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Abstract 

 

Chromitite bifurcations hosted within, but not limited to, the Upper Group 1 (UG1) chromitite 

layer in the Critical Zone of the Bushveld Complex are one of the most enigmatic geological 

features encountered. Several researchers have attempted to develop models explaining how 

these bifurcations could have been formed. Most of these studies were heavily based on field 

observation with little to no geochemical data to support their findings. In this study, samples 

of an exposure of chromitite bifurcations from the UG1 chromitite at Shaft No.11 of Impala 

Platinum Limited in the Western Limb of the Bushveld Complex were utilised to perform 

petrographic and geochemical work including Sr-isotopic determinations on plagioclase.  The 

geochemical data collected, along with field observations, were used to develop a conceptual 

model explaining the development of the bifurcations. 

 

Four sample cuts (D, C, B, and A) across the anorthositic footwall of the UG1 chromitite, each 

with a width of 10 cm and varying lengths were sampled from the study area using a diamond 

saw. The sample cuts represent vertical transects across a set of bifurcating chromitite layers, 

taken approximately 1 m apart, on the northern side of the approximately 40 m section. Thirty-

four polished thin sections were made representing all the sample cuts. The polished thin 

sections were studied petrographically with an Olympus BX51 microscope. Electron 

microprobe analyses were carried out to obtain the compositions of chromite and plagioclase 

crystals from the samples, and Laser Ablation Multi -Collector Inductively Coupled Mass 

Spectrometry was used to obtain in-situ isotopic compositions of the plagioclase crystals. 

  

Plagioclase in the anorthosite layers exhibits very little variation in An% with average values 

of 75.10 ± 3.27, 74.26 ± 1.93, 75.10 ± 3.27 and 73.85 ± 1.89 for sample cut D to A, respectively. 

Plagioclase in the chromitite layers reveals much more significant variation in An% with 

average values of 70.69 ± 14.15, 78.16 ± 15.26, 56.49 ± 33.13 and 55.50 ± 36.68 for sample 

cuts D to A, respectively. The in-situ plagioclase isotopic composition reveals that the initial 

87Sr/86Sr ratios of plagioclase in anorthosite show very little variation both vertically and 

laterally through sample cuts A to D, with an average value of 0.7062 and individual layers 

that are generally within error compared to adjacent layers. Most chromitite layers also display 

87Sr/86Sr ratios that are comparable to those observed in the anorthosite, although some of the 
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thicker layers returned values that are more radiogenic, e.g., the bottom thick layer in sample 

cut A, which returned values on the order of 0.709 ï 0.710. 

 

Taking into account the field relations along with the petrography and geochemistry of the 

study area, it is envisaged that the chromitite bifurcations in the study area were formed in the 

following stages:  

(1) Development of an irregular floor through the thermo-chemical erosion of the 

underlying anorthosite footwall. 

(2) The intrusion of chromite-rich slurry (mass balance requirement) as a basal flow 

resulted in thick chromitite layer deposition on an uneven surface. 

(3) Development of cyclic anorthosite and chromitite forming bifurcations. Pressure 

fluctuations (magma influxes, roof rupturing events, shock waves) permitted rapid 

transitions between the system's chromitite and plagioclase stability fields. A large 

reservoir of melt likely buffered compositional and isotopic changes. 

(4) The intrusion of a chromite-rich slurry led to renewed erosion and formation of the 

thick upper chromitite layer, with the thin chromitite layers now appearing as offshoots 

from the base of this layer. 

(5) Downward intrusion of slurry into rheologically weak zones led to the development of 

additional bifurcations. 
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1. Introduction 

 

The Bushveld Complex (BC) has been the focal point for many researchers, primarily because 

of its platinum group element (PGE) mineralisation and for many other enigmatic features 

observed within the complex over the past years. One of the most enigmatic features of the 

Bushveld Complex, and the focus of numerous investigations, is the chromitite bifurcations, 

the splitting and merging of chromitite layers observed in (but not limited to) the Upper Group 

1 (UG1) chromitite layer (Nicholson, 2020; Nex, 2004). The focus of this study will be the 

UG1 chromitite layer at Shaft No.11 of Impala Platinum Limited in the Western Limb of the 

Bushveld Complex (Figure 1), which exposes intricate chromitite bifurcations separated by 

anorthosite. 

 

Although numerous studies have been made on the formation of chromitite bifurcations by Lee 

(1981), Cawthorn (2003, 2015), Nex (2004), Voordouw et al. (2009), Mukherjee et al. (2017), 

Pebane & Latypov (2017), Nicholson (2020), and Maghdour-Mashhour & Hayes (2021) there 

remains a lack of consensus on how these enigmatic structures came to be. 

 

This study aims to contribute to our understanding of how chromitite bifurcations were formed. 

The objectives of this study were achieved through in-situ analysis of the Sr-isotopic 

compositions of in situ plagioclase in order to test for the involvement of isotopically distinct 

magmas in the genesis of bifurcating chromitites of the UG1 at Shaft No.11 of Impala Platinum 

Limited. The samples for the present investigation originate from the work of Nicholson 

(2020), who conducted a geochemical and petrological assessment of the bifurcated 

chromitites. The Sr-isotopic results were complemented by detailed petrographic studies on the 

chromitites and intervening anorthosites and the determination of mineral chemical variations 

across the interval in question.  

 

1.1 Geology of the Bushveld Complex 

The BC hosts the most extensive known layered intrusion on Earth and was emplaced into the 

rocks of the Transvaal Supergroup between 2058.9 and 2054.4 Ma (Zeh et al., 2015). The 

complex contains more than 70% of known global PGEs (Chitiyo et al., 2008; Li et al., 2004) 

and consists of the mafic-ultramafic rocks of the Rustenburg Layered Suite (RLS) at the base, 
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and the sheeted granitic rocks of the Rashoop Granophyre Suite and the Lebowa Granite Suite 

above it (Figure 1) (. Nex, 2004; Voordouw et al., 2009; Zeh et al., 2015).  

 
Figure 1: Geographical location of the Bushveld Complex and the location of the study area along with that of 

the Dwars River Locality (modified from Nicholson, 2020). 

 

The RLS intruded the sedimentary rocks of the Transvaal Supergroup. The intrusion was likely 

preceded by the eruption of the Rooiberg Volcanic Sequence and succeeded by the 

emplacement of the Rashoop Granophyre Suite and the Lebowa Granite Suite (Eales & 

Cawthorn, 1996; Zeh et al., 2015). The RLS covers an area of approximately 65 000 km2 and 

has a maximum thickness of approximately 7-9 km. It occurs horizontally within five limbs, 

viz. the Northern, Eastern, Western, Far Western, and South-eastern limbs. The South-eastern 

Limb does not outcrop as it is overlain by younger sediments, but its presence and approximate 
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extent are known from geophysical data and drill core material. The RLS has been further 

divided vertically into five zones extending laterally throughout the Bushveld Complex 

(Figure 2), viz. the Marginal (MZ), Lower (LZ), Critical (CZ), Main (MZ), and Upper zones 

(UZ), based on the petrological, mineralogical, and geochemical variations occurring vertically 

within the suite (Eales & Cawthorn, 1996; Voordouw et al., 2009; Scoon et al., 2017; Yao et 

al., 2021). 

