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Abstract
Two typical mineral textures of the MG 1 chromitite of the Bushveld Complex, South Africa, were observed; one character-
ised by abundant orthopyroxene oikocrysts, and the other by coarse-grained granular chromitite with only minor amounts 
of interstitial material. Oikocrysts form elongate clusters of several crystals aligned parallel to the layering, and typically 
have subhedral, almost chromite-free, core zones containing remnants of olivine. The core zones are surrounded by poikilitic 
aureoles overgrowing euhedral to subhedral chromite chadacrysts. Chromite grains show no preferred crystal orientation, 
whereas orthopyroxene grains forming clusters commonly share the same crystallographic orientation. Oikocryst core zones 
have lower Mg# and higher concentrations of incompatible trace elements compared to their poikilitic aureoles. Core zones 
are relatively enriched in REE compared to a postulated parental magma (B1) and did not crystallise in equilibrium with 
the surrounding minerals, whereas the composition of the poikilitic orthopyroxene is consistent with growth from the B1 
magma. These observations cannot be explained by the classic cumulus and post-cumulus models of oikocryst formation. 
Instead, we suggest that the oikocryst core zones in the MG1 chromitite layer formed by peritectic replacement of olivine 
primocrysts by reaction with an upwards-percolating melt enriched in incompatible trace elements. Poikilitic overgrowth on 
oikocryst core zones occurred in equilibrium with a basaltic melt of B1 composition near the magma-crystal mush interface. 
Finally, adcumulus crystallisation followed by grain growth resulted in the surrounding granular chromitite.

Keywords Oikocryst · Bushveld Complex · Layered intrusions · Cumulate formation · Subsolidus processes

Introduction

Despite the long history of research and the wealth of scien-
tific publications, the mechanisms by which layering forms 
in mafic intrusions are not well understood. Due to their 
ubiquity in cumulate rocks and their ability to preserve dif-
ferent stages of the solidification process, the microstructural 
and geochemical study of oikocrysts can contribute to our 

understanding of layering mechanisms (Namur et al. 2015, 
and references therein).

Oikocrysts are large crystals that enclose smaller crys-
tals (chadacrysts) to form a poikilitic texture. Many differ-
ent minerals form oikocrysts, such as pyroxene (e.g., this 
study; Cameron 1969, 1975; Ulmer and Gold 1982; Camp-
bell 1987; Mathison 1987; Barnes et al. 2016), plagioclase 
(e.g., Cameron 1969) olivine (e.g., Maier 1995; O’Driscoll 
et al. 2009) and hornblende (e.g., Meurer and Claeson 2002; 
Ivanic et al. 2015). The formation of poikilitic textures are 
dependent on differences in the nucleation rate (Wager 1961) 
and/or the growth rate (Vernon 2004, p. 106) of the differ-
ent minerals: oikocrysts form if one mineral has a lower 
nucleation rate but higher growth rate than co-accumulating 
crystals of another phase.

There are two main hypotheses to explain the formation 
of oikocrysts. Early work was based on the hypothesis that 
oikocrysts form in the post-cumulus stage by the solidifica-
tion of interstitial liquid (Wager et al. 1960), whereas recent 
studies argue that the absence of compositional zonation and 
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the similarity of composition of the oikocrysts and nearby 
primocrysts of the same phase point to the oikocrysts being 
cumulus grains (Campbell 1968; Mathison 1987; Tegner and 
Wilson 1995; Barnes et al. 2016).

In this study, we report the results of an investigation of 
oikocrysts in a chromitite layer of the Rustenburg Layered 
Suite of the Bushveld Intrusion, South Africa. Our approach 
integrates the microstructural and geochemical evolution of 
the orthopyroxene oikocrysts, using electron back-scatter 
diffraction (EBSD), electron microprobe analysis (EMP) and 
LA-ICP-MS. These different analytical approaches lead to a 
model by which we explain the formation of orthopyroxene 
oikocrysts by reactive replacement of olivine primocrysts 
by an upwards-percolating melt, followed by poikilitic over-
growth of oikocryst cores from a more primitive melt. Post-
cumulus growth and textural modification resulted in the 
observed composition and microstructure of the granular 
chromitite.

Geological setting

The Bushveld Complex, located in the NE of South Africa 
(Fig. 1) is the largest known plutonic complex on Earth, 
hosting the world’s greatest reserves of platinum-group 

elements, chromium and vanadium. It is of Proterozoic age 
(Scoates and Friedman 2008; Scoates and Wall 2015), and 
intruded into sedimentary rocks of the Transvaal Super-
group. It covers an area of over 65,000 km2 and ranges in 
thickness from 7 to 9 km (Eales and Cawthorn 1996; Caw-
thorn 2015). According to the South African Committee 
for Stratigraphy (1980), the complex is divided into the 
ultramafic–mafic Rustenburg Layered Suite and the felsic 
Lebowa Granite and Rashoop Granophyre. The Rustenburg 
Layered Suite has a saucer-like shape dipping gently towards 
the centre of the complex.

The compositions of the parental magmas of the Rusten-
burg Layered Suite have been estimated from fine-grained 
sills and chilled margins (Harmer and Sharpe 1985; Barnes 
et al. 2010; Godel et al. 2011; Wilson 2012). Three different 
parental magmas have been proposed: an Mg-rich basaltic 
andesite known as B1, and tholeiitic basalts known as B2 
and B3. The suite is subdivided from bottom to top into the 
lower zone, critical zone, main zone and upper zone. The 
B1 magma is suggested to have formed the lower zone and 
lower critical zone.

Chromitite layers occur throughout the critical zone. 
They are subdivided into the lower (LG), middle (MG) and 
upper (UG) groups. Each group is numbered from bottom to 
top; thus the MG1 layer is the first chromitite of the Middle 
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Fig. 1  Schematic geological map of the Bushveld Complex with sample location (after Eales and Cawthorn 1996)
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Group. Chromitites vary in thickness from ~ 1 m to small 
stringers only cm to mm thick. Chromitites may contain 
pyroxenitic layers, known as partings.

