. They reported that fibrolite has an X-ray powder diffraction
pattern very similar to that of sillimanite in a bulk-form. It was found that fibrolite was
often formed by the replacement of biotite. They reported that andalusite most often occurs
as poikiloblasts or idioblastic chiastolite and discovered that fibrolite very seldom coexists
with poikiloblasts of andalusite in the chiastolite zone of Hammerbeck (1986). Based on
fibrolite’s restricted occurrence in the eastern Bushveld aureole, Kaneko et al. (1990b)
concluded that fibrolite could be regarded as an index mineral, occurring at lower
temperatures than sillimanite. Furthermore, they estimated that fibrolite formed between
550-650 °C in their study area, based on its regional distribution and the work of Kaneko
and Miyano (1990).

In an excursion guide he compiled, Von Gruenewaldt (1991) reported the following:
1) That the mineral assemblages of garnet-biotite schists, orthopyroxene-biotite-
garnet hornfelses and forsterite-diopside marbles of the Vermont Formation in the
Steelpoort Pericline suggest conditions of ~ 750 °C and ~ 4.5 kbar.

2) Sillimanite hornfelses of the Silverton formation at Witgatboom (Burgersfort
area) were partially melted and metamorphosed by the Apiesdoorndraai peridotite
sill at peak-temperatures of 750-800 °C.

3)  Metamorphic conditions reflected by the andalusite/sillimanite isograd at
Dresden, near Burgersfort, were estimated with the application of metamorphic
grids to be ~ 650 °C and ~ 4.5 kbar.

4) Calc-silicate xenoliths found in the Marginal Zone of the BIC, near Burgersfort,
were interpreted to have recorded the reaction: akermanite + forsterite + calcite =
monticellite + CO,. Assuming peak metamorphic temperatures of 1200-1300 °C,
this reaction would have occurred at 2.5-3.5 kbar.

5)  Garnet-biotite thermometry indicates that metapelites of the Timeball Hill
Formation north of Havercroft were metamorphosed at temperatures of 520-540 °C.
The reaction of Ghent (1976): 3CaAl,Si,0g = CazAl,Siz01, + 2Al,Si0s + SiOy,

indicate that these metapelites were metamorphosed at ~ 5 kbar.

In his model for metamorphism Hartzer (1994) concluded that metamorphic

temperatures for the Transvaal inliers, namely the Crocodile River Dome and Rooiberg
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Fragment (western BIC) as well as the Dennilton Dome, Marble Hall Dome and Stavoren
Fragment (eastern BIC), reached temperatures up to 800 °C, based on index minerals and

mineral assemblages.

In his study Hartzer (1994) also reported on the metamorphic-facies, and their
distribution, in the Transvaal Supergroup inliers of the Bushveld Complex. These facies are
the albite-epidote-hornfels facies, the hornblende-hornfels facies and the pyroxene-hornfels
facies. Hartzer (1994) reported that the albite-epidote-hornfels facies is developed in pelitic
rocks of the southern and central parts of the Marble Hall Dome (according to De Waal
(1963)) and also in certain central areas of the Crocodile River Fragment and the Dennilton

Dome.

Hartzer (1994) stated that the hornblende-hornfels facies is manifested in the rocks
in the eastern portion of the Marble Hall Dome, in most of the Crocodile River fragment
rocks, as well as in rocks of the Dennilton Dome that occur close to the contact with the
BIC. He also reported the minerals associated with this facies in the inliers. In the pelitic
rocks they are quartz, muscovite, cordierite, plagioclase, biotite, andalusite and garnet, in
the carbonate rocks - diopside, hornblende, grossularite, tremolite, plagioclase and prehnite

and in the volcanic rocks - hornblende and plagioclase.

Hartzer (1994) reported that the rocks in which the pyroxene-hornfels facies is
developed are those in the northern and western portions of the Marble Hall Dome, as well
as those in very close proximity to the contact with the BIC in the Dennilton Dome. He
reported that the minerals cordierite, chiastolite, sillimanite, orthoclase, quartz, biotite,
hypersthene and andalusite are typical of this facies in the pelites of these inliers, but that
sillimanite only occurs in metapelites just next to the Bushveld granite-Marble Hall dome
contact. In the volcanic rocks of these domes the minerals associated with this facies were

reported as plagioclase, biotite, hypersthene, augite and hornblende.

Wallmach et al. (1995) gave evidence that peak metamorphism of two calc-silicate
xenoliths sampled from the Upper Zone of the BIC, had undergone peak metamorphism at
temperatures of 1100-1200 °C and pressures below 1.5 kbar. The xenoliths occur close to
Roossenekal and roughly 30 km east-southeast of Steelpoort, respectively. Their evidence

was based on the following:
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1) The reactions:

calcite + diopside = akermanite + CO,

and calcite + forsterite + akermanite = monticellite + CO,.

2) Experimental research by Otto and Wyllie (1993), which suggests that
monticellite and akermanite will be in equilibrium with the melt phase at
temperatures exceeding 1100 °C.

3) The lack of complete melting, which they suggested to probably reflect
temperatures below 1200 °C and a maximum pressure of 1.5 kbar.

4)  The likelihood that the Upper Zone xenoliths had reached similar peak

temperatures than those of the Critical and Marginal Zones.

In his study of the northern portion of the eastern Bushveld aureole, Uken (1998)
performed garnet-biotite and garnet-cordierite thermometry, as well as garnet-staurolite
barometry on Timeball Hill metapelites. The garnet-biotite geothermometry was based on
the inferred reaction:

Fe-garnet + Mg-biotite = Mg-garnet + Fe-biotite,
and performed according to the methods of Thompson (1976), Holdaway and Lee (1977)
and Ferry and Spear (1978). The results are shown in Table 1.