 

The Marginal Zone, which occurs intermittently throughout the BC, constitutes the lowermost 

portion of the RLS and has a thickness of up to ~800 m and consists primarily of fine- to 

medium-grained norite, peridotite, and pyroxenite (Cawthorn & Walraven, 1998; Yao et al., 

2021) 

The Lower Zone has a thickness of approximately 900-1600 m and typically contains rocks 

such as dunite, harzburgite and pyroxenite. The distribution and thickness of this zone is 

typically controlled by the floor topography and structure, with the thickest section developed 

within the Olifants River Trough in the Eastern Limb, where the stratigraphy is made up of a 

basal feldspathic pyroxenite with minor harzburgite, overlain in turn by a lower pyroxenite, a 

harzburgite subzone, and an upper pyroxenite  (Cameron, 1978; Kiefer & Viljoen, 2006). 

 

The Critical Zone is approximately 1300 ï 1800 m thick and is subdivided into the Lower and 

Upper Critical Zone. The Lower Critical Zone (LCZ) has a thickness of 700 ï 800 m and 

consists primarily of orthopyroxenite. The LCZ hosts an average of 9 substantial chromitite 

layers, the Lower Group (LG1-LG7) and the Middle Group (MG1-MG2) chromitite layers. 

The Upper Critical Zone (UCZ) typically has a thickness of 520-1000 m and is distinguished 

by the presence of cyclic units and copious cumulus plagioclase, the latter which appears 

between the MG2 and MG3 chromitite layers at the base of an anorthosite layer. The cyclic 

units consist of ultramafic rocks (chromitite, and/or harzburgite, and/or pyroxenite) overlain 

by increasingly feldspathic rocks, beginning with norite followed by anorthosite (Maier et al., 

2013; Voordouw et al., 2009; Eales & Cawthorn, 1996). The UCZ contains approximately five 

significant chromitite layers, The Middle Group (MG3-MG4) and the Upper Group (UG1-

UG3) chromitite layers, with the UG3 occurring only in the Eastern Limb of the Bushveld 

Complex (Eales & Cawthorn, 1996). The UCZ is also well-known for its Platinum Group 

Element (PGE) mineralisation which occurs mainly in the economically significant Merensky 
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Reef and UG2 chromitite, as well as in the sub-economic Pseudo Reef (harzburgite) and 

Bastard Reef (pyroxenite)) (Kiefer & Viljoen, 2006; Maier et al., 2013). 

 

Figure 2: a) Generalized stratigraphy of the RLS with the different zones including the main thickness and the 

average depth of each division. b) Stratigraphy of the upper portion of the UCZ showing the position of the UG1 

in relation to the UG2, Merensky, and Bastard Reefs in the Western Limb of the Bushveld Complex (right) (Nex, 

2004; Smith et al., 2004; Clarke et al., 2009; Maier et al., 2013). 

a b 
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The Main Zone is the thickest of all the zones, with a thickness of 2000 ï 3000 m and occurs 

above the Bastard cyclic unit. It is composed mainly of massive norite and gabbronorite (Maier 

et al., 2013; Eales & Cawthorn, 1996). Layering within the Main Zone is not as well-developed 

as in the Critical Zone and it is also characterised by the absence of chromite and olivine. The 

Main Zone can be further divided into the Upper and Lower Main Zone (UMZ and LMZ), with 

the boundary defined by an ~3 m thick orthopyroxenite layer, the so-called Pyroxenite Marker, 

which records a significant reversal in initial Sr isotopic ratios (Molyneux, 1974; Mitchell, 

1990; Nex et al., 1998; Yao et al., 2021; Magson et al., 2023). 

 

The base of the 1000-2000 m thick Upper Zone of the RLS is marked by the appearance of 

cumulus magnetite. The zone hosts several magnetitite layers, up to 26 in the Western and 

Eastern limbs and 16 in the Northern Limb (Maier et al., 2013). The UZ has been divided into 

three subzones based on the cumulate mineral phases in this zone (Cawthorn & Walraven, 

1998; Maier et al., 2013; Eales & Cawthorn, 1996). The first subzone, A, is characterised by 

the presence of cumulus plagioclase, low Ca-pyroxene, and magnetite. Subzone B is 

recognisable by the emergence of olivine as a cumulus phase, along with cumulus plagioclase, 

low Ca-pyroxene, and magnetite. Lastly, subzone C is characterised by the appearance of 

cumulus apatite along with various large country-rock xenoliths (Maier et al., 2013). 

 

1.1.1 The Upper Group 1 chromitite layer (UG1) 

The UG1 chromitite layer is the fourth significant chromitite layer above the base of the UCZ 

(Figure 2). The UG1 typically comprises several chromitite layers interwoven with 

anorthosite, but it is also known to occur as a single layer in some areas. The chromite crystals 

encountered within the UG1 chromitite layer typically occur enclosed by oikocrystic 

plagioclase and orthopyroxene (Nex, 2004). The size of the chromite crystals varies depending 

on the abundance of interstitial silicates; crystals enclosed by silicates are often 0.1-0.2 mm in 

size. Chromitite crystals, where interstitial silicates are less, can be up to 2 mm in size (Nex, 

2004). 

 

The hanging wall to the UG1 chromitite layer consists of homogeneous pyroxenite with 

subsidiary interstitial feldspar. Towards the hanging wall's base, there are often euhedral 

clinopyroxene oikocrysts. Layered anorthosite and norite, with subsidiary pyroxenite and 

grading upward into a mottled anorthosite make up the immediate footwall of the UG1 

chromitite layer. The mottled anorthosite hosts clinopyroxene oikocrysts, which commonly 
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contain cores of remnant cumulus orthopyroxene with a corona of oikocrystic clinopyroxene 

to form the mottled appearance (Nex, 2004). 

 

The UG1 chromitite layer at the Dwars River Locality (DRL) on the Eastern Limb of the BC 

(Figure 1), hosts one of the most striking exposures of bifurcating chromitite layers persisting 

for 10 s of meters along strike (Voordouw et al., 2009; Pebane & Latypov, 2017). Unlike most 

underground exposures of the UG1 chromitite layer, at DRL it can be studied in 3-dimensions 

(Pebane & Latypov, 2017). For these reasons the DRL has received attention from numerous 

researchers (e.g. Cawthorn, 2003; Nex, 2004; Voordouw et al., 2009; Cawthorn, 2015; Pebane 

& Latypov, 2017). Pebane & Latypov (2017) documented that the bifurcating chromitite layers 

at DRL are characterised by the splitting of one chromitite layer into two or more layers. These 

thinner layers typically converge after a few centimetres to meters along strike forming 

anorthosite lenses. The complexity of the bifurcations varies from those made of 2 ï 3 

chromitite layers to those made up of up to 10 layers of chromitite (Voordouw et al., 2009). 