Scientific publications on chromitite layers in the Rusten-
burg Layered Suite are mainly focussed on the UG2 chro-
mitite, which is the richest in platinum-group elements. 
However, the MG layers have also been the subject of many 
published studies (e.g., Cameron 1969, 1977, 1980; Lee and 
Parry 1988; Eales et al. 1990; Teigler 1990; Merkle 1992; 
Scoon and Teigler 1994; Kottke-Levin et al. 2009; Naldrett 
et al. 2009; Junge et al. 2016; Oberthuer et al. 2016). Pub-
lished studies of mineral chemistry (Cameron 1977, 1980; 
Eales et al. 1990; Kottke-Levin et al. 2009) concentrated 
on the broader successions of the LG and MG chromitites 
and their adjacent host rocks, proposing a range of different 
mechanisms of chromitite genesis such as externally con-
trolled changes in confining pressure (Cameron 1977, 1980), 
and reaction of the resident magma with influxes of primi-
tive magma (Eales et al. 1990). Cameron (1969) focused on 
possible post-cumulus changes in chromitite layers, provid-
ing a textural description of orthopyroxene oikocrysts simi-
lar to those investigated in this study. More detailed investi-
gations have been conducted on the platinum-group element 
and platinum-group mineral concentration and distribution 
(Lee and Parry 1988; Teigler 1990; Merkle 1992; Scoon 
and Teigler 1994; Junge et al. 2016; Oberthuer et al. 2016).

Sample material and analytical methods

Sample material comes from drill core ZK135 from the 
Thaba open pit mine (Fig. 1), which covers the LG6 to MG2 
chromitite layers and their host rocks. Core material was 
provided by Cronimet Chrome Mining SA (Pty) Ltd. In this 
section of stratigraphy, the MG1 chromitite is 62 cm thick, 
embedded in pyroxenite with an intermediate ca. 15 cm thick 
pyroxenite–chromitite transition zone (Fig. 2a). This study 
focuses on the cm-sized orthopyroxene oikocrysts that occur 
in the lower and upper part of the MG1 chromitite layer 
(Fig. 2b, c).

For textural characterisation, the central chadacryst-
free regions of 45 oikocrysts were outlined on thin sec-
tion scans, and the program ImageJ was used to measure 
major and minor axis length, size, orientation, and spatial 
distribution. We term this region the oikocryst ‘core zone’, 
defined as the central chadacryst-free area that is sur-
rounded by orthopyroxene containing abundant small idio-
morphic chromite grains, which varies from 1.3 to 6.2 mm 
across. The core zone can comprise several subgrains with 
different crystallographic orientations, which were treated 
separately for the alignment analysis. The extent of any 
preferred alignment of non-equant oikocryst core zones 
was calculated using the program CSDCorrections 1.53 

by Higgins (2000) (see Meurer and Boudreau (1998b) and 
Boorman et al. (2004) for further information), which pro-
vides the alignment factor: this ranges from 0 (no statisti-
cally significant alignment) to 100 (perfect alignment of 
grains). Crystal size distributions (CSD) were measured 
both for chromite grains enclosed in the poikilitic pyrox-
enite and for chromite in granular chromitite. For this, we 
used compiled backscattered electron (BSE) images and 
the program CSDCorrections 1.53 following the methods 
of Higgins (2000). The following input parameters were 
used for the calculation of the CSD histograms: maximum 
grain diameter (minimum diameter of chromite grains was 
set to 0.01 mm), a massive fabric, chromite shape of 1:1:1 
and a roundness of 0.2.

After standard mechanical polishing using diamond paste, 
thin sections were polished for 1 h with 0.06 µm colloidal 
silica  (SiO2 particle dispersion in an alkaline solution) at 
the University of Cambridge, UK. Samples were analysed 
on a FEI sFEG XL30 SEM at the Department of Physics, 
University of Cambridge. All crystallographic datasets were 
collected, indexed and analysed using Oxford Instruments 
AZtec acquisition software, set to detect 6 bands, 60 Hough 
transforms, 75 reflectors, and at 4 × 4 binning. Whole thin 
section EBSD was carried out using 15 µm step size. EBSD 
maps and pole figures of crystallographic orientation were 
constructed using Oxford Instrument Channel 5 software. 
Inverse pole figure maps represent the orientation of the 
crystal lattice along specific directions of the sample refer-
ence frame (Y–X). Crystallographic orientation data (pole 
figures and inverse pole figures) were plotted using Channel 
5 “Mambo” software using lower hemisphere, equal area 
projections. Data are reported with respect to an arbitrarily 
assigned X–Y reference frame. Chromite density contour 
diagrams are calculated on point per grain pole figures, using 
half width of 20° and cluster size of 10°.

EMP analyses were carried out at the Museum für 
Naturkunde Berlin with a JEOL JXA-8500F EMP equipped 
with a field emission cathode and five wavelength-dispersive 
spectrometers. The following analytical conditions were 
used: 20 kV accelerating voltage for chromite and 15 kV 
for pyroxene measurements, 75 and 15 nA beam current for 
chromite and pyroxene, respectively. The spot size was set 
to 1 µm for chromite and 2 µm for pyroxene. The measured 
intensities were calibrated against natural minerals of the 
Smithsonian international standard suite (Jarosewich et al. 
1980) and pure metals of the Astimex metal standard. Matrix 
effects were minimised by a conventional ZAF routine pro-
cessed by the JEOL series operating system. Accuracy and 
reproducibility were checked regularly before and after 
each analysis session by measurements of minerals of the 
Smithsonian mineral standards (Chromite, USNM 117075; 
Augite, USNM 122142; Hypersthene USNM 746, Jarose-
wich et al. 1980), which revealed deviations of < 2%. The 
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ferric iron content of chromite and pyroxene was calculated 
assuming ideal stoichiometry.

LA-ICP-MS analyses for trace element concentrations 
in orthopyroxene were conducted at the Institut für Min-
eralogie of the Leibniz Universität Hannover (LUH) with a 

fast scanning-sector field-ICP-MS (ThermoScientific Ele-
mentXR) connected to a femtosecond (Ti-sapphire) laser 
ablation system. Details of the fs-LA system are given in 
Oeser et al. (2014) and Lazarov and Horn (2015). In our 
study, the laser operated at 20–30 Hz, with a spot size 
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ranging between 40 and 50 µm in diameter. The ablation 
mode was set to raster mode for analyses in the oikocryst 
cores and to line mode for analyses at the rims and in poiki-
litic orthopyroxene. Acquisition times of the background 
signal and the ablation signal were set to 40 and 100 s, 
respectively. Sample surfaces of each spot were pre-ablated 
before measurement to avoid artefacts due to surface con-
tamination. Analyses were bracketed every 10–15 measure-
ments by standard reference material NIST610 to correct 
for internal instrumental drift. Si concentrations, obtained 
by EMP analyses, were used for the internal calibration of 
trace element concentration for orthopyroxene. Further test-
ing of the accuracy and reproducibility was undertaken by 
measuring silicate reference material (BCR-2G), indicating 
accuracy and reproducibility of 1–5%. Further information 
about trace element analyses by fs-LA-ICP-MS at the LUH 
is given in Albrecht et al. (2014) and Collinet et al. (2017). 
Data processing was performed with the SILLS program 
(Guillong et al. 2008).

