
 

 

 

 

 
 
 
 
 

MASSIVE MAGNETITITE LAYERS OF THE BUSHVELD COMPLEX, SOUTH 
AFRICA: GEOLOGY, GEOCHEMISTRY, AND GENESIS 
 
 
 
 
 
 
Willem Abram Jacobus Kruger 
 
 
 
A dissertation submitted to the Faculty of Science, University of the Witwatersrand, in fulfilment of the 

requirements for the degree of Doctor of Philosophy. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Johannesburg, 24 January 2021 



i 

 

 

DECLARATION  

 

I declare that this thesis is my own, unaided work.  It is being submitted for the Degree of Doctor of 

Philosophy at the University of the Witwatersrand, Johannesburg.  It has not been submitted before for 

any degree or examination at any other University. 

 

_______________________________________ 

(Signature of candidate)  

 

24th of November 2021 at Brits 



ii  

 

ABSTRACT 

The petrogenesis of monomineralic rocks in layered intrusions is a petrological enigma 

containing important clues regarding the inner workings of magma chambers. Massive 

magnetitite layers of the Bushveld Complex, South Africa, are particularly useful to unravel 

magma chamber processes due to the exceptionally high crystal/liquid partition coefficients of 

Cr in magnetite. By studying the field relationships and distribution of Cr within and across the 

lowermost massive magnetitite layers of the Complex, new insights are derived regarding some 

of the most fundamental questions pertaining to our understanding of magmatic crystallization 

and differentiation. These include where and how do crystals accumulate, what is the thickness 

of crystal mushes in magma chambers, and how does crystal/liquid fractionation occur to drive 

magmatic evolution. Two-dimensional geochemical maps of magnetitite layers reveal 

fossilized solidification fronts that strongly argue for the in situ crystallization of this rock type 

as indicated by the presence of Cr-rich, dome-shaped growth nodes, the accumulation of 

magnetite on sub-vertical footwalls, and the outward growth of magnetitite on anorthositic 

inclusions. Extremely steep Cr gradients, coupled with a near-constant V concentration, show 

that the solidification front propagates as a near-solid surface, suggesting that crystal mushes 

may not be of significant thicknesses in layered intrusions. The latter requires effective 

exchange of liquid at the solidification front by the convective removal of thin compositional 

boundary layers surrounding magnetite crystals. Depressions in the anorthositic footwall 

underneath massive magnetitite layers together with the presence of an interconnected network 

of anorthosite inclusions suggest that thermochemical erosion (or magmatic karstification) of 

the basal cumulates occurred prior to massive magnetitite crystallization. This observation, 

along with large Cr reversals recorded in massive magnetitite layers, suggest magmatic 

recharge preceded the formation of this rock type. A pressure reduction associated with 

magmatic ascent from a deeper seated staging chamber, possibly coupled with contamination 

of the melt by crustal material, ensured the production of a relatively Cr-rich, superheated melt 

capable of crystallizing only magnetite upon entry and cooling in the Bushveld magma 

chamber. Mixing between the incoming and resident melt is responsible for the formation of 

anorthositic footwalls commonly associated with the massive magnetitite. 
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CHAPTER 1 

INTRODUCTION  

1.1 Background information 

Through countless times in Earthôs history, the mantle has undergone partial melting to produce 

basaltic melts that may rise to eventually intrude the planetôs crust. As these melts slowly lose 

heat to their surroundings, they gradually crystallize, possibly producing layers that may in 

some cases consist of valuable ore deposits. When solidification is complete, a fossilized 

magma chamber is left behind, preserving important clues to the processes that occurred within 

the magmatic system. Through the processes of upheaval and erosion, the structure may 

eventually become exposed on the planetôs surface, enabling us to study its various intricate 

features. Attempts to decipher the processes that occur within such layered intrusions have 

preoccupied the minds of igneous petrologists for more than a century. Curiously, even after 

all this time, very few petrologists can agree on some of the most fundamental questions on the 

topic. This thesis is an attempt to gain a better understanding of magma chamber dynamics by 

studying an extraordinary rock type capable of providing unique insights into this debate: the 

massive magnetitite layers of South Africaôs Bushveld Complex. 

In our simplest understanding of the evolution of basaltic magma chambers, melts are supposed 

to evolve primarily along cotectics and eutectics in temperature-compositional space as 

different phases are incrementally added to the liquidus. This crystallization trend results in 

rocks with well-defined proportions of minerals (Bowen, 1928; Roeder and Osborn, 1966; 

Kushiro, 1969). A great challenge that petrologists face is the occurrence of stratiform 

monomineralic rocks within layered intrusions that consist of a specific mineral that is only 

supposed to join the liquidus assemblage after other minerals have already started crystallizing. 