The chromitite layer from which these thinner layers emerge from or converge into has the 

same thickness to that of the combined thinner layers (Nex, 2004; Voordouw et al., 2009; 

Pebane & Latypov, 2017).  

 

1.2 Previous Studies 

The origin of chromitite bifurcations has been studied by numerous researchers (Lee, 1981; 

Cawthorn, 2003; Nex, 2004; Voordouw et al., 2009; Cawthorn, 2015; Mukherjee et al., 2017; 

Pebane & Latypov, 2017; Nicholson, 2020; Maghdour-Mashhour & Hayes, 2021), and little 

consensus regarding their formation currently exists.  

 

The first known study on chromitite bifurcations was published by Sampson (1932), who 

suggested that a residual melt, with a composition similar to that of chromite, intruded into 

weak points in the underlying anorthositic footwall (Pebane & Latypov, 2017). Lee (1981) 

argued a different mode of formation, suggesting that the density contrast between an overlying 

chromite-rich mush and underlying anorthosite was responsible for post-depositional 

deformation in the anorthosite (Figure 3a-b). The chromite-rich mush is envisaged to have 

collapsed and to have filled pre-existing fractures in the anorthosite, which solidified laterally 

within those fractures resulting in the formation of chromitite bifurcations (Figure 3c-d) 

(Pebane & Latypov, 2017). 
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Figure 3: Intrusive model for the development of chromitite bifurcations developed by Lee (1981), as per Pebane 

& Latypov (2017). From Nicholson (2020). 

 

Cawthorn (2003) subsequently argued that contrary to what Sampson (1932) and Lee (1981) 

suggested, chromitite bifurcations were formed in five stages: firstly, thin chromitite layers 

were formed above the anorthositic footwall (Figure 4a-b). Secondly, an incomplete silicate 

layer formed over the chromitite layer due to in situ growth or descending convective cells, 

forming growth bulges and discontinuous silicate patches (Figure 4c). Thirdly, the formation 

of another thin chromitite layer terminated the formation of these growth bulges and silicate 

patches, enclosing them as anorthosite lenses between two chromitite layers (Figure 4d). In 

the fourth stage, more anorthosite patches/bulges are formed above the second chromitite layer. 

Lastly, the processes are repeated until a network of bifurcating chromitite layers has been 

formed (Cawthorn, 2003). 
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Figure 4: Depositional model for the development of chromitite bifurcations developed by Cawthorn (2003), as 

per Pebane & Latypov (2017). From Nicholson (2020). 

 

Nex (2004) proposed that the origin of chromitite bifurcations could be explained by comparing 

their formation with that of sand volcanoes associated with seismic activity. This hypothesis 

suggests that lateral chromitite layers formed due to the influx of crustal-contaminated magma 

in the magma chamber. This influx was accompanied by substantial seismic activity, which led 

to the liquefaction of the underlying anorthosite, resulting in a plagioclase-rich mush (Figure 

5a-b). The mush extruded through the overlying chromitite layer to form anorthositic lenses, 

which were subsequently buried by further chromitite layers, resulting in chromitite 

bifurcations (Figure 5c-d). 
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Figure 5: Depositional model for the development of chromitite bifurcations developed by Nex (2004), as per 

Pebane & Latypov (2017). From Nicholson (2020). 

 

Voordouw et al., (2009) suggested that chromitite bifurcations observed in the UG1 and UG2 

were a result of chromite crystal slurries intruding into anorthosite. He proposed that the 

chromite-rich slurries accumulated in a structural trap. Afterwards, they were mobilised 

upwards through the Bushveld conduits and emplaced laterally along lithological contacts and 

structural weaknesses in the RLS (Figure 6). 
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Figure 6: Intrusive model for the development of chromitite bifurcations developed by Voordouw et al. (2009), 

as per Pebane & Latypov (2017). From Nicholson (2020). 

 

Cawthorn (2015) presented an alternative explanation for the genesis of chromitite 

bifurcations, proposing that seismic activity was responsible for the nucleation of chromite 

grains in the magma chamber. The accumulation of chromite on the chamber floor led to thin 

chromitite layers (Figure 7a-b), and plagioclase grains accumulated above this due to 

inconsistent lateral flow rates in a plagioclase-laden suspension. A second thin chromitite layer 

was formed due to repeated seismic activity (second shock-induced chromite). This led to the 

formation of anorthosite lenses and chromitite bifurcations (Figure 7c-d). Cawthorn (2015) 

surmised discontinuous anorthosite lenses were formed as a result of horizontally flowing 

plagioclase suspensions and the continuous chromitite layers accumulated due to seismic 

activity. 
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Figure 7: Depositional model for the development of chromitite bifurcations developed by Cawthorn (2015), as 

per Pebane & Latypov (2017). From Nicholson (2020) 

 

The model formulated by Mukherjee et al., (2017) is among the most recent models that 

attempt to explain the formation of chromitite bifurcations. However, the model was mainly 

intended to illustrate the formation of massive chromitite layers and not chromitite bifurcations. 

Mukherjee et al., (2017) conducted detailed field and petrographic studies on a UG1 chromitite 

occurrence that extends into the anorthositic footwall from a chromitite pothole. The model 

argues that the magma chamber was filled with superheated melt, which was superheated by 

rapid adiabatic ascent. The subsequent cooling of the superheated melt resulted in chromite 

being saturated in the melt. It is speculated that the superheated melt might have caused thermo-

chemical erosion of the floor cumulates resulting in the formation of potholes. Pebane & 

Latypov (2017) agree with this model because the chromitite layers intruded into the 

anorthositic footwall, which they claim supports field observations they made. The model 

suggests that the chromite-saturated melt percolated along weak points (pre-existing fractures) 

into the anorthosite layer (Figure 8a-b). In situ chromite crystallisation then proceeded to take 

place in the eroded fractures from the continued flowing melt (Figure 8c-d) (Pebane & 

Latypov, 2017).  
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Figure 8: Intrusive model for the development of chromitite bifurcations developed by Mukherjee et al. (2017), 

as per Pebane & Latypov (2017). From Nicholson (2020). 