Results

Petrography

The MG 1 chromitite layer comprises granular chromitite, 
with only minor amounts of interstitial material, surround-
ing large isolated orthopyroxene oikocrysts characterised 
by an inclusion-free core zone that is typically ovoid. The 
proportion of chromite decreases from the uppermost part 
of the chromitite into the hanging wall, which is formed 
of cumulus orthopyroxene, 1–10 vol% chromite, and minor 
amounts of interstitial plagioclase and clinopyroxene. The 
chromitite layer contains three mm-thick pyroxenitic part-
ings parallel to the overall layering, while four additional 
mm-thick chromitite layers are embedded in the hanging 
wall pyroxenite. The footwall of the MG1 is a feldspathic 
pyroxenite, and is separated from the overlying main chro-
mitite layer by a heavily altered coarse-grained chromite-
rich (10–25 vol%) pyroxenite with remnants of olivine over-
grown by orthopyroxene.

The poikilitic aureoles surrounding the inclusion-free 
core zones contain 50–60 vol% euhedral to subhedral chro-
mite grains. Although most oikocrysts have chadacryst-free 
core zones, some do not: we ascribe this to a 2D cut effect. 
Oikocrysts are either isolated or form clusters of several 
crystals elongated parallel to the layering (Fig. 3a). The 
grain boundaries between different crystals of orthopyrox-
ene do not always correspond to the apparent margins of 
the oikocrysts. Importantly, the orthopyroxene in adjacent 
oikocrysts is commonly in optical continuity, and the grain 
boundaries between adjacent crystals may pass through an 
oikocryst (Fig. 3c). Oikocryst core zones are not always 

entirely inclusion-free, but may contain small grains of 
chromite, olivine, clinopyroxene and, rarely, biotite and 
hornblende. The olivine inclusions are commonly lobate, 
with a shape entirely unlike that expected for primocrysts 
(Fig. 3b). Some exsolution lamellae of clinopyroxene are 
present (Fig. 3b, e). Hydrous silicate inclusions follow the 
orthopyroxene cleavage and are restricted to the lower part 
of the MG1.

Chromite grains show a wide range of grain sizes: the few 
grains in the oikocryst core zones are 0.02–0.15 mm across, 
in contrast to those in the outer poikilitic aureoles which 
are 0.06–0.3 mm, whereas the massive chromitite grains 
are 0.4–1.1 mm across. Chadacrysts generally increase in 
size outwards from the oikocryst core (Fig. 3d). The chro-
mitite hosting the oikocryst has a granular texture (Fig. 3f) 
with < 5 vol% interstitial material, which is mainly biotite, 
hornblende and serpentine. Minor amounts of apatite and 
sulphides are present. Chromite in granular chromitite has 
120° triple junctions and smoothly curved grain boundaries. 
Plagioclase is absent throughout the chromitite seam (upper 
and lower part) but is present in the chromitite-pyroxenite 
transition, which comprises cumulus orthopyroxene with 
interstitial plagioclase and hornblende (Fig. 3g). The pyrox-
enite immediately underlying the chromitite has similar 
microstructural characteristics to the oikocrystic layers in the 
chromitite: the chromite framework is overgrown by coarse-
grained orthopyroxene enclosing olivine in the former cores.

Microstructural analysis

The average aspect ratio of oikocryst cores is 1.80 
(± 0.51  SD), and they display a systematic alignment 
(Fig. 2b), with an alignment factor of 73 (on the basis of 
45 grains). By comparison with Meurer and Boudreau 
(1998b), the uncertainty on this value is likely to be in the 
range ± 2–3. The general dip of the shape preferred orien-
tation of the oikocryst core zones is parallel to the overall 
layering (15° ± 22° SD from the horizontal borehole).

Independent of their size, chromite crystals, either those 
enclosed by oikocrysts or those outside oikocrysts, show 
no overall crystallographic preferred orientation (CPO, 
Fig. 4). However, small groups or clusters of grains in both 
the coarse-grained band and where enclosed by orthopyrox-
ene oikocrysts occasionally show similar crystallographic 
orientations along a particular sample direction (examples 
are outlined with white lines in Fig. 4a). Most of these clus-
ters with similar crystallographic orientations do not contain 
more than 4–5 grains per cluster (as viewed in thin sec-
tion). While each cluster contains at least one common axis 
along the x-direction of the sample reference frame (e.g., 
‹110› in the case of cluster 2 shown in Fig. 4d), one cluster 
shown in Fig. 4d (labelled cluster 1) shares the common 
axis ‹001› in all three sample directions (Fig. 4d). The axis 
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that most commonly occurs as a common direction relat-
ing the individual grains within a cluster is ‹100›, with 
‹110› and ‹111› being progressively less common (Fig. 4). 
The inverse pole figure map for orthopyroxene reveals large 
areas with a single crystallographic orientation (Fig. 5a, b). 
Sample MG1–22 contains two adjacent oikocrysts whose 
(001) planes are offset by only a few degrees (Fig. 5c). Large 
orthopyroxene oikocrysts from MG1–5 are almost all in 
optical continuity (Fig. 5d).

CSD plots for chromite enclosed in poikilitic orthopyrox-
ene (Fig. 6a) and chromite in granular chromitite (Fig. 6b) 
are both straight. However, that for granular chromite is 
rotated towards larger grains with a shallower slope com-
pared to that for chromite enclosed by the oikocrysts.

Orthopyroxene and olivine composition

There are clear differences in the composition of orthopy-
roxene oikocryst core zones compared to the surrounding 
poikilitic aureoles (Table 1). Oikocryst core zones have 
lower Mg# [atomic ratio, Mg/(Mg + Fe2+)] and higher con-
centrations of minor (CaO,  Al2O3) and trace elements (Zr) 
compared to poikilitic orthopyroxene (Fig. 7). Only  TiO2 
concentrations display an opposing trend towards higher 
concentrations in poikilitic orthopyroxene (Fig. 7d). The 
composition of the orthopyroxene forming the outer-
most ~ 100 µm of the core zones is intermediate between 
that of the centre of the core zones and that of the poiki-
litic aureoles. Ce/Yb ratios (Fig. 7f) reveal a similar behav-
iour for the REE concentrations in the poikilitic aureole 
and in the central and outermost part of the core zone, 
with the highest concentrations for light and heavy REE 
in the central part of the core zones. Orthopyroxene chem-
istry displays a decrease in trace element concentrations 

towards the top of the MG1 layer [light grey via medium 
grey towards black tone (e.g., Fig. 7f)]. Our data are in 
good agreement with other studies of orthopyroxene chem-
istry in the chromitite layers of the Bushveld Complex 
(e.g., Eales et al. 1993; Veksler et al. 2015).