SAMPLE AQ/X HWU M/1 OB5 16/7.

Thompson (1976)
T (core) (°C) 527 546 476 514 549
T (rim) (°C) 523 538 501 544 556

Holdaway and Lee (1977)

2 kbar
T (core) (°C) 539 557 493 528 528
T (rim) (°C) 537 548 515 554 554
3 kbar
T (core) (°C) 548 560 496 531 531
T (rim) (°C) 540 552 518 552 557
4 kbar
T (core) (°C) 546 563 499 534 534
T (rim) (°C) 543 555 522 561 561

Ferry and Spear (1978)
2 kbar
T (core) (°C) 524 549 460 507 552
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T (rim) (°C) 519 537 490 545 562
3 kbar

T (core) (°C) 528 553 462 511 556
T (rim) (°C) 522 541 494 549 566
4 kbar

T (core) °C 531 556 466 515 560
T (rim) (°C) 526 545 497 553 570

Table 1. Results of the biotite-garnet thermometry of Uken (1998).
Table modified after Table 6.4 (Uken, 1998).

The garnet-cordierite geothermometry of Uken (1998) was based on the inferred
reaction:
Fe-cordierite + pyrope = Mg-cordierite + almandine.
It was conducted according to the methods of Thompson (1976), Wells (1976), Holdaway
and Lee (1977) and Wells (1979). The results are shown in Table 2.

SAMPLE HWU 16/7. 19/12.

Thompson (1976)

T (core) (°C) 548 545 488
T (rim) (°C) 531 545 525
Wells (1976)

2 kbar

T (core) (°C) 619 615 560
T (rim) (°C) 602 615 596
3 kbar

T (core) (°C) 615 611 556
T (rim) (°C) 598 611 595
4 kbar

T (core) (°C) 611 607 553
T (rim) (°C) 594 607 589

Holdaway and Lee (1977)

2 kbar

T (core) (°C) 555 552 501
T (rim) (°C) 539 552 534
3 kbar

T (core) (°C) 559 556 504
T (rim) (°C) 543 556 538
4 kbar

T (core) (°C) 563 560 508
T (rim) (°C) 547 560 542
Wells (1979)
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2 kbar
T (core) (°C) 554 550 493
T (rim) (°C) 536 540 530
3 kbar
T (core) (°C) 549 545 488
T (rim) (°C) 531 545 526
4 kbar
T (core) (°C) 545 541 484
T (rim) (°C) 527 541 521

Table 2. Temperature results of the garnet-cordierite thermometry of Uken (1998).
Table modified after Table 6.5 (Uken, 1998).

The garnet-staurolite geobarometry conducted by Uken (1998) was based on the
following equilibria:

Fe-garnet + Mg-staurolite = Mg-garnet + Fe-staurolite
and staurolite + quartz + muscovite = biotite + garnet + Al,SiOs + H,0.

The method of Perchuk (1977) was applied and the results are shown in Table 3.

SAMPLE AQ/X HWU M/1 OB5
Perchuk (1977)

T (core) (kbar) 3.2 4.1 4.3 3.3
T (rim) (kbar) 3.2 3.8 4.8 4.2

Table 3. Pressure results of the staurolite-garnet baromometry of Uken (1998).
Table modified after Table 6.6 (Uken, 1998).

Uken (1998) also inferred peak-metamorphic conditions, for the andalusite zone of
the Timeball Hill Formation in his study area, with the use of petrogenetic grids in the
KFMASH system. A petrogenetic grid constructed by Dymoke and Sandiford (1992) with
the dataset of Holland and Powell (1990) produced useful results. This grid was
constructed for (H,O) 1 and biotite, quartz and muscovite in excess. Uken (1998)
identified the assemblage cordierite + staurolite + biotite + muscovite + quartz in the
andalusite zone, which represented a field lying between 535-563 °C and 2.8-3.2 kbar in
Dymoke and Sandiford (1992)’s grid.

Having applied two-pyroxene geothermometry on metapelites of the Vermont
Formation, Mizuno and Miyano (1999) concluded that peak-metamorphic temperatures
between 700-780 °C had been attained. Their samples were collected just southeast of

Steelpoort (sample 1402C) and just northwest of Burgersfort (sample 1413B), respectively.
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The methods they applied were those of Kretz (1982), Lindsley (1983), Wells (1977) and
Wood and Banno (1973). For their calculations a pressure of 1.8 kbar was assumed,
however a pressure of 5 kbar was assumed for those performed by the method of Lindsley
(1983). The method of Kretz (1982) comprises two equations- one for the gradient of the
clinopyroxene limb of the Ca-Fe-Mg pyroxene slope and the other based on the
dependence of the Fe- Mg distribution coefficient on temperature. The results obtained

from these two equations are shown below in Table 4.

Results from the equation based on the gradient of the clinopyroxene limb of the
Ca-Fe-Mg pyroxene slope of Kretz (1982):

Sample 1413B Sample 1402C
753 783

760 779

760 761

699

722

783

Results from the equation based on the temperature dependence of the Fe- Mg
distribution coefficient of Kretz (1982):

Sample 1413B Sample 1402C
757 739

782 776

774 733

719

783

806

Table 4. Temperature results from the two equations of Kretz (1982).

The method of Lindsley (1983) yielded the results shown below in Table 5.

Results from the method of Lindsley
(1983):

Sample 1413B Sample 1402C

750 680

740 700

740 600

720

800

Table 5. Temperature results from the method of Lindsley (1983).

Mizuno and Miyano (1999) interpreted the results obtained from the methods of
Wells (1983) and Wood and Banno (1973) as inaccurate. The temperatures obtained from

these two methods are shown below in Table 6.
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Results from the method of Wells | Results from the method of Wood and Banno
(1983) (1973)

Sample 1413B Sample 1402C Sample 1413B Sample 1402C

878 900 875 864

882 899 876 861

879 879 873 849

845 851

859 864

891 887

Table 6. Temperature results from the methods of Wells (1983) and Wood and Banno
(1973).