 

The model of Pebane & Latypov (2017), claims that magmatic erosion played a significant role 

in forming chromitite bifurcations. This model suggests that a basal flow of dense superheated 

magma was emplaced in the magma chamber above anorthosite. The underlying anorthosite 

underwent thermo-chemical erosion due to the superheated magma. The magma then cooled 

to crystallise a chromitite layer above the irregular erosional surface until it was saturated in 

plagioclase (Figure 9a). The magma then crystallised a continuous cumulate layer of 

plagioclase and chromite (Figure 9b). A new superheated basal magma was subsequently 

emplaced, resulting in thermo-chemical erosion of the cumulates. The erosion was terminated 

at the underlying chromitite layer, and upon cooling, another chromitite layer was crystallised 

from the magma above the remaining anorthosite lenses and the underlying chromitite layer 

(Figure 9c-d). This process resulted in the formation of chromitite bifurcations. It explains the 

formation of the anorthosite lenses, and the combined thickness of two bifurcating chromitite 

layers is equal to that of the chromitite layer into which they converge (Pebane & Latypov, 

2017). 
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Figure 9: Erosional model for the development of chromitite bifurcations developed by Pebane & Latypov (2017). 

From Nicholson (2020). 

 

Nicholson (2020) claimed that the models discussed above were typically, almost exclusively, 

based on field observations and did not rely sufficiently on petrological and geochemical 

investigations to explain the enigma which is chromitite bifurcations. Motivated by this fact, 

the study by Nicholson (2020) contains extensive field, petrological, and geochemical 

investigations to test the validity of the previously proposed models. Field investigations 

conducted provided evidence for thermo-chemical erosion in support of the erosional model. 

Petrographic investigations did not provide substantial information to support or refute the 

proposed models but revealed that fluids might have been present during crystallisation. 

However, the geochemical data collected did not favour any of the proposed models but 

indicated that several processes may have been involved in the formation of chromitite 

bifurcations. Nicholson (2020) concluded that more detailed geochemical investigations could 

provide more insight into the processes involved in the petrogenesis of chromitite bifurcations. 

 

The most recent publication on the bifurcating nature of the UG1 chromitites was by 

Maghdour-Mashhour and Hayes (2021). They developed a model which proposes that the UG1 

chromitite layers were formed when a fixed volume plagioclase slurry current, that was denser 
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than the resident magma in the developing chamber, was injected as a basal flow. The 

plagioclase laths that were entrained in this current settled at the base of the slurry, forming the 

anorthositic footwall. The remaining melt turbulently outran the deposited plagioclase slurry. 

As the current circulated, mixing of the resident magma and the frontal margins of the upper 

layer of the current occurred and generated a superheated chromium-saturated hybrid melt. The 

hybrid melt was injected back into the propagating current, resulting in the development of 

plume structures with rising buoyant plagioclase and descending packets of orthopyroxene 

crystals in the back of the current. The chromitite bifurcations observed in the UG1 occurred 

when the chromite precipitated from the cooling hybrid melt to form slurries that flowed and 

were caused to bifurcate by circulation of cells and granular vortices in the head of the current 

along with the developing plume structures at the back of the current.  
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2 Methodology 

 

The samples used in this study were collected and prepared by Nicholson (2020). The samples 

were collected from an exposed anorthositic footwall of the UG1, Footwall 16 at Impala No. 

11 Shaft near Rustenburg. The anorthositic footwall covers an area of approximately 195 m2. 

This area was chosen because the anorthositic footwall displayed chromitite bifurcations that 

were different and much more complex than those at the Dwars River Locality (DRL) (Figure 

1). The anorthositic footwall also had reasonably thick chromitite bifurcations, which were 

critical for sampling. 

 

The strategies behind the sample spacing and cut lengths were as follows: 

(1) A single chromitite layer needed to be sampled separately from the two bifurcating 

chromitite layers. The sampling had to be done in this manner so that it would be possible 

to determine whether there are any differences in petrography, chemistry, and isotopic 

signatures between the two layers. 

(2) The brittle nature of the footwall determined the cut lengths and how the samples would 

break if a cut were made at a particular area. 

 

2.1 Sampling and sample preparation 

Four sample cuts (D-A), each with a width of 10 cm and varying lengths, were sampled from 

the study area using a diamond saw (Figures 10 and 11). Thirty-four polished thin sections 

(Figure 12) were prepared by Nicholson (2020), by attaching the samples to microscope glass 

slides with a 1:10 mixture of petropoxy 154 resin and 154 curing agents. Following lapping, 

the sections were polished using 3 µm diamond paste at approximately 300 rpm for about 5 

minutes, and this was repeated using 1 µm diamond paste. 

2.2 Petrography 

Thirty-four thin sections were studied with the aid of an Olympus BX51 microscope, under 

both plane-polarised light (ppl) and cross-polarised light (xpl), to obtain petrographic data on 

the samples. The Altra 20 soft imaging system with Analysis Imager software, were utilised to 

obtain photomicrographs of the thin sections studied under the microscope. 
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Figure 10: Digitised map of the study area. The black solid lines connect the areas of interest which have been enlarged for better visibility  (from Nicholson, 2020).

SOUTH NORTH 
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Figure 11: Image of Footwall 16 exposed at the Impala Platinum Limited No.11 Shaft, indicating the positions of sample cuts (from Nicholson, 2020). 
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Figure 12: Sample cuts D-A, and the approximate location from which the 34 thin sections were made from each of the samples (from Nicholson, 2020).



19 
 

2.3 Electron Microprobe Analysis 

The CAMECA SX-100 Microprobe, equipped with four wavelength dispersive spectrometers 

(WDS) fitted with gas flow detectors, at the University of Johannesburg, was used to obtain 

the mineral chemistry of samples in the polished thin sections. The samples were analysed with 

the Electron Microprobe (EMPA) at 20 kV accelerating voltage and 20 and 40 nA electron 

beam current for the analysis of plagioclase and chromite, respectively. All the analysed 

elements (Table 1) were analysed on their KŬ-lines. 

Table 1: Elements analysed by EMPA in plagioclase and chromite crystals across the samples and the standards 

used for each element. 

Plagioclase Chromite 

Elements Analysed Standard* Elements Analysed Standard* 

Na Jadeite Zn ZnS 

Mg Olivine Mg MgO 

Al  Almandine Al  Almandine 

Si Diopside Si Diopside 

K Orthoclase V V 

Ca Wollastonite Ca Wollastonite 

Ti TiO2 Ti  TiO2 

Cr Cr2O3 Cr Cr2O3 

Mn Rhodonite Mn Rhodonite 

Fe Hematite Fe Hematite 

Ni NiO Ni NiO 
*All the reference materials (standards) were natural substances apart from MgO, TiO2, V, Cr2O3, NiO, and ZnS, 

which are synthetic. 

 

To determine the plagioclase composition in the samples, three apparently cumulus 

(plagioclase in anorthosite layers) and intercumulus plagioclase (plagioclase in chromitite 

layers) crystals were each identified for analysis in all the thin sections. The plagioclase crystals 

chosen for EMPA were visually unaltered and individual crystals analysed were selected to 

ensure coverage of analyses across the thin sections (Figures 13A and B). In some of the thin 

sections, where only one, either an anorthosite or chromitite layer and not both, was 

represented, three to four plagioclase crystals were chosen for analysis. Cross-polarised light 

(xpl) and backscattered electron (BSE) images were obtained for the analysed cumulus and 

intercumulus plagioclase crystals (Figures 13C and D). 