For comparison we calculated the REE composition 
of orthopyroxene that would have crystallised from a 
postulated parental B1 magma, using the B1 composi-
tion of Barnes et al. (2010) and partition coefficients for 
orthopyroxene from Sun and Liang (2013) and Yao et al. 
(2012) for 750° and 1250 °C. The observed REE concen-
trations are notably higher in core zones compared to those 
expected from our calculations (Fig. 7f).

Similar trends can be observed in the REE signatures. 
Our results, normalised relative to the B1 magma, are 
shown in Fig. 8. In general, all measurements show a shift 
towards lower REE concentrations along the MG1 chro-
mitite seam from bottom to top. Core zone, outer core 
zone and poikilitic aureole REE concentrations are clearly 
different. Poikilitic orthopyroxene has lower concentra-
tions compared to oikocryst core zones, with intermediate 
compositions in the outer part of the core zones. Further-
more, the general slope of core zone and poikilitic aureole 
REE patterns vary: poikilitic orthopyroxene has a much 
steeper slope towards the light REE, as demonstrated by 
average Ce/Tb ratios of 12.327 in oikocryst core zones 
compared with ratios of 3.542 in poikilitic orthopyroxene 
for sample MG1–5 (Table 1). All patterns reveal a nega-
tive Eu anomaly, although this is less pronounced in the 
poikilitic aureoles.

The oikocryst core zones are clearly enriched in REE 
compared to expected values for orthopyroxene crystal-
lising from B1 magma, regardless of the choice of tem-
perature of crystallisation. Furthermore, the crystallisation 
temperature controls the slope of the REE pattern, with 
higher temperatures resulting in a flatter slope (red lines 
in Fig. 7). The observed composition of the poikilitic aure-
oles is roughly in agreement with that expected for crystal-
lisation from the B1 magma, although some anomalous 
enrichment is still observed for the light REE.

The olivine inclusions in the oikocrysts are chemi-
cally homogenous. They are enriched in Ni (~ 2800 ppm, 
Table 2) compared to both the orthopyroxene core zones 
(~ 570 to 600 ppm) and the poikilitic orthopyroxene aure-
oles (~ 480 to 530 ppm). They are also enriched in Ni 
compared with interstitial orthopyroxene (~ 400 ppm) 
and with cumulus orthopyroxene in the silicate host rocks 
and pyroxenitic partings in the underlying LG6a and the 
overlying MG2 chromitite layer (unpublished data). Si 
and Ni distribution maps (Fig. 9) of the oikocryst core 
zones reveal no Ni-enrichment surrounding the olivine 
inclusions.

Fig. 3  Photomicrographs in crossed polarised light. Note that the thin 
sections are ~ 100 µm thick and therefore minerals show birefringence 
colours of higher than usual order. a Overview of oikocryst cluster 
consisting of three different orthopyroxene crystals. Grain boundaries 
of orthopyroxene with same crystallographic orientation are illus-
trated by dashed lines. b Olivine (ol) and clinopyroxene (cpx) inclu-
sions in orthopyroxene oikocryst core zone. c Sketch of oikocryst 
layer, showing the complex relationships between orthopyroxene 
crystals (each coloured differently). d Sketch of poikilitic aureole. 
The arrow indicates the increase in grain size for chromite from 
the core zone (upper part) to the granular chromitite (lower part). e 
Backscattered electron image of oikocryst cores with sulphide (sul), 
biotite, hornblende and clinopyroxene inclusions. Note that hydrous 
silicates are oriented parallel to the cleavage of the orthopyroxene. f 
Reflected light photomicrographs of granular chromitite. Chromite 
shows 120° triple junctions and smooth curved grain boundaries. 
Interstitial phases consist mainly of hornblende (hbl) and biotite (bt). 
g Chromitite–pyroxenite transition in plain polarised light with cumu-
lus orthopyroxene and interstitial plagioclase (pl) and hornblende. h 
Footwall pyroxenite consisting of pegmatoidal orthopyroxene over-
growing the chromite framework

◂
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Chromite composition

Chromite shows a clear correlation between texture and 
chemical composition of both major and trace elements 
(Table 3). Granular chromite grains have higher Mg# and 
lower Cr# [Cr/(Cr + Al)] as well as lower  TiO2 concentra-
tions compared to chromite grains enclosed by poikilitic 
orthopyroxene (Fig. 10a, c). Calculated ferric/ferrous iron 
ratios reveal slightly higher values in grains enclosed by 
oikocrysts (Fig. 10b), especially in the upper and lower parts 
of the MG1 layer. A second minor trend can be observed 
closer to the middle of the MG1 layer, which contains chro-
mite with almost constant Cr# and  Fe3+/Fe2+ ratios. Remark-
ably, the upper part of the MG1 is invariably chemically 
distinct from the lower part.

Discussion

We will now assess the applicability of the two models of 
oikocryst formation in cumulate rocks, using our textural 
and chemical observations to evaluate which is most plausi-
ble for the orthopyroxene oikocrysts of the Bushveld MG1 
chromitite. The critical observations that must be accounted 
for are:

1. Orthopyroxene oikocrysts contain almost chromite-free 
core zones, some of which contain olivine remnants, and 
have poikilitic aureoles containing euhedral to subhedral 
chromite chadacrysts (Figs. 2, 3d).

2. Oikocrysts occur as either single crystals, or form layer-
parallel clusters and groups of several crystals (Figs. 2, 
3a, b).

3. The chromitite hosting the oikocryst has a granular tex-
ture with only minor amounts of (hydrous) interstitial 

material. The microstructure of the chromitite is granu-
lar and coarse-grained, with 120° triple junctions and 
smoothly curved grain boundaries (Figs. 2, 3f, 6).

4. Chromite grains show no preferred crystal orientation, 
neither grains enclosed in poikilitic orthopyroxene nor 
grains in the granular chromitite, although some form 
small clusters in which individual grains show some 
evidence of crystallographic preferred orientations 
(Fig. 4a).

5. Oikocryst core zones and their poikilitic aureoles have 
the same crystallographic orientation. Oikocryst aggre-
gates forming clusters and layers are commonly in the 
same crystallographic orientation (Fig. 5a, b).