Mizuno et al. (1999) described the petrography of partially melted orthopyroxene-
bearing metapelites sampled close to Steelpoort. The sampled orthopyroxene-hornfels
occur in the Vermont Formation less than 1.5 km from the contact with the BIC. These
rocks were found to occur close to the 700 °C isotherm of Sharpe and Chadwich (1982) and
to plot within the cordierite/sillimanite hornfels zone of Hammerbeck (1986). They
reported that the hornfels sample, 1401B, contains poikiloblasts of orthopyroxene up to 5
mm in diameter that are often rimmed by K-feldspar. This was interpreted to signify biotite
having reacted to orthopyroxene and K-feldspar. They also reported on the mineralogy of
the leucocratic samples 1305B, 1306A and 1306B. Sample 1305B contains biotite, K-
feldspar, quartz, plagioclase, Fe-Ti oxides and/or cordierite, as well as hornblende of lesser
proportions. The core and outer shell of sample 1306A can be mineralogically
differentiated- the core consisting mainly of K-feldspar, quartz, plagioclase and biotite, and
the outer shell mainly of K-feldspar, biotite, orthopyroxene and cordierite. Sample 1306B
was collected from the same location as 1306A and contains orthopyroxene, biotite,
plagioclase and minor K-feldspar. Mizuno et al. (1999) also analysed their samples’
chemistries. Based on the Mg-contents of the orthopyroxene-biotite assemblages, they

concluded that melting had occurred under conditions of high water activity.

Further research on xenoliths of the BIC was performed by Buick et al. (2000).
They gave evidence that xenoliths from the Rustenburg Layered Suite were metasomatised
after peak-metamorphism, at 2059 + 1.1 Ma, by 600-700 °C retrograde fluids. They
inferred that these fluids were in near-equilibrium with the mafic rocks of the Rustenburg
Layered Suite, with regards to oxygen-isotopic compositions. It was also found that with

increasing metamorphic grade: a) marbles within the aureole show roughly 5-10 %o
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lowering in oxygen-isotope concentrations, and b) mineral assemblages were chemically
buffered to higher concentrations of carbon dioxide (with the exception of the highest
metamorphic grades). They interpreted their findings to generally suggest variable fluid
flow produced by devolitilisation of metapelites sufficiently close to the Rustenburg
Layered Suite. Finally, they also inferred the pre-existence of a fluid with limited
occurrence, low *®0 values and compositions in equilibrium with the Rustenburg Layered

Suite, which occurred in fault-zones within the aureole.

Kaneko et al. (2000) investigated the microstructures and mineral-chemistry of
silicates of Timeball Hill metapelites, with a focus on pseudomorphs and ghost structures.
Their study area covered most of the portion of the eastern Bushveld aureole that occurs
somewhat north of Burgersfort. They found that the metapelites that contain pseudomorphs
and ghost structures typically contain the following mineral assemblages:

biotite + andalusite + staurolite + muscovite + quartz

* chlorite + garnet + plagioclase.

It was discovered that pseudomorphs and ghost structures in andalusite and staurolite are
restricted to the Timeball Hill Formation in their study area. It was also reported that in the
hornfelses containing poikiloblastic andalusite, or poikiloblastic staurolite, the ghost

structures are restricted to the poikiloblasts.

In the samples that Kaneko et al. (2000) studied, various forms of andalusite are
present, e.g. xenoblasts, idioblasts and subidioblasts. They reported that poikiloblastic
andalusites were found to contain inclusions of quartz, muscovite, biotite, garnet, staurolite,
chlorite and opaque minerals. Staurolite was found to occur in poikiloblastic to idioblastic
forms and the minerals included in poikiloblastic staurolite was reported as mainly quartz
and ilmenite, with minor plagioclase, biotite and garnet. Biotite was reported to occur in
xenoblastic to subidioblastic forms and to contain inclusions of quartz, muscovite,
plagioclase, ilmenite and zircon. In some of the samples garnet and chorite were identified.
Garnet occurs in idioblastic to subidioblastic forms and was found to mainly overgrow
biotite, staurolite and chlorite. For chlorite they reported idioblastic to subidioblastic forms,
and that it overgrows biotite, though only seldom. Lastly, muscovite was found to occur as
a) acicular or tabular grains in many hornfelses’ matrixes, b) tabular poikiloblasts that

cover biotite, and c) lath-shapes in some ghost structures and matrixes.
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Studying the mineral chemistries of the silicates in their samples, Kaneko et al.
(2000) found andalusite to have uniform compositions, with no compositional variation
between portions of poikiloblasts that are inclusion-rich and portions that are inclusion-
poor (which contain ghost structures). They reported that biotite shows no compositional
zoning, nor any difference in composition between biotites in matrix, ghost structures or
pseudomorphs. Similar to biotite, chlorite was found to display no compositional zoning.
Garnet did display compositional zoning, with cores enriched in Fe and Mn, and rims

enriched in Mg and Ca.

Kaneko et al. (2000) concluded that the pseudomorphs and ghost structures in their
samples had formed simultaneously with andalusite and stuarolite poikiloblasts, and at the
expense of Al-bearing minerals. They also concluded that biotite was the most likely

precursor to the pseudomorphs and ghost structures in the metapelites that they studied.