 

For chromite mineral chemistry, a single chromite crystal, per thin section, situated proximal 

to one of the cumulus plagioclase crystals were identified and analysed (Figure 13C). One to 

three chromite crystals, within a chromitite bearing thin section, occurring proximal to the 

identified intercumulus plagioclase crystals were analysed (Figure 13D). For each chromite 
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grain, only one spot was analysed. Backscattered electron images for all the analysed chromite 

grains were obtained.  

 

 

3.1 Laser Ablation Multi ï Collector Inductively Coupled Plasma Mass Spectrometry  

In-situ Sr-isotopic analyses were carried out using the Nu Plasma II MC-ICPMS with 16 

Faraday detectors and 5 ion counting detectors at the Spectrum Analytical Facility in the 

Geology Department at the University of Johannesburg. The instrument utilises a 193 nm ArF 

RESOlution SE excimer laser to ablate samples. 

 

The analyses were executed by means of spot ablation on the 34 thin sections prepared by 

Nicholson (2020) on the same cumulus and intercumulus plagioclase crystals that EMPA was 

carried out on (Figure 13A-B). An average of three spots were ablated on the cumulus 

plagioclase crystals, and one spot was ablated on the intercumulus plagioclase crystals. The 

plagioclase crystals were analysed for 87Sr/86Sr and 87Rb/86Sr. Initial 87Sr/86Sr isotopic values 

A 

Intercumulus 

plag 

B 

Cumulus plag 

. 

C 

. 

. 

. Chr 

Cumulus plag 

. 

D 

. 

Chr 

Intercumulus plag 

Figure 13: A-B) Flatbed scan images of thin sections with marks on the identified cumulus and intercumulus 

plagioclase crystals to be analysed. C) Xpl image of cumulus plagioclase crystal and chromite grain with red dots 

marking the spots that were analysed. D) BSE image of intercumulus plagioclase crystals and chromite grains 

with red dots indicating the spots that were analysed. plag = plagioclase, Chr = Chromite 

1 cm 1 cm 
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were calculated using an age of 2054.4 Ma (Zeh et al., 2015) with a decay constant of 1.39 x 

10-11 y-1 (Nebel et al., 2011). The standard errors for 87Sr/86Sr were propagated and multiplied 

by 2 to get the 2-standard error (2SE). The general conditions at which the instrument operated 

during the analyses are tabulated below (Table 2). 

 

Table 2: Conditions at which the Nu Plasma II MC-ICPMS operated during sample analysis 

Plasma RF Power  1300 W 

Coolant gas flow  13 L/min 

Auxiliary gas flow 0.80 L/min 

Nebuliser gas flow  0.9 L/min 

Laser He carrier gas flow 0.31 L/min 

 

The plagioclase crystals were ablated for 60 seconds with spot sizes ranging between 80 ï 100 

µm for cumulus plagioclase crystals and 60 ï 100 µm for intercumulus plagioclase crystals. 

The spot sizes differed depending on the surface area available in each sample. The settings 

used to obtain the Sr-isotopic measurements are in the table below (Table 3): 

 

Table 3: Laser ablation settings utilised when obtaining Sr-isotopic measurements 

Beam 

Energy 

Beam 

Attenuation 

Repetition 

Rate 

On-sample 

Fluence 

Integration 

Time 

6 mJ 50 % 6 Hz 3.5 J/cm2 0.2 sec 

 

A blank signal was measured for 20 seconds on peak positions before ablation of the sample 

was initiated; the blank signal was subtracted from the ablation signal to get blank-corrected 

intensities. 

 

The 86Sr/88Sr ratio of 0.1194 was used for mass bias correction, to calculate and correct Sr mass 

fractionation. 87Rb was calculated from 85Rb after the mass bias correction, and to obtain 87Sr, 

the 87Rb was subtracted from the total signal at mass 87. Reference glass BHVO2G (Elburg et 

al., 2005) was regularly analysed to correct Rb mass fractionation through the regular 

adjustment of the Sr correction factor. BHVO2G (87Sr/86Sr ~ 0.70347) and an in-house 

plagioclase glass standard (87Sr/86Sr ~ 0.7072) were used as secondary standards to evaluate 

the accuracy of the measurements, by ablating them after every 10 ï 15 measurements 

(Appendix D: Table D-3 Figure D1 & 2). The standards were ablated using the same setting 

as the samples (Table 2), except the spot size was fixed to 100 µm. The subtraction of 84Kr and 

86Kr from 84Sr and 86Sr was used to correct for Kr interference during the blank correction. 
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3 Results 

3.1 Field Observations 

The study area displays a complex network of bifurcating chromitite layers with anorthosite in 

between (Figure 10). At the base there is a thick uneven anorthosite layer that is capped with 

a relatively continuous chromitite layer, with both having varying thicknesses laterally. The 

basal chromitite layer also has a substantial thickness and is relatively discontinuous and 

appears to be penetrated locally by the underlying layer of anorthosite. A thick upper chromitite 

layer that is connected to the basal layer by what appears to be several offshoots is developed 

at the top of the studied exposure (Figure 10). The area between these two thick chromitite 

layers does not only exhibit bifurcating chromitite layers, but it also has other interesting 

features such as, anorthosite inclusions within chromitite layers (Figure 14), pothole-like 

chromitite structures (Figure 15), along with faults and plastically deformed chromitite layers. 

 

The anastomosing chromitite layers forming the bifurcations appear to merge with the 

chromitite layer at the top of the study area and the layer above the base anorthosite layer 

(Figure 10d). There are several chromitite layers that are thicker than the bifurcating layers, 

which run diagonally and connect the uppermost and lowermost chromitite layers in the study 

area. The study area commonly exhibits chromitite layers proximal to each other, bifurcating 

in different directions (Figure 10a). In areas where two chromitite layers bifurcate from a 

single chromitite layer, their combined thicknesses are equal to that of the single merged layer 

(Figure 10a). In some instances, where the bifurcations are more complex and there are 

multiple bifurcating layers (which also merge with other bifurcating layers) merging into a 

single chromitite layer, the combined thickness of the individual layers do not correspond to 

that of the merged chromitite layer (Figure 10e). There are also very thin chromitite layers 

between the two thick chromitite layers at the base and the top of the study area. On the northern 

side of the study area there are thin concordant chromitite layers that can be observed (Figure 

10h).  