6. Mineral chemistry of orthopyroxene core zones and 
poikilitic aureoles are different: core zones have lower 
Mg# and higher concentrations in incompatible trace 
elements, such as Zr and REE, compared to the poikilitic 
surroundings (Fig. 7).

7. The core zones are enriched in REE compared to the 
parental magma B1 and could not have crystallised in 
equilibrium with the surrounding minerals, whereas the 
composition of the poikilitic aureoles is consistent with 
growth from such a postulated parental magma (Fig. 8).

8. Granular chromite grains have lower Mg# and lower Cr# 
compared to chromite grains in poikilitic orthopyroxene 
(Fig. 10a).

Oikocrysts with partially similar characteristics have been 
reported from elsewhere in the Rustenburg Layer Suite: in 
MG1 several km northwards (Veksler, personal communica-
tion); the northern part of the Eastern Bushveld (Cameron 
1969, 1975); and in the Stillwater Complex where Jackson 
(1961) described orthopyroxene oikocryst with replaced oli-
vine inclusions in chromitite in great detail. This indicates 
that our observations may be of general relevance.

Post‑cumulus origin of oikocrysts

The first of the post-cumulus models for oikocryst formation 
was proposed by Wager et al. (1960), who suggested that 
oikocrysts crystallise from interstitial melt in the cumulus 
chromite framework. Such an interstitial melt is likely to be 
relatively evolved and enriched in incompatible elements. 
Subsolidus re-equilibration of cumulus grains in contact 
with interstitial melt is thought to result in the post-cumu-
lus enrichment in incompatible elements of cumulus phases, 
termed the trapped liquid shift effect (TLSE, Barnes 1986; 
Godel et al. 2011). This cannot explain why the later-crys-
tallising poikilitic orthopyroxene has a composition con-
sistent with growth from a more primitive magma (Fig. 8). 
Hence, a model involving entirely post-cumulus formation 
of the orthopyroxene oikocrysts is incompatible with our 
observations.

Fig. 4  a EBSD inverse pole figure map of chromite grains of the 
lower part of the MG1, superimposed on a band contrast map. The 
inverse pole figure map represents the orientation of crystal planes 
relative to the x-direction of the sample reference frame. The colour 
scheme is given in the inverse pole figure legend (see inset). White 
lines outline clusters of chromite crystal with similar crystallographic 
orientations along the y-direction of the sample reference frame. b 
Density contour diagram (point per grain pole figure) of chromite 
crystals in poikilitic orthopyroxene. c Density contour diagram (point 
per grain pole figure) of granular chromite calculated with half width 
of 20° and cluster size of 10°. Both pole figures shown in b and c 
are plotted using a lower hemisphere, equal area projection. d Inverse 
pole figure of granular chromite clusters (clusters 1 and 2). e Folded 
inverse pole figure of chromite clusters within the poikilitic orthopy-
roxene (clusters 3 and 4). Each cluster contains 4 chromite grains. 
Folded inverse pole figures are plotted using a lower hemisphere, 
equal area projections. The fraction of the different shared axes is cal-
culated using colour thresholding to identify clusters and presented as 
an area fraction of all the chromitite grains shown in the EBSD map 
in a 

◂
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Cumulus formation of oikocrysts

The second main hypothesis for oikocryst formation is based 
on an origin at, or near, the magma-crystal mush interface 
(e.g., Mathison 1987; Tegner and Wilson 1995; Barnes et al. 
2016). Accordingly, oikocrysts either form simultaneously 

with cumulus chromite by in situ growth at the magma-
crystal mush interface, or form elsewhere and accumulate 
simultaneously by crystal settling (Hunter 1996; Barnes 
et al. 2016). These two model variants can be distinguished 
microstructurally. In situ growth of grains in a gradient of 
either temperature or composition may lead to a preferred 

Fig. 5  a, b EBSD inverse pole 
figure maps of orthopyroxene 
grains of the lower part of the 
MG1, superimposed on a band 
contrast map. c Orthopyrox-
ene pole figure for map a. d 
Orthopyroxene pole figure for 
map b. Colour coding of the 
orthopyroxene pole figures 
correspond to the inverse pole 
figure map

a

b

c

d
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orientation of elongate crystals perpendicular to the magma-
mush interface (e.g., the harrisites on Rum, Scotland: Wager 
et al. 1960; O’Driscoll et al. 2007). Conversely, crystal set-
tling, with or without mechanical re-organisation of settled 
grains by magmatic currents, produces a preferred orienta-
tion of elongate grains parallel to the magma-crystal mush 
interface. Settling or deposition in magmatic currents may 
also result in grain sorting on the basis of size and/or den-
sity. Differing trace element compositions of orthopyroxene 
oikocryst cores and rims have also been used to argue for a 
cumulus origin of oikocrysts (Barnes et al. 2016).

Oikocryst core zones in the MG1 chromitite have shapes 
and orientations characteristic of grains accumulated during 

crystal settling (Figs. 2, 3b). Accordingly, the poikilitic 
orthopyroxene aureoles are therefore overgrowths on cumu-
lus cores (Fig. 3a). The observed compositional differences 
between core zones and rims could then be explained if 
the cores zones were grown from a different magma to that 
in which they accumulated. However, this process cannot 
account for the observation that adjacent oikocrysts have the 
same crystallographic orientation. Our observations there-
fore support a two-stage growth history.

Oikocryst formation in the MG1 chromitite: 
an enhanced model

Our observations support a cumulus origin for the oikocryst 
core zones, but not as primary orthopyroxene. This is dem-
onstrated by Fig. 3a in which the largest oikocryst core zone, 
pinched in the middle, contains two resorbed olivine grains, 
joined by a grain boundary located exactly at the waist of the 
oikocryst core, consistent with this having originally been 
two distinct olivine primocrysts. We conclude, therefore, 
that the core zones are former cumulus olivine crystals that 
have been replaced by orthopyroxene during peritectic reac-
tion with a relatively Si-rich melt. With the exception of 
the few remaining remnants of olivine, the replacement was 
complete, as chemical characteristics of the cumulus olivine 
(e.g., high Ni concentrations, see Fig. 9; Table 3) are no 
longer in evidence.

The presence of replacive orthopyroxene oikocrysts only 
a few cm above the base of the chromitite suggests that origi-
nal cumulus olivine accumulated shortly after the MG1 layer 
began to form. While our data cannot be used to specify the 
process by which chromite accumulated, the aligned lay-
ers and clusters of former olivine crystals (Fig. 3a, b) are 
consistent with the hypothesis that olivine accumulated by 
crystal settling (Fig. 11a). The likelihood of both olivine 
and chromite accumulating simultaneously from the same 
overlying magma source can be assessed by comparing their 
settling velocities.