Pitra and De Waal (2001) gave evidence of two-stage metamorphism being
preserved in metapelites of the Marble Hall Fragment. The first stage reflects conditions of
550-600 °C at 0.15-0.25 GPa. This was determined by the construction of average P-T
diagrams and P-T pseudosections in THERMOCALC in the KFMASH + H,0O system for
the inferred assemblages andalusite + cordierite + biotite + quartz + garnet. The second
stage, which they interpreted as reflecting peak-conditions >720 °C at similar pressure, was
determined by P-T and T-X pseudosections constructed in THERMOCALC from inferred
garnet + cordierite + biotite + K-feldspar + quartz and sillimanite + cordierite + K-feldspar
+ quartz assemblages as well as quartz under-saturated cordierite-spinel symplectites. The

T-X pseudosections were constructed for 0.20 GPa.

Waters and Lovegrove (2002) reported that metapelites of the inner aureole located
near Burgersfort were metamorphosed at ~3 kbar, as indicated by the following inferred

reactions:
And = Sill
Ms + Qtz = Ksp + And/Sill + H,O
Ms + Bt + Qtz = Crd + Ksp + H,0O

Bt + And/Sill + Qtz = Crd + Ksp + H,0,
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which give a pressure of 3.0 = 0.5 kbar. They also reported that metamorphic

temperatures >700 °C are recorded near the contact close to Penge.

Harris et al. (2003) gave evidence that metapelites collected around the eastern limb
of the BIC were partially melted >700 °C. This was based on a PT-pseudosection which
included the H,O saturated pelite solidus of Le Breton and Thompson (1988), the
muscovite dehydration reaction of Pati o Douce and Harris (1998), the biotite-sillimanite-
plagioclase-quartz dehydration solidus of Le Breton and Thompson (1988) and isopleths of

Holtz and Johannes (1991) for approximate melt fractions.

Johnson et al. (2003) calculated temperatures of 750 °© £ 100 °C, 600-650 °C and
650-800 °C for garnet-bearing granofels, lower-grade metatexites and granofels together
with diatexites, respectively, for areas around Steelpoort and Burgersfort. The temperature
results for the garnet granofels were obtained by the application of garnet-cordierite Fe-Mg
thermometry for which the dataset of Holland and Powell (1998) was used. The results for
the lower-grade metatexites and the granofels and diatexites were inferred from the
concentrations of Na in cordierite crystals. Johnson et al. (2003) advocated peak
metamorphic temperatures of ~680-690 °C for lower grade migmatites and of ~720 °C for
higher grade migmatites from their study area. These judgments were based on their
conductive heating model and T-X pseudosections at 3kbar in the NCKFMASH system
using THERMOCALC. Furthermore, they also determined pressures of 3.5 + 1.5 kbar for
the rocks they studied. To this ends they used the dataset of Holland and Powell (1998) and

the program AX (to determine activities of end-members).

Buick et al. (2004) performed an experimental study on a medium- and a high-
grade hornfels sample of the Bushveld Complex aureole, respectively. The high-grade
sample that was used was collected close to Burgersfort and the medium-grade sample -
somewhat north-west of Lydenburg. It was found that the lower grade sample, containing
roughly 4.4 weight% H,0, achieved about 50-65 % partial melting at temperatures 750 °C.
The higher grade sample, containing roughly 1.2 weight% H,O, only showed such high
levels of partial melting at 1000 °C. Both experiments were performed at 3 kbar of pressure.
They interpreted the results to imply that highly restitic metapelites, as do occur in the
aureole, can be explained by sufficiently rapid heating of relatively highly-hydrated pelites.
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After having constructed pseudosections in the MNNCKFMASHT system Johnson
et al. (2004) concluded that peak metamorphic conditions >720 °C and around 3 kbar, as
well as retrograde diapiric rise which had passed through conditions of 1.5-2 kbar at

temperatures >700 °C, is recorded in the Phepane dome rocks north of Burgersfort.

Kaneko et al. (2005) calculated metamorphic conditions for a number of rocks
around the Burgersfort area. They calculated pressures by applying the garnet-
aluminosilicate-plagioclase-quartz (GASP) barometer, modified to be applied on rocks
metamorphosed in the stability field of andalusite according to the method of Kaneko and
Miyano (1990). For samples for which the GASP barometer was not applicable they
inferred pressures from calculated pressure values at other stratigraphic levels, by pressure
conversions from stratigraphic corrections using the average Pretoria Group density data
(2.75 glem®) of Molyneux and Klinkert (1978). Their resulting pressure estimates at the
contact between the Bushveld Complex and its floor rocks were 0.146 and 0.166 GPa in the
Burgersfort and Penge areas, respectively. They also applied the petrogenetic grids of
Pattison et al. (2002) which they reported as applicable to the metapelites of the Silverton
Formation and obtained rough pressure estimates of 0.15-0.25 and 0.22-0.31 GPa for the
Lydenburg Shale and Boven Shale Members, of the Silverton Formation, respectively.
Applying orthopyroxene-cordierite (Sakai and Kawasaki, 1997) and orthopyroxene-biotite
(Mizuno, 2000) thermometry they calculated temperature estimates of 750-805 °C and 755-
820 °C, respectively, for a sample collected < 10 km roughly northeast of Burgersfort
containing the paragenesis bt + crd + opx + kfs + plg + gtz, assuming a pressure of 0.15
GPa. By garnet-cordierite thermometry (Kaneko and Miyano, 2004) they obtained
temperature estimates of 740-790 °C for a sample collected <20 km southwest of
Burgersfort. Samples from three different locations <10 km from Penge produced
temperature estimates of 550-595 °C by garnet-biotite thermometry (Kaneko and Miyano
2004). Applying this same thermometer and method they also calculated estimates of 635-
665 °C for a sample collected <20 km southwest of Penge and of 450-475 °C for a sample
collected <5 km north of Penge. Both temperature and pressure estimates could be
calculated for samples collected from two locations- one roughly 5 km west of Penge and
the other roughly 10 km southwest of Penge. Conditions of 570 + 20 °C and 0.24 + 0.04
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GPa, for the former location and of 600 + 30 °C and 0.21 + 0.03 GPa for the latter were
obtained.