 

Circular and elongated anorthosite inclusions of varying sizes occur within some of the 

chromitite layers (Figure 10 & 14). These inclusions locally disturb the chromitite layers by 

causing them to bulge and therefore increase the thickness of the layer where they occur 

(Figure 14a & b). In other cases, the inclusions do not cause much disturbance in the host 

chromitite layer, and the thickness of the layer is virtually unaffected (Figure 14c).  
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c 

Figure 14: a) Elongated anorthosite inclusion disturbing the host chromitite layer. (b) Circular anorthosite 

inclusion causing disturbance to the host chromitite. (c) Elongated anorthosite inclusion in an undisturbed 

chromitite layer (from Nicholson, 2020). 

a 

b 
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There are certain parts in the study interval that have experienced brittle and ductile 

deformation. The evidence of brittle deformation can be observed in the presence of normal 

(Figure 10g) and reverse (Figure 10h) faults within the study area. Where there are faults, 

displaced chromitite layers are overlain by uninterrupted layers of chromitite. Ductile 

deformation is evident in plastically deformed and partly split chromitite layers (Figure 10b 

& f) . 

 

There are two pothole-like structures within the study area, both of which are chromitite 

depressions; the first structure has a semi-rectangular form (Figure 10c), while the second 

structure has a semi-circular form (Figure 10g and Figure 15). What might be an anti-pothole 

can also be observed where an anorthosite mound stands above the normal level of a chromitite 

layer (Figure 10b). 

 

Some of the thin chromitite layers have been observed with upwards curving structures in the 

same lateral position in the study area, but at various stratigraphic heights (Figure 10h; green 

box). In some instances, instead of curves, some of the chromitite layers form bulges among 

the layers forming curved structures (Figure 10h; blue boxes). 

 

3.2 Petrography 

The results obtained from the petrographic analysis of the 34 thin sections are presented below 

for the whole group of thin sections and not as individual sections to prevent redundancy; Most 

of the thin sections are primarily similar, as they contain the same lithologies (anorthosite and 

chromitite). The caption below each of the figures contains the thin section number after the 

Figure 15: Semi-circular pothole-like structure and a reverse fault going through and displacing the chromitite ï 

anorthosite layers (from Nicholson, 2020).  
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description for all the thin sections presented below. The modal mineralogy for the individual 

thin sections is provided in Appendix A. 

 

3.2.1 Anorthositic host rock 

The anorthositic host rock in the study contains, on average, less than 80% plagioclase and 

should therefore be strictly termed leucogabbros, leuconorites or leucogabbronorites depending 

on the ratio of clino- to orthopyroxene. However, due to historical usage, in this study these 

rocks will still be referred to as anorthosites. Cumulus plagioclase (~ 78%) constitutes most of 

the anorthositic host rock throughout sample cuts A, B, C, and D.  

 

 

 

 

 

Figure 16: Photomicrographs of anorthosite taken under cross polarized light. A) Bent and wedge-shaped 

deformation twins in plagioclase with a vein cutting through plagioclase and chromite crystals within plagioclase 

and between plagioclase boundaries (B7). B) Thin chromitite layer cutting through an anorthosite layer and cpx 

crystal (B12). C) Vein cutting though an opx crystal with narrowly spaced exsolution lamellae of cpx (A3). D) 

Chromite crystals interspersed with mica (A8). Chr = chromite. 
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The anorthosite also contains clinopyroxene (~12%), mica (~4%), chromite (~4%), 

orthopyroxene (~2%) and some subsidiary quartz. The plagioclase crystals are predominantly 

subhedral to euhedral, with varying crystal sizes across all the samples. The plagioclase crystals 

exhibit mainly three variations of lamellar twinning viz. bent twins, wedge-shaped deformation 

twinning, and normal lamellar twinning (Figure 16A). Some of the plagioclase crystals also 

exhibit undulatory extinction.  

 

Clinopyroxene occurs primarily as anhedral crystals and as intergranular crystals between 

plagioclase crystals (Figure 16B). Orthopyroxene is encountered across the study interval as 

subhedral to anhedral, medium-grained crystals. It occurs interstitial to plagioclase and often 

exhibits narrowly spaced exsolution lamellae of clinopyroxene (Figure 16C). Mica minerals 

observed throughout the samples are phlogopite, which occurs interspersed throughout the 

anorthosite, showing reddish-brown pleochroism (Figure 16B & D). Chromite crystals occur 

in a few different ways throughout the anorthositic samples, as dispersed mineral crystals at 

boundaries of plagioclase grains or enclosed within plagioclase and sometimes orthopyroxene 

crystals, clustered together, or as thin layers (Figures 16A-D). The grouped chromite crystals 

and thin chromite layers are closely associated with clusters or large phlogopite crystals 

(Figures 16B & D). 

 

Features such as veins and fractures can be observed in some anorthositic samples. These veins 

and fractures are always filled with massive or polycrystalline epidote, and sometimes both. 

The veins appear to cut through both single and multiple plagioclase crystals. The veins have 

also been observed cutting through orthopyroxene (Figures 16A & C). 

 

3.2.2 Anorthosite-chromitite contacts 

At the anorthosite-chromitite contacts, plagioclase often has a fractured appearance. The 

contacts between the anorthosite and chromitite layers are typically gradational as the cumulus 

plagioclase, and chromite crystals overlap at the contacts (Figure 17A-D). The chromite varies 

in crystal size, with a higher concentration of smaller crystal sizes observed near the contact. 

The concentration of larger crystal sizes increases further from the contact towards the 

chromitite layer. 

 

Locally, phlogopite that is encountered at the contact occurs as interstitial minerals between 

chromite crystals (Figures 17A-B). Some of the cumulus plagioclase crystals occurring at the 
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Gradational 

contact 

mica 
intercumulus 

plag 

contacts have been altered and fractured, especially those in proximity to the veins; the 

intercumulus plagioclase also exhibits alteration. At some of the contacts, veins can be 

observed. The veins either run parallel or perpendicular to the contact, some of them do not 

enter the chromitite layer and others terminate within the chromitite layer but close to the 

contact. The chromite crystals that are in close proximity to the veins have been elongated, 

while the plagioclase crystals have been severely altered and fractured compared to those 

further from the veins (Figure 17C-D) 

 

3.3 Chromitite layers 

Chromitite occurs as relatively thick massive layers and as smaller layers that occur within the 

anorthosite layers. The chromitite layers are predominantly composed of chromite (~60%), 

along with plagioclase (~25%), phlogopite (~10%), clinopyroxene (~3%), and orthopyroxene 

(~2%), which mainly occur interstitially to the chromite crystals. The chromite appears as 

mica 

intercumulus 

plag 

vein 
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Vein 
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Figure 17: Photomicrographs of anorthosite-chromitite contacts A) Gradational contact; mica interstitial to the 

chromite crystals and intercumulus plagioclase crystals under cross polarized light (A1). B) Gradational contact 

with a vein cutting through multiple minerals and fractured minerals near the vein under cross polarized light 

(B6). C) Vein running parallel to the contact and elongated chromite crystals under cross polarized light (A2). 