A rough estimation of settling velocities in a static liquid 
can be obtained from Stokes’ law, if we assume spherical 
grains and a low particle concentration:

where V is the settling velocity (cm/s), g is gravitational 
acceleration (981 cm/s2), r is the radius of a spherical par-
ticle (cm), ρs is the density of the particle (g/cm3), ρl the 
density of the liquid (g/cm3) and η is the viscosity of the 
(assumed Newtonian) liquid (g/cm s). We used the follow-
ing values of the parameters to calculate settling velocities 
for olivine and chromite: rchr = 0.02 cm, ropx = 0.3 cm, 
ρs_chr = 4.6 g/cm3, ρs_opx = 3.3 g/cm3, ρl = 2.66 g/cm3 and 

V =
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Table 1  Average orthopyroxene 
composition of N microprobe 
and n LA-ICP-MS analyses, 
orthopyroxene in the section 
MG1–9 has not been analysed 
by LA-ICP-MS

Main elements are given in wt%, trace elements in ppm
Core orthopyroxene oikocryst core zone, rim outermost ~ 100 µm of the core zones, poik poikilitic orthopy-
roxene, bdl below detection limit

MG1–5 MG1–6 MG1–9 MG1–22

Core Rim Poik Core Rim Poik Core Rim Poik Core Rim Poik

N (n) 15 (1) 26 (2) 30 (3) 11 (2) 22 (2) 46 (5) 7 (0) 9 (0) 19 (0) 10 (2) 17 (2) 17 (3)
SiO2 56.2 56.7 57.0 56.5 56.8 57.1 56.3 56.4 56.8 56.6 56.7 57.0
TiO2 0.10 0.11 0.11 0.11 0.11 0.11 0.09 0.11 0.11 0.08 0.09 0.09
Al2O3 1.53 1.22 1.03 1.50 1.31 1.06 1.40 1.21 1.11 1.28 1.20 1.05
Cr2O3 0.42 0.54 0.48 0.43 0.56 0.56 0.48 0.50 0.51 0.38 0.43 0.47
MgO 33.8 34.8 35.4 33.9 34.8 35.4 33.5 34.3 35.0 34.3 34.8 35.4
MnO 0.17 0.16 0.15 0.18 0.16 0.15 0.18 0.15 0.16 0.17 0.16 0.15
FeO 5.80 4.81 4.33 5.75 4.82 4.30 5.66 5.01 4.57 5.53 4.74 4.32
CaO 2.25 2.28 2.35 2.16 2.24 2.35 2.08 1.96 2.09 2.09 2.17 2.28
Na2O 7.82 6.86 6.44 7.69 6.84 6.41 7.53 6.77 6.45 7.41 6.69 6.37
Total 0.77 0.61 0.44 0.94 0.69 0.50 1.35 0.86 0.69 0.67 0.67 0.47
Mg# 91.2 92.8 93.6 91.3 92.8 93.6 91.3 92.4 93.2 91.7 92.9 93.6
Sc 34 34 29 33 34 31 30 29 27
Ti 666 712 701 691 689 650 540 593 604
V 87 71 50 75 66 49 64 56 44
Cr 3324 2801 1994 3071 2704 2094 2458 2334 1725
Mn 1484 1359 1227 1491 1321 1214 1384 1268 1157
Co 63 49 38 62 48 38 51 41 32
Ni 607 577 530 575 569 530 565 526 479
Zn 44 37 31 40 33 27 35 30 26
Rb bdl bdl bdl bdl bdl bdl bdl bdl bdl
Sr 0.93 0.26 0.10 0.29 0.21 0.09 0.24 0.39 0.28
Y 4.52 2.70 1.39 3.36 2.42 1.56 1.35 0.89 0.59
Zr 6.32 4.46 2.69 5.52 4.48 2.92 1.53 1.18 1.11
Nb 0.037 0.034 0.025 0.036 0.039 0.024 0.031 0.035 0.034
Ba bdl bdl bdl 0.117 0.110 0.171 bdl bdl bdl
La 0.350 0.106 0.032 0.127 0.080 0.016 0.065 0.028 0.048
Ce 1.019 0.276 0.058 0.365 0.203 0.041 0.111 0.057 0.047
Pr 0.155 0.042 0.010 0.062 0.029 0.008 0.026 bdl bdl
Nd 0.796 0.204 0.057 0.317 0.168 0.050 0.129 bdl bdl
Sm 0.281 0.094 0.044 0.137 0.072 0.035 0.055 bdl bdl
Eu 0.069 0.025 0.016 0.034 0.025 0.014 0.026 bdl bdl
Gd 0.394 0.166 bdl 0.233 0.120 0.096 bdl bdl bdl
Tb 0.083 0.042 0.016 0.053 0.031 0.016 0.027 0.016 bdl
Dy 0.745 0.369 0.154 0.489 0.302 0.171 0.197 0.104 0.079
Ho 0.170 0.108 0.052 0.124 0.087 0.057 0.061 0.036 0.021
Er 0.600 0.398 0.230 0.467 0.350 0.246 0.241 0.179 0.121
Tm 0.098 0.075 0.048 0.078 0.071 0.050 0.050 0.040 0.027
Yb 0.701 0.616 0.413 0.658 0.553 0.450 0.424 0.341 0.247
Lu 0.114 0.108 0.083 0.104 0.097 0.082 0.072 0.067 0.054
Hf 0.180 0.181 0.117 0.202 0.181 0.130 0.063 0.051 0.063
Pb 0.099 0.070 0.057 0.166 0.107 0.108 0.378 0.144 0.232
U 0.058 0.021 0.010 0.022 0.013 0.002 0.027 0.012 0.014
Ce/Tb 12.327 6.642 3.542 6.831 6.448 2.546 4.140 3.644
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η = 520 g/cm s. Values for the density and viscosity of the 
liquid were calculated according to Bottinga and Weill 
(1970) and Shawn (1972), respectively for the B1 magma 
at 1150 °C. According to these values the settling velocity 
of olivine is ~ 75 times faster than that of the co-existing 
chromite (3.3 × 10− 6 cm/s for chromite grains and 2.4 × 10− 4 
cm/s for olivine).

We have assumed that the chromite grains settled indi-
vidually: the limited evidence for clusters with similar crys-
tallographic orientations in the granular chromitite suggests 
that at least some of the chromite grains were joined on low-
energy faces to form clusters with a correspondingly larger 
Stokes’ settling velocity. However, clusters appear to be rare, 
and are generally small (Fig. 4a) and so we argue that cluster 
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formation was not sufficient to significantly affect the rela-
tive settling rates of chromite and olivine.