In summary, when the literature is consulted concerning the pressures that prevailed
during the formation of the Eastern Bushveld Complex aureole, widely divergent results
are encountered. Ignoring xenoliths, these results range from 1.5 kbar (Kaneko et al., 2005)
to 5.5 kbar (Sharpe, 1982). There is also a trend with regards to how long ago the studies
were performed. The studies performed before 1992 tend to have produced pressure
estimates in the region 5 kbar (Von Gruenewaldt, 1991, Sharpe, 1982 and Hulbert and
Sharpe, 1981), while the majority of research conducted after these tended to produced
more conservative pressure estimates, typically in the region of 3 kbar (Uken, 1998, Waters
and Lovegrove, 2002, Johnson et al., 2003, Johnson et al., 2004, Kaneko et al., 2005).
Finally, it is noteworthy that the work of Kaneko et al. (2005) provides evidence that the
pressures of peak metamorphism increase with distance from the contact of the aureole
with the Rustenburg Layered Suite (i.e. with stratigraphic depth). The studies that produced
pressure- and/or temperature data are tabulated in Table 7 and their results largely
illustrated in Fig. 3. Furthermore, the geographic distribution of pressure- and temperature
estimates, together with simplified geology and metamorphic facies in the study area, are
shown in Fig. 4.
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PRESSURE TEMPERATURE METHOD AUTHOR LOCATION
(kbar) (°C)
2.1-4.2* 700-750# Inferred from presence of akermanite, | Willemse (1959) | Steelpoort area
monticellite and wollastonite
1.0-2.0 500-530, + 10 PT-grids Human (1975) Havercroft-Streatham andalusite
deposit (near Penge)
<25 530-630 PT-grids Engelbrecht North-east of Zeerust
(1976)
A) 5.3, B) 53, | A) 500, B) 710, C) | The pressure estimates were based on the | Hulbert and | Study area covered most of the
C)5.2,D)5.2,E) | 530, D) 700, E) | equilibria: 1) plagioclase = garnet + | Sharpe (1981) Eastern Bushveld Complex aureole.
45and F) 4.0 1200# and F) 600 sillimanite + quartz (Ghent, 1976 and A) somewhat east of Burgersfort: S
Schmid and Wood, 1976) and 2) 24.69° E 30.49°, B) somewhat east of
cordierite = garnet + sillimanite + quartz Burgersfort: S 24.65° E 30.41°, C)
(Wood and Fraser, 1976). The roughly 40 km north-northwest of
temperature estimates were obtained from Burgersfort: S 24.34° E 30.20°, D)
biotite-garnet pairs and cordierite-biotite roof rocks west of Burgersfort: S
pairs. 24.77° E 30.10°, E) west-northwest
of Lydenburg: S 24.98° E 30.13° and
F) roughly 48 km north of Belfast: S
25.26° E 30.09°
3.5* 535 and 589 | Garnet-clinopyroxene thermometry Sharpe and | On farms  Klipbankspruit and
respectively Fortsch (1981) Houtenbek near Belfast
A) 5.2, B) 53, | A) 500, B) 700, C) | Same methods as those employed by | Sharpe (1982) Large area surrounding Burgersfort.
C)55,D)5.2,E) | 705, D) 533, E) | Hulbertand Sharpe (1981) A) west of Burgersfort B) at
4.5#, F) 4.5# and | 1150#, F) 1150# and Burgersfort C)  south-west of
G) 35 G) 575 Burgersfort D) north-northwest of
Burgersfort E) west-northwest of
Burgersfort F)  south-west  of
Burgersfort and G) south-west of
Lydenburg near Dullstroom
1.5 (first stage) | ~750 (first stage) and | Garnet-biotite ~ thermometry,  garnet- | Nell (1984) North of Potgietersrus
and 4-5 (second | 850-900 (second | cordierite thermometry, garnet-
stage) stage) orthopyroxene thermometry, two-

pyroxene thermometry, cordierite-spinel
thermometry,  garnet-cordierite  ion-
exchange barometry, a geobarometer
centred on the reaction: ferrosilite =
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fayalite + quartz, according to the work of
Bohlen and Boettcher (1981) and Berg
(1977 b), the assemblage olivine +
cordierite + orthopyroxene + spinel,
utilizing the work of Hsu and Burnham
(1969), Schreyer (1976), Lal and Seifert
(1979), Frost (1979) and Abraham &
Schreyer (1973), garnet-orthopyroxene
barometry, Ca-Tschermaks molecule -
plagioclase — quartz barometry, the
assemblage cordierite  + spinel +
corundum + sillimanite according to the
method of Wells and Richardson (1979)
and the assemblage cordierite + spinel +
quartz according to the method of Harris
(1981).

A) 42, B) 44| A) 720, B) 740 and Nell (1985) North of Potgietersrus: A) S 24.08° E

and C) 4.6 C) 680 28.97°, B)S 24.10° E 28.98° and C) S
24.12° E 28.98°

4.2-4.3 615-789 The geothermometry was based on the | Engelbrecht Near Nietverdiend (adjacent to

equilibrium: phlogopite + almandine =
annite + pyrope according to the methods
of Thompson (1976), Holdaway and Lee
(1977) and Ferry and Spear (1978). The
barometry was based on the equilibrium
cordierite + hypersthene = garnet + quartz
according to the method of Hensen and
Green (1973).