D) Veins perpendicular to the contact and elongated chromite crystals under plane polarized light (B4). Chr = 

chromite 

Elongated 

chr 

A 
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subhedral to euhedral cumulus crystals, varying in crystal size throughout the chromitite-

bearing samples (Figure 18A-D).  

 

Fine crystalline plagioclase occurs throughout the chromitite layers between the chromite 

interstices (Figure 18A & C) . Phlogopite crystals occur sporadically throughout the chromitite 

host rock showing reddish-brown pleochroism (Figure 18A-D). Pyroxenes also occur 

intermittently as fine-grained crystals within the fine mass of intercumulus plagioclase. 

Sometimes, veins can be observed intersecting perpendicularly with smaller chromitite layers, 

which occur within the anorthositic host rocks. These micro veins do not cut the chromitite 

layers completely but terminate near the contact (Figures 17B & 18B).  

Figure 18: Photomicrographs of chromitite occurring in the different samples. A) Chromitite with interstitial 

plagioclase; and phlogopite occurring between chromite crystals under cross polarised light (C2). B) Phlogopite 

interspersed with chromite crystals in plane polarised light (B12). C) Chromite crystals at a gradational contact 

between a chromitite and an anorthosite layer, grading from smaller to larger crystals; and a large phlogopite 

crystal near the contact under cross polarized light (C3). D) Thin chromitite layer within anorthosite under cross 

polarized light (C6). 
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3.4 Mineral chemistry 

3.4.1 Plagioclase 

Plagioclase occurs in both the anorthositic host rocks and the chromitite layers; in the latter, it 

occurs as an intercumulus mineral and in the former as the primary mineral phase. For the 

analysis of plagioclase, the following elemental oxides were analysed: SiO2, TiO2, Al2O3, 

Cr2O3, FeO(Total), MnO, MgO, CaO, NiO, Na2O, and K2O. The results are graphically presented 

in the An-Ab-Or ternary diagram (Figures 19 & 20), in depth profiles (Figure 21-24), to show 

how the An% and major element oxides vary across the chromitite bifurcations and in binary 

variation diagrams to illustrate the variation in major element oxides with An% (Figure 25). 

Plagioclase compositional data are presented in Appendix B, Tables B1 and B2. The anorthite 

content was calculated using: An% = 100 × molar Ca / (Ca + Na + K). 

 

The analyses of cumulus plagioclase crystals revealed that the composition of An ranges 

between 64,21 ï 83,92%, Ab between 15,75 ï 34,45%, and Or between 0,12 ï 1,70%. Most 

cumulus plagioclase crystals fall within the bytownite range, while a few are in the labradorite 

range (Figure 19). The intercumulus plagioclase analysed yielded results with compositions of 

An between 2,26 ï 98,58%, Ab between 1,41 ï 97,69%, and Or between 0,01 ï 0,53%. The 

majority of the intercumulus plagioclase is in the bytownite range. A substantial amount of the 

intercumulus plagioclase also occurs in the oligoclase range (sample cuts A and B), followed  

by lesser numbers in the labradorite range (sample cuts A, B, C, and D), and the least in the 

anorthite range (sample cuts A, B, and C) (Figure 20). Table 4 below contains the averages 

and standard deviations for An% in the cumulus and intercumulus plagioclase for each sample 

cut.  

 

Table 4: Average An% and ranges of cumulus and intercumulus plagioclase in sample cuts A-D. Uncertainty in 

average An% values expressed as 1 standard deviations. 

Sample 

cuts 

A B C D 

Cumulus Plagioclase 

Average 73,85 ± 1,89 74,32±1,44 74,26±1,93 75,10 ± 3,27 

Range 64,21 ï 78,98 71,84 ï 81,85 69,26 ï 80,68 69,80 ï 83,92 

Intercumulus Plagioclase 

Average 5,40 ± 

2,96 

80,55 ± 

7,13 

79,16 ± 

7,48 

9,32 ± 

4,28 

ï  80,64 ± 

7,10 

ï  73,63 ± 

3,09 

Range 2,26 ï 

10,26 

66,12 ï 

90,13 

3,03 ï 

16,81 

66,14 ï 

98,58 

6,27 66,44 ï 

92,05 

8,77 68,11 ï 

81,33 
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Figure 19: Ternary diagram showing cumulus plagioclase compositions for sample cuts D-A. 
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Figure 20: Ternary diagram showing intercumulus plagioclase compositions for sample cuts D-A. 
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The cumulus plagioclase crystals encountered in the samples have considerably higher K2O 

contents than the intercumulus plagioclase crystals (Table 5, Figures 21A and 25a). The 

FeO(tot) content for both cumulus and intercumulus plagioclase falls within similar ranges, with 

the cumulus plagioclase values becoming slightly elevated moving from sample cut D to A 

when compared to the intercumulus plagioclase (Table 5, Figures 21B & 25b).  

 

Table 5: Average major element compositions of cumulus and intercumulus plagioclase as determined by EMPA. 

Uncertainties expressed as 1 standard deviations. 

 

The Al2O3 and CaO contents in the cumulus and intercumulus plagioclase crystals have a 

directly proportional relationship with the An% (Figures 21C, 22A & 25c-d). The 

concentrations for Al 2O3 and CaO in cumulus plagioclase lie roughly in the same range as in 

the intercumulus plagioclase. However, there are a few intercumulus plagioclase crystals that 

have lower An% in comparison to other plagioclase crystals and therefore, contain less CaO 

and Al2O3.  

 

The Cr2O3 content varies significantly between the two plagioclase populations, with 

intercumulus plagioclase crystals exhibiting vastly higher concentrations than the cumulus 

plagioclase crystals (Table 5, Figures 22B &  25e). 

 

The SiO2 and Na2O in both cumulus and intercumulus plagioclase crystals exhibit an inversely 

proportional relationship with An% (Table 5, Figures 22C, 23A & 25f-g). The SiO2 

concentrations for cumulus and intercumulus plagioclase fall roughly within a similar range, 

however, intercumulus plagioclase crystals with lower An% exhibit higher SiO2 concentrations 

(Figure 25f). The Na2O concentrations follow the same trend as the SiO2 (Figure 25g). 