We have also assumed settling from a static liquid. How-
ever, our conclusion that olivine and chromite have sig-
nificantly different settling velocities is relevant even if the 
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Table 2  Average olivine 
composition of N microprobe 
and n LA-ICP-MS analyses

Main elements are given in 
wt%, trace elements in ppm
bdl below detection limit

MG1–5 MG1–22

N (n) 5 (4) 9 (0)
SiO2 39.6 40.0
TiO2 bdl bdl
Al2O3 bdl bdl
Cr2O3 bdl bdl
MgO 48.2 49.2
MnO 0.15 0.11
FeO 11.6 10.1
CaO 0.02 0.03
NiO 0.36 0.36
Total 99.9 99.8
Mg# 88.1 89.7
Sc 4
Ti 14
V 1
Cr 21
Mn 1205
Co 144
Ni 2810
Zn 36
Rb bdl
Sr bdl
Y 0.03
Zr 0.05
Nb bdl
Ba bdl
La bdl
Ce bdl
Pr bdl
Nd bdl
Sm bdl
Eu bdl
Gd bdl
Tb bdl
Dy bdl
Ho bdl
Er bdl
Tm bdl
Yb 0.0349
Lu 0.0108
Hf 0.0038
Pb bdl
U bdl
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magma were convecting. Martin and Nokes (1988, 1989) 
showed that crystal settling occurs in convecting magmas 
in which the convective velocity exceeds the settling veloc-
ity, when crystals enter the stagnant lower boundary layer. 
Settling from a convecting magma is slower than that from 
a static one, but in both situations larger denser crystals are 
more likely to settle faster than smaller lighter ones, to cre-
ate a fining-upwards accumulation (Holness et al. 2017b). 
We note, however, that we did not detect such systematic 
changes in grain size.

While not arguing for accumulation of olivine pri-
mocrysts primarily by large-scale settling, we propose that 
the very different settling velocities support the hypothesis 
that the olivine primocrysts were introduced into the magma 
chamber by a crystal-bearing magma. A similar process was 
proposed by Barnes et al. (2016) to account for the oikocryst 
cores of the Ntaka Ultramafic Complex.

The second stage of our model is the peritectic replace-
ment of the olivine primocrysts as a consequence of reac-
tion with a more evolved (silica-rich) liquid in a solid–liq-
uid reaction (e.g., Jackson 1961; Nicholson and Mathez 
1991, 1995; Mathez et  al. 1997; Meurer and Boudreau 
1998a, b; Boorman et al. 2004; Barnes et al. 2016). The 
peritectic replacement of olivine primocrysts by orthopy-
roxene explains the observation that many cores have the 
same crystallographic orientation (i.e., several distinct oli-
vine grains were replaced by a single orthopyroxene grain, 
attesting to a low nucleation rate for the replacive orthopy-
roxene, Fig. 5). It can also explain the negative Eu anomaly 
recorded by the oikocryst core zones, if the reactive liquid 
had already crystallised plagioclase. The high Mg# of the 
oikocryst core zones could be accounted for if the reactive 
liquid were evolved and oxidised, resulting in lower ferrous 
iron concentrations and the crystallisation of minerals with 
high Mg#.

The source of the infiltrating liquid is likely to have 
been the footwall pyroxenite (Fig. 11b). Upward flow may 
have been a consequence of gravitationally driven viscous 
compaction. There is no evidence for dislocation creep in 
these rocks, so any compaction must have occurred by a 
more cryptic process such as melt-assisted diffusion creep 
(Holness et al. 2017a). Alternatively, upwards flow could 
have been driven by a reduction in density caused by in situ 
fractionation.

The poikilitic aureoles grew after olivine replacement 
(Fig. 11c), and their composition suggests that they grew 
from a different, less evolved, liquid, suggesting that by this 
point any upward flow from the footwall had ceased. Criti-
cally, the composition of the poikilitic aureoles is consistent 
with growth from a non-fractionated B1 magma, suggesting 
that they grew in a highly porous and permeable mush from 
interstitial liquid in effective chemical communication with 
the bulk magma overlying the crystal mush.

Post‑accumulation microstructural modification 
of the chromitite mush

The final stages of solidification involved textural modi-
fications of the chromite grains that are not enclosed by 
oikocrysts (Fig. 11d). The microstructure of the granular 
chromitite is significantly different to that of the chromite 
enclosed by the oikocrysts (Figs. 3f, 6). It also has a different 
composition (Fig. 10). These features have been observed 
in many of the Bushveld chromitite layers (Cameron 1975; 
Hulbert and von Gruenewaldt 1985; Nicholson and Mathez 
1991; Penberthy and Merkle 1999; Kottke-Levin et  al. 
2009; Voordouw et al. 2009; Junge et al. 2014). The rea-
sons for these differences are not clear, but we suggest they 
may involve a combination of adcumulus growth, textural 
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Fig. 9  Electron microprobe Si and Ni distribution map of orthopyrox-
ene oikocrysts. The relative concentrations are indicated by the colour 
bar
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modification and diffusional modification of composition: 
the relative balance of these processes is not known.

If the chromitite formed by grain settling, the maximum 
packing of the chromite (and thus the maximum mode) 
would be that for close packing of spheres, or 74 vol%. More 
efficient packing can occur in accumulations with a range of 
grain sizes (Epstein and Young 1962; Jerram et al. 2003), but 
the narrow range of sizes observed for the grains enclosed 
by orthopyroxene means that we cannot call on the effect 
of a strongly polydisperse grain population to increase the 
packing efficiency. Moreover, settling will result in a disor-
dered grain arrangement. Random loose packing of single 
grains (defined as the loosest, mechanically stable packing 
state) results in 56–54 vol% solids (Onoda and Liniger 1990; 
Ciamarra and Coniglio 2008; Zamponi 2008; Farrell et al. 
2010), and this packing can be reduced even further if grains 
settled as clusters (Heaney et al. 1995; Dong et al. 2006; 
Yang et al. 2007).

The evidence shown in Fig. 4 is supportive of the forma-
tion of at least some clusters of chromite grains. Clusters or 
chain formation by auto-nucleation or synneusis generally 
results in grains being joined by low-energy grain bounda-
ries, resulting in a crystallographic relationship between the 
individual grains. Prichard et al. (2015) argue that inter-grain 
relationships within nodular chromite, in which grains in 
the central region share the same ‹110› axis as grains in 
the outer parts of the nodule indicate self-nucleation (of the 
outer grains on the inner grains). Such relationships are not 
evident in the MG1 chromitite. While some chromite grains 
share a {100} contact face (Fig. 4d, cluster 1), most of the 
clusters we examined share a common axis (Fig. 4d, e), but 
with no preference for any particular common axis (see the 

percentages for each axis given at the bottom of Fig. 4): 
these features are most likely a result of cluster formation by 
synneusis. However, there are only few clusters in evidence 
in Fig. 4 and we argue that most of the chromite in the MG1 
chromitite accumulated as single grains.