(1986)

western-most limb of BIC)

<2.5 assumed for
metapelite
temperature
estimate

>650 and 470-530,
respectively, for
metapelites and calc-
silicates of  the
Crocodile River
Fragment

Temperature estimates of metapelites
were based on the assemblages 1)
muscovite, quartz, chlorite and K-feldspar
and 2) andalusite, biotite, muscovite and
quartz and based on the work of Evans
(1965) and Winkler (1976), while
temperature estimates for calc-silicates
were based on the reactions 1) 3 dolomite
+ 4 quartz + H,O = 1 talc + 3 calcite + 3

Hartzer (1987)

Crocodile River Fragment (western
BIC)
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CO, and 2) 5 talc + 6 calcite + 4 quartz =
3 tremolite + 6 CO,+ 2 H,0 as based on
the work of Winkler (1976).

0.6-1.6 #
1.1-24#

and

>1200 #

Based on the assemblages: calcite
akermanite + monticellite, calcite
forsterite + monticellite, akermanite
diopside + monticellite and diopside
forsterite + monticellite and calcite
periclase + monticellite, merwinite +
akermanite + monticellite and forsterite +
periclase + monticellite, as well as
forsterite exsolution in monticellite and
dehydroxylated Ba-rich phlogopite.

+ + + + +

Wallmach et al.
(1989)

Near Steelpoort

2.1-3.2

646-760

The barometric results were obtained
from orthopyroxene-garnet-cordierite-
biotite-plagioclase-quartz assemblages by
applying the research of Bowlen et al.
(1983), Newton and Perkins (1982),
Perkins and Chipera (1985) and Powell
and Holland (1988). The temperatures
were based on garnet-biotite and garnet-
cordierite pairs.

Engelbrecht
(1990)

Near Nietverdiend (adjacent to the
western-most lobe)

2.0 and 2.3 (for
the shallower
stratigraphic
level) and 2.6
kbar (for the
deeper level)

560-570 the
shallower
stratigraphic
and 540 (for

deeper level)

(for

level)
the

The pressure estimates were based on the
equilibrium: anorthite = grossular +
andalusite + quartz according to the
method of Newton and Haselton (1981),
while the temperature estimates were
based on garnet-cordierite  Fe-Mg
exchange thermometry (not applicable to
the deeper level) and the equilibria
almandine + phlogopite = pyrope + Fe-
cordierite according to the method of
Hodges and Spear (1982).

Kaneko et al.
(1990a)

Near Penge

550-650 (for the
formation of fibrolite

Based on fibrolite's regional distribution
and the work of Kaneko and Miyano

Kaneko et al.
(1990b)

Eastern Bushveld Complex aureole.
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in the Bushveld
Complex aureole)

(1990).

1) ~45, 2) -, 3) | 1) ~750, 2) 750-800, | 1) Based on mineral assemblages of | Von 1) Steelpoort Pericline, 2)
~4.5,4) 2.5-3.5#, | 3) ~650, 4) 1200- | garnet-biotite schists, orthopyroxene- | Gruenewaldt Witgatboom, 3) at Dresden, near
and 5) ~5 1300*#, and 5) 520- | biotite-garnet hornfelses and forsterite- | (1991) Burgersfort, 4) near Burgersfort and
540 diopside marbles, 2) -, 3) metamorphic 5) north of Havercroft Mine
grids, 4) based on the reaction:
akermanite + forsterite + calcite =
monticellite + CO,, and 5) Garnet-biotite
thermometry and the reaction of Ghent
(1976) 3CaA|ZSI208 = Ca3A|25i3012 +
2Al1,SiOs + SiO,.
- 800 Based on index minerals and mineral | Hartzer (1994) Crocodile River Dome, Rooiberg
assemblages. Fragment, Dennilton Dome, Marble
Hall Dome and Stavoren Fragment
(eastern BIC)
<15# 1100-1200 # Based on the reactions: 1) calcite + | Wallmach et al. | Close to Roossenekal and north-west

diopside = akermanite + CO, and 2)
calcite + forsterite + akermanite =
monticellite + CO,, experimental research
by Otto and Wyllie (1993), lack of
complete melting and the likelihood that
the Upper Zone xenoliths had reached
similar peak temperatures than those of
the Critical and Marginal Zones.

(1995)

of Steelpoort, respectively

2.8-3.2 (based on
PT-grid) and 3.2-
4.8 (based on
staurolite-garnet
barometry)

535-563 (based on
PT-grid) and
460-619 (based on
biotite-garnet and
garnet-cordierite
thermometry)

Temperatures based on garnet-biotite and
garnet-cordierite Fe-Mg exchange
thermometry. Pressure estimates were
produced by garnet-staurolite barometry
based on the reactions: 1) Fe-garnet +
Mg-staurolite = Mg-garnet + Fe-staurolite
and 2) staurolite + quartz + muscovite =
biotite + garnet + AI2SiOs + H,O and
also with utilization of the petrogenetic
grid of Dymoke and Sandiford (1992).

Uken (1998)

Northern portion of the eastern
Bushveld aureole. The study area lies
between 24°08' - 24°30' south and
29°30' - 29°08' east and

1.8* (though a
pressure of 5

700-780

Two-pyroxene geothermometry
according to the methods of Kretz (1982),

Mizuno and
Miyano (1999)