Major element oxides Cumulus plagioclase Intercumulus plagioclase 

TiO 2 0,02 ± 0,01 0,01 ± 0,01 

Al 2O3 31,45 ± 0,43 29,92 ± 4,87 

Cr2O3 0,005 ± 0,01 0,11 ± 0,06 

SiO2 48,98 ± 0,59 51,71 ±7,73 

FeO(tot) 0,17 ± 0,03 0,14 ± 0,04 

MnO 0,004 ± 0,01 0,004 ± 0,006 

MgO 0,02 ± 0,01 0,02 ± 0,02 

CaO 15,48 ± 0,42 13,37 ± 6,04 

NiO 0,004 ± 0,01 0,01 ± 0,01 

Na2O 2,87 ± 0,23 4,20 ± 3,52 

K 2O 0,15 ± 0,03 0,03 ± 0,02 
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Figure 21: Plagioclase mineral chemistry depth diagrams displaying variations in the cumulus and intercumulus phases of major element oxides with depth for sample cuts D-

A. A) K2O (wt.%), B) FeO (wt.%), and C) Al2O3 (wt.%). 

A) K2O 

B) FeO 

C) Al2O3 
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Figure 22: Plagioclase mineral chemistry depth diagrams displaying variations in the cumulus and intercumulus phases of major element oxides with depth for sample cuts D-

A. A) CaO (wt.%), B) Cr2O3 (wt.%), and C) SiO2 (wt.%). 

A) CaO 

B) Cr2O3 

C) SiO2 
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Figure 23: Plagioclase mineral chemistry depth diagrams displaying variations in the cumulus and intercumulus phases of major element oxides with depth for sample cuts D-

A. A) Na2O (wt.%), B) MgO (wt.%), and C) MnO (wt.%). 

A) Na2O 

B) MgO

 
 A) CaO 

C) MnO 
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Figure 24: Plagioclase mineral chemistry depth diagrams displaying variations in the cumulus and intercumulus phases of major element oxides with depth for sample cuts D-

A. A) NiO (wt.%), B) TiO2 (wt.%), and C) An% . 

A) NiO 

B) TiO2 

C) An% 
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a) b)

c) d)

e) f)

Figure 25: Binary variation diagrams for major element oxides vs. An% in both cumulus and intercumulus 

plagioclase crystals. 
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g) h)

i) j)

k)

Figure 25: continued  
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The MgO, MnO, NiO, and TiO2 contents all exhibit similar patterns in the two plagioclase 

populations. The concentration of each is similar for both cumulus and intercumulus 

plagioclase crystals (Figures 23B-C. 24A-B & 25h-k). These major element oxides display no 

regular relationship with variations in An% (Figure 24C). 

 

3.4.2 Chromite 

Chromite is encountered as the main component within the chromitite layers and as 

disseminated crystals in the anorthosite. In this section, the chromite encountered in the 

chromitite layers will be referred to as massive chromite, and those occurring in the anorthosite 

layers will be referred to as disseminated chromite. For the analysis of the chromite crystals, 

the following oxides were analysed: Al2O3, CaO, Cr2O3, FeO(Total), MgO, MnO, NiO, SiO2, 

TiO2, V2O3, and ZnO. The FeO analysed in the chromite minerals represents the total FeO 

content (FeO (tot)). The data are presented in depth and (Figures 26 ï 29) binary variation 

diagrams (Figure 30) to illustrate the changes in major element oxides with Mg# and how the 

major element oxides differ with depth in massive and disseminated chromite crystals for each 

sample cut. The microprobe data for all the analysed chromite crystals are presented in 

Appendix C: Tables C1 and C2. The magnesium number was calculated using Mg# = molar 

MgO / (FeO(tot) + MgO). 

 

The analysed chromite crystals reveal that the FeO(tot) concentrations in disseminated chromite 

crystals are typically higher than that in massive chromite crystals (Figures 26A, 30a &  Table 

6). The Al 2O3 concentration in the massive and disseminated chromite is directly proportional 

to the Mg# (Figure 30b). Figure 26B and Table 6 show that the Al2O3 content of the massive 

chromite is higher than in disseminated chromite. 

 

The Cr2O3 content of the disseminated chromite ranges from 31,21 ï 50,47%, and that of the 

massive chromite lies between 39,20 ï 47,15%. Although there is a higher degree of variation 

in the disseminated chromite, the average values for the Cr2O3 content in both the chromite 

types fall within a similar range (Figures 26C &  30c). 

 

The MgO concentration in massive chromite crystals is much higher than in disseminated 

chromite crystals (Figures 27A & 30d); this can also be observed from the average values in 

Table 6. Although MnO occurs in minor concentrations, disseminated chromite crystals 
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contain more MnO than massive chromite crystals (Figures 27B & 30e). The CaO 

concentration is mostly similar when observing the binary variation diagram (Figure 30f) with 

a few of the disseminated chromite crystals exhibiting higher concentrations than the other 

crystals.  

 

The concentration of TiO2, V2O3, and ZnO are low, but the variation in the concentration 

between the disseminated and massive chromite is noteworthy as the disseminated chromite 

tend to contain higher concentrations than the massive chromite (Figures 28A-C &  30g-i). 

NiO and SiO2 content in both massive and disseminated chromite is mostly similar (Figures 

29 A-B, 30j & k)  and this can also be observed in the average values in Table 6. 

 

Table 6: Average major element compositions and Mg# of massive and disseminated chromite as determined by 

EMPA. The uncertainties are expressed as 1 standard deviations. 

  

Major element oxides and Mg# In Chromitite Layers  In Anorthosite Layers 

Al 2O3 14,46 ± 2,93 8,61 ± 1,82 

CaO 0,027 ± 0,055 0,01 ± 0,02 

Cr2O3 45,36 ± 1,34 44,73 ± 4,51 

FeO(tot) 30,06 ± 4,27 39,03 ± 5,99 

MgO 7,58 ± 2,04 3,74 ± 1,45 

MnO 0,27 ± 0,05 0,36 ± 0,07 

NiO 0,14 ± 0,02 0,15 ± 0,03 

SiO2 0,01 ± 0,01 0,02 ± 0,05 

TiO 2 1,06 ± 0,19 1,60 ± 0,66 

V2O3 0,50 ± 0,05 0,57 ± 0,06 

ZnO 0,11 ± 0,02 0,13 ± 0,02 

Mg# 0,34 ± 0,05 0,16 ± 0,07 
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Figure 26: Chromite mineral chemistry depth diagrams displaying variations in the cumulus and intercumulus phases of major element oxides with depth for sample cuts D-

A. A) FeO(tot) (wt.%), B) Al2O3 (wt.%), and C) Cr2O3 (wt.%). 

A) FeO 

B) Al2O3 

C) Cr2O3 
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Figure 27: Chromite mineral chemistry depth diagrams displaying variations in the disseminated and massive chromite phases of major element oxides with depth for sample 

cuts D-A. A) MgO (wt.%), B) MnO (wt.%), and C) CaO(wt.%). 

A) MgO 

C) CaO 

B) MnO 
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Figure 28: Chromite mineral chemistry depth diagrams displaying variations in the disseminated and massive chromite phases of major element oxides with depth for sample 

cuts D-A. A) TiO2 (wt.%), B) V2O3 (wt.%), and C) ZnO (wt.%). 

A) TiO2 

B) V2O3 

C) ZnO 








































