The chromite mode in the poikilitic orthopyroxene aure-
oles is 50–60 vol%. This is in the range expected for a ran-
dom loose packing of single monodisperse grains, and sug-
gests that the spatial distribution and grain size population of 
chromite grains in the earliest stages of mush formation was 
preserved by early enclosure by the orthopyroxene. How-
ever, the almost 100 vol% chromite mode in the granular 
chromitites demonstrates that they must have experienced 
some adcumulus growth.

Adcumulus growth of chromite grains in close proximity 
to interstitial orthopyroxene would necessitate the localised 
suppression of orthopyroxene nucleation and growth. The 
replacement of adjacent olivine primocrysts by single grains 
of orthopyroxene and the continued growth of the orthopy-
roxene grains into the chromite mush to form extended 
oikocrysts is certainly consistent with this. One possible 
mechanism to create the observed microstructure is therefore 
to have the interstitial liquid crystallising both chromite and 
orthopyroxene, with inhibition of orthopyroxene nucleation 
confining orthopyroxene growth to the immediate neigh-
bourhood of olivine primocrysts. Adcumulus overgrowth 
of the chromite near the magma-mush interface would then 
have resulted in the densification of the chromite mush. The 
complete absence of plagioclase in the MG1 chromitite is 
consistent with this hypothesis. The last stages of solidifica-
tion involved the crystallisation of a highly evolved, hydrous 
liquid to form the small amounts of biotite and hornblende.

Table 3  Average chromite 
composition of N microprobe 
analyses given in wt%

MG1–5 MG1–6 MG1–9 MG1–22

Chromite in 
oikocrysts

Granular 
chromite

Chromite in 
oikocrysts

Granular 
chromite

Chromite in 
oikocrysts

Granular 
chromite

Chromite in 
oikocrysts

Granular 
chromite

N 40 37 40 27 21 31 19 25
TiO2 0.78 0.79 0.74 0.76 0.73 0.75 0.68 0.69
SiO2 0.05 0.01 0.04 0.00 0.03 0.01 0.03 0.02
Al2O3 17.2 16.9 16.4 16.5 15.9 15.9 16.6 15.7
Cr2O3 43.8 44.4 45.5 45.5 46.2 46.1 44.1 46.5
V2O3 0.28 0.28 0.26 0.26 0.25 0.25 0.27 0.26
Fe2O3 8.71 8.61 8.11 8.11 8.02 8.08 9.16 8.03
FeO 19.1 19.0 19.2 19.0 19.1 19.0 18.8 18.6
MnO 0.27 0.28 0.28 0.27 0.28 0.28 0.28 0.28
MgO 10.5 10.6 10.4 10.6 10.4 10.5 10.6 10.7
ZnO 0.06 0.05 0.06 0.06 0.05 0.05 0.05 0.05
NiO 0.16 0.16 0.14 0.14 0.15 0.15 0.16 0.13
Total 100.9 101.1 101.1 101.1 101.1 101.1 100.8 101.0
Mg# 49.6 49.7 49.1 49.8 49.4 49.6 50.1 50.7
Cr# 63.1 63.9 65.0 64.9 66.1 66.1 64.0 66.5
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The coarser grain size and granular microstructure of the 
chromite adcumulate would then be a simple consequence 
of its essentially monomineralic composition, permitting 
rapid grain boundary migration and the attainment of tex-
tural equilibrium, driven by the minimisation of interfacial 
energies (e.g., Hunter 1987, 1996; Holness and Vernon 

2015). Textural equilibration resulted in the smoothing of 
grain boundaries, the attainment of 120° triple junctions and 
the onset of normal grain growth driven by differences in 
grain boundary curvature (Thomson 1887; Bulau et al. 1979; 
Holness 2005, 2007). CSD data (Fig. 6) reveal a rotation 
consistent with normal grain growth, with a reduction in 
smaller grains and increase in larger grains in the granular 
chromitite compared to the population of grains enclosed 
in the orthopyroxene. The difference in composition 
between the granular chromitite and the chromite enclosed 
by oikocrysts (Fig. 10) could then be accounted for as the 
chromite enclosed by orthopyroxene would have equilibrated 
with the surrounding pyroxene, whereas the granular chro-
mitite retained its original composition.

Implications for chromitite formation models

The focus of this paper has been on the oikocrysts within the 
chromitite, but our textural and chemical observations can 
also be used to shed some light on the formation of the chro-
mitite layers themselves. Numerous models and ideas have 
been proposed to account for the formation of chromitite 
layers in layered intrusions (see Maier et al. 2013; Cawthorn 
2015 for comprehensive recent reviews), including those 
based on the mobilisation of cumulate slurries (Maier et al. 
2013). Importantly, we see no fining-upwards of the size in 
chromite grains enclosed in the oikocrysts (i.e., those most 
likely to retain their original size), suggesting that the slurry 
model cannot account for these particular chromitite layers.

Conclusions

Orthopyroxene oikocrysts in the MG1 chromitite layer of the 
Western Bushveld Complex grew during a complex series 
of steps, involving the peritectic replacement of cumulus 
olivine triggered by an upwards percolating, incompatible 
element enriched, evolved melt. The core zones were then 
overgrown by poikilitic orthopyroxene in equilibrium with 
the parental melt B1 near the magma-crystal mush interface. 
Finally, post-cumulus adcumulus chromite growth followed 
by annealing of chromite crystals outside the oikocrysts led 
to the formation of granular chromitite.

Our integrated approach provides an understanding of dif-
ferent magmatic processes, controlling both the geochemi-
cal and the textural evolution of oikocrysts. Although this 
study describes small-scale phenomena, similar oikocrysts 
are observed in other parts of the Bushveld Complex, sug-
gesting that the history we have outlined here may be com-
mon in layered mafic intrusions.
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Fig. 10  Variations in chromite chemistry. a Cr#, b  Fe3+/Fe2+ and c 
 TiO2 concentrations versus Mg# collected by electron microprobe. 
Different grey scales display different heights along the MG1 (bright 
to dark from bottom to top). Ellipses indicate 66% confidence inter-
vals for each data set
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