Just south-east of Steelpoort and just
northwest of Burgersfort
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kbar was Lindsley (1983), Wells (1977) and Wood
assumed for the and Banno (1973).
thermometry
done according
to Lindsley
(1983))
1.5-2.,5 (first and | 550-600 (first stage) | P-T diagrams, P-T pseudosections in the | Pitra and De | Marble Hall Fragment
second stage) and >720 (second | KFMASH + H,O system using | Waal (2001)
stage) THERMOCALC and T-X pseudosections
using THERMOCALC.
3.0+£05 - Pressure estimate based on the reactions: | Waters and | West of Penge: M32) S 24.31° E
1) And = Sill, 2) Mu + Q = Ksp + | Lovegrove 30.20°, M33) S 24.36° E 30.25° and
And/Sill + H,0, 3) Mu + Bi + Q = Cd + | (2002) DLB-9) S 24.37° E 30.26°
Ksp + H,0 and 4) Bi + And/Sill + Q = Cd
+ Ksp + H,0O
- >700 Based on a PT-pseudosection which | Harris et al. | Eastern Bushveld Complex aureole
included the H,O saturated pelite solidus | (2003) (samples scattered from close to
of Le Breton and Thompson (1988), the Lydenburg up to northern limits of
muscovite dehydration reaction of Pati o Eastern Bushveld Complex aureole).
Douce and Harris (1998), the biotite- $24°21044' E30°06137";
sillimanite-plagioclase-quartz dehydration $24°13818' E30°49¢507";
solidus of Le Breton and Thompson $24°00-043' E30°13¢731";
(1988) and isopleths of Holtz and S24°55¢905' E30019¢762";
Johannes (1991) for approximate melt S24°58+627" E30022881";
fractions. $24°424385' E30°20+893;
$24°38762' E30022+475",
$24°37223' E30°20+990";
$24°38518' E30°19+424",;
$24°20287" E30°03+036";
$24°18298' E30°00-178";
$24°18702' E30°39+312";
$24°13818' E30°49+507",;
$24°21+044' E30°06+137";
S24°21+647" E30°05+615'
35+15 750 + 100, 600-650 | The temperature estimates for the garnet | Johnson et al. | Around Steelpoort and Burgersfort
and 650-800 (for | granofels were obtained by garnet- | (2003) and further north near northern limit
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garnet-bearing cordierite  Fe-Mg thermometry, the of eastern limb. Metatexites:
granofels, lower- | second and third set of temperature S$24°37+35' E3002107" and
grade metatexites and | results were  obtained from the S§24°3731"' E30°21+03', leucosomes:
granofels together | concentrations of Na in cordierite crystals S$24°19¢47" E30°02+68' and
with diatexites, | and the latter two sets (those for lower S§24°2156' E30°4257' and diatexite:
respectively) as well | and higher grade metatexites) were S24°2156' E30°42+57"
as ~680-690 and | obtained from conductive heat modelling
~720 (for lower grade | and T-X pseudosections at 3 kbar using
migmatites and | THERMOCALC. The pressure estimate
higher grade | was also obtained with the use of
migmatites, THERMOCALC.
respectively)
3 (first stage) | >720 (first stage) | Pseudosections in the MNNCKFMASHT | Johnson et al. | Phepane Dome north of Burgersfort
and 15-2 | and >700 (second | system constructed through the use of | (2004)
(second stage) stage) THERMOCALC
1) 0.146 and | A) 750-805, B) 755- | For pressure estimates at contact the | Kaneko et al. | Burgersfort area and most of the
0.166 GPa | 820, C) 740-790, D) | garnet-aluminosilicate-plagioclase-quartz | (2005) Eastern Bushveld Complex aureole
(pressure 550-595, E) 635-665, | (GASP) barometer, or stratigraphic north of Burgersfort. Pressure
estimates for | F) 450-475, G) 570 £ | pressure correction coupled with GASP estimates: 1) -, 2) -, 3) S 24.36° E
contact); 2) 0.15- | 20 and H) 600 + 30 barometer data, was wused. Pressure 30.23° and 4) S 24.42° E 30.18°.
0.25 and 0.22- estimates for the Lydenburg Shale and Temperature estimates: A&B) S

0.31 GPa (for the
Lydenburg Shale
and Boven Shale
Members,
respectively); 3)
0.24 + 0.04 GPa
4) 021 + 0.03
GPa

Boven Shale Members were obtained
from the petrogenetic grid of Pattison et
al. (2002). For the other two pressure
results the method used is unknown. For
temperature  estimates  A-X: A)
orthopyroxene-cordierite thermometry, B)
orthopyroxene-biotite thermometry, C)
garnet-cordierite thermometry, D,E&F)
garnet-biotite thermometry and G&H)
unknown.

24.74° E 30.38°, C) S 24.90° E
30.19°, D) T-range corresponds to
that of three samples at locations: S
24.43° E 30.28°; S 24.36° E 30.21°
and S 24.40° E 30.26°, respectively,
E) S 24.48° E 30.16° F) S 24.33° E
30.28°, G) S 24.36° E 30.23° and H)
S 24.42° E 30.18°

Table 7. Summary of all reviewed geothermobarometry on the Bushveld Complex aureole. In the pressure and temperature columns values

with stars represent assumed values and values with hashes were obtained for xenoliths.
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Fig. 3.

PT-diagram with geo-
thermobarometric results from

the reviewed studies. Diagram

excludes all results obtained
from  xenoliths and all
temperature  estimates that

could not be paired with
pressure estimates, and vice
versa. For the graphed results
of Human (1975), Johnson et
al. (2003) and Kaneko et al.
(2005) errors were added to
graphed results (e.g. 3.5 £ 1.5
kbar was graphed as 2-5 kbar).
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facies and pressure- and temperature estimates from the literature (Mavimbela, 2012).
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CHAPTER 3

METHODOLOGY

For the purpose of this study samples of metapelites from varying stratigraphic
positions were collected during 2008 and 2009 over a large portion of the eastern
Bushveld Complex aureole. These samples were collected using five pound- and
geological hammers. Coordinates of sampling were noted using hand-held GPS devises.
During the sampling in 2009 strike and dip measurements were taken at numerous

locations during fieldwork. In total roughly 150 samples were collected.

Polished thin-sections were prepared for a selection of 30 samples. These had
been chosen according to their classification, their state of weathering and, when possible,
their mineralogies. After studying the thin sections under polarised microscope, a further
selection of samples, namely samples DM08-06, DM08-07, DM08-09, DM08-12, DM08-
13, DM08-14, DM08-16, DM08-52, DM08-53, DM08-54, DM08-56, DM08-58, DMO08-
62, DM08-63, DY09-18A, DY09-18B, DY09-40, DY09-54, DY09-56, DY09-60A,
DY09-60B, DY09-66, DY(09-82, DY09-86B and DY(09-87, was chosen for analyses of
bulk-rock compositions by X-ray fluorescence spectroscopy (XRF). These samples were
chosen according to the variance of their identified mineral assemblages (assemblages
with low variance were primary targets), the state of weathering visible under polarised
microscope and in some cases the textural relationships between phases. For the XRF
analyses the samples were ground to <75 m in a Tungsten Carbide milling vessel,
roasted at 1000°C to determine Loss On Ignition values and after adding 1g sample to 6g
Li,B4O7 fused into glass beads. The major element analyses were executed on the fused
beads using an ARL9400XP+ spectrometer.

Pseudosections for all samples analysed for bulk-rock composition were then
constructed in the MNNCKFMASHT system using PERPLEX. The pressure-temperature
window used in the modelling was 500 - 700 °C and 1000 — 5000 bar. The solid solution
phases that were modelled were St(HP), Chl(HP), Opx(HP), TiBio(HP), Gt(HP), Ep(HP)
Ctd(HP), IIGHPy and hCrd of Holland and Powell (1998), melt(HP) (Holland and Powell,
2001), feldspar (Furman and Lindsley, 1988) and Mica(CH2) (Coggon and Holland,
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2002). A few samples were also modelled in the NCKFMASHT system in an attempt to
circumnavigate certain modelling difficulties. In all modelling water was assumed to be

in excess as the assemblages were below the onset of partial melting.

For a selection of five samples, namely DM08-52B, DY 09-54, DY 09-56, DY 09-
82 and DY09-87, mineral chemistries had been measured by wavelength dispersive
spectrometry. The selection criteria for these samples had been that they contain high
variance mineral assemblages and that they had to have shown promising results from
early modelling. Major element compositions of minerals in these samples had been
analysed using a CAMECA SX-100 electron microprobe at the University of Pretoria, at
an accelerated voltage of 15 kV and a beam current of 20 nA. Element concentrations
were determined from relative peak intensities using the internal PAP-correction software
of Pouchou and Pichoir (1991). Fe** concentrations were calculated by stoichiometric

criteria using the method of Droop (1987).

Isopleths were then constructed for all samples that had been analysed for mineral
chemistries and that had pseudosections with fields matching those identified under
optical microscope. Isopleth data was then compared to analysed mineral chemistries.
Where isopleths showed overlap with analysed mineral chemistries and cut through
relevant assemblage fields in constructed pseudosections isopleth data was used to further

refine pressure and temperature estimates of peak metamorphism.

For the interpretation of P-T estimates and of isopleth modelling it was attempted
to quantify the errors implicit to the modelling. This was done as follows. The standard
deviation of XRF data was propagated through the modelling for both pseudosections and
isopleths. This was done by adding the standard deviation values (of XRF data) to
thermodynamic component compositions in the relevant files produced though
“puild.exe” and then re-modelling the relevant pseudosections and isopleths. Errors were
then quantified by comparing these pseudosections and isopleths to the originals at a
number of arbitrary pressures and temperatures. Furthermore, errors originating from
errors on the enthalpies of formation of phases in the Holland and Powell (1998) dataset

were also propagated through the modelling. This was done by subtracting the errors on

46



the enthalpies of formation from the relevant values in “hp02ver.dat” and then re-
modelling the relevant pseudosections.

Pressure-estimates obtained from the constructed pseudosections were converted
to depths during peak metamorphism. These depths were then related to the Rustenburg
Layered Suite, in terms of structural and spatial relations.
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CHAPTER 4

PETROGRAPHY

The following mineral abbreviations will be encountered in the remainder of the
text: bi = biotite; mu= muscovite; q = quartz; pl = plagioclase; st = staurolite; g = garnet;
and = andalusite; sill = sillimanite; ilm = ilmenite; tml = tourmaline; ctd = chloritoid; ru =

rutile.

DMO08-06

Minerals present: bi + mu + tml + g + pl + ilm. Biotite and quartz are the most
abundant minerals in the sample. Biotite seems to display a preferred orientation,
although some grains have a decussate texture. Biotite often appears acicular along the
the thin section’s surface. llmenite is sparse and most commonly relatively equant. The
majority of ilmenite grains had c-axes smaller than 200 m in length. Muscovite crystals
tend to have larger grain sizes than biotite. The latter typically having maximum

diameters of around 100 m. A granoblastic texture dominates, although a few 120° grain

boundaries are present.
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Fig. 5. Photomicrograph of sample DM08-06 under crossed polars with 1000 m scalebars.
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DMO08-07

Minerals present: bi + ilm + tml + pl + g + mu. Biotite and quartz are the most
abundant minerals in the sample. As in DM08-06 muscovite crystals tend to be of larger
grains sizes than biotite. Ilmenite is very sparse and tends to be relatively fine grained
with the majority of ilmenite grains having maximum diameters below 100 m. A
granoblastic texture dominates, although a very few 120° grain boundaries are present, as

is the case with certain biotite grain boundaries.

Fig. 6. Photomicrograph of sample DM08-07 under crossed polars.

DMO08-08

Minerals present: bi + ilm + tml + pl + g + mu. Biotite and quartz are the most
abundant minerals in the sample. As in DM08-07 certain biotite grains display decussate
texture and muscovite crystals are on average of larger grains sizes than that of biotite.
The majority of ilmenite grains have maximum diameters below 100 m and are of

equant shape. A granoblastic texture dominates the sample.
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