Examples of such rock types include chromitites, anorthosites, and magnetitite layers, all of 

which can be found within the Bushveld Complex. The existence of such monomineralic rocks 

indicates that some process occurs within magma chambers that we do not yet fully understand, 

although many diverse and conflicting hypotheses have been proposed (Wager and Brown, 

1968; Cawthorn, 1996a; Charlier et al., 2015).  
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The problem most likely persists because we cannot understand the formation of 

monomineralic rocks in layered intrusions without understanding the fundamentals of how 

layered intrusions crystallize and differentiate. For example, one of the most important 

unresolved questions that stand in our way deals with the means by which crystals accumulate 

in magma chambers. Do they nucleate and crystallize within the interior of the magma chamber 

then settle out under the influence of gravity? Or do they rather crystallize in situ, i.e. crystals 

nucleate and grow directly on the outer margins of the chamber? A second important question 

is how crystal/liquid fractionation occurs to produce the wide variety of igneous rocks we 

observe in fossilized magma chambers. Common mechanisms proposed for this process 

include crystal settling, compaction of crystal mushes, diffusion, or compositional convection. 

A more recent paradigm also questions the degree to which magma chambers are dominated 

by crystal-free melt (Cashman et al., 2017). In contrast to the classic idea that magma chambers 

crystallize from large volumes of crystal-free melt, this new paradigm suggests that magma 

chambers are only composed of mixtures of crystal-rich mushes that form large trans-crustal 

magmatic systems. The aim of this study is to vigorously test the above hypotheses dealing 

with the inner workings of magma chambers by studying the field and geochemical 

characteristics of massive magnetitite layers in the Bushveld Complex. Only once this feat has 

been accomplished is an attempt made to solve the decades-old mystery regarding the origin 

of this rock type.  

1.2 Problem statement 

A brief discussion now follows of the different ideas regarding the issues outlined above by 

different investigators. 

1.2.1 Fundamentals regarding the inner workings of magma chambers 

1.2.1.1 The thickness of the crystal mush in magma chambers 

In our classical view of basaltic magma chambers, they are envisioned as large bodies of liquid 

that crystallize from the margins inwards in structures called solidification fronts (Marsh, 1996; 

Marsh, 2013). Such structures have previously been observed by drilling into Hawaiian lava 

lakes (Heltz, 1987). A solidification front can be defined as the portion of the magma chamber 

that is thermally located between the liquidus of the chamber interior and the final solidus of 

the magma. Therefore, it consists of a mixture of both solids and melt, i.e. a crystal mush. The 

thickness of the crystal mush within magma chambers has been the topic of much debate. Some 

textural (Holness et al., 2017a) and field evidence (Hess, 1960; Thompson and Patrick, 1968) 



3 

 

seem to suggest that crystal mushes may be no more than 4 metres thick. On the other hand, 

Tait and Juapart (1989) argued that a 100 m thick crystal mush must form prior to the onset of 

compositional convection and magmatic differentiation in magma chambers. Maier et al. 

(2013) proposed that the hydrodynamic sorting of thick (possibly several dozens of metres) 

crystal mushes are responsible for the origin of layering in the Bushveld Complex, including 

the origin of massive magnetitite. On the extreme end of the argument, Cashman et al. (2017) 

argue that the classic view of liquid-dominated magma chambers is incorrect, and that magma 

chambers are entirely composed of crystal-rich mushes. The latter is based on a lack of 

geophysical data supporting the existence of a large magma chamber underneath Yellowstone 

supervolcano in the United States, as well as crystals from volcanic rocks recording complex 

zoning patterns suggesting complicated crystallization histories. Within the crystal mush, 

lenses of melt-rich areas may exist, but they are considered small and short-lived. 

1.2.1.2 Means of accumulation of crystals in magma chambers 

This issue deals with how new crystals are added to a solidification front during magmatic 

crystallization. One of the most influential papers on the subject was published by Bowen 

(1915) when he observed the settling of olivine crystals within small platinum crucibles. Since 

then, the concept of crystal settling became popular among igneous petrologists, with the 

process being heavily favoured to explain igneous layering in Wager and Brownôs (1968) 

famous publication on layered igneous rocks. The idea of crystal settling generally involves 

the growth of crystals in areas where cooling is most significant (for example the flanks or roof 

of the chamber), and are then brought to the chamber floor under the influence of gravity. This 

may happen in the form of density currents (Irvine, 1980), or plumes of crystals and melt 

descending from the roof of the chamber, called two-phase convection (Morse, 1986a; 1988; 

Cawthorn, 2019). Alternatively, crystals that formed in the chamber interior may never settle 

out at all, as thermal convection keeps the crystal suspended until an immobile mush results 

(Bachman and Bergantz, 2004; Bea, 2010). 

In contrast to the above models, Jackson (1961) reasoned that crystals crystallized and grew 

close to the bottom of the Stillwater Complex, a process referred to as bottom crystallization. 

This was deemed possible because, although most heat is lost through the chamber roof (e.g. 

Wager, 1963; Morse, 1986a), the density gradient may favour crystallization on the chamber 

floor. Campbell (1978) later presented several lines of evidence for the in situ crystallization 

for the Jimberlana intrusion in Australia, and also presented general arguments for why in situ 

crystallization may be more favourable in layered intrusions. Since then, several investigators 
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have accumulated additional geochemical and field data that may provide support for the in 

situ crystallization model (McBirney and Noyes, 1979; Cawthorn & McCarthy, 1980; Latypov 

and Egovora, 2012; Latypov et al, 2016; Latypov et al., 2020). Nevertheless, the relative 

degrees that crystal settling and in situ crystallization contributes to the formation of layered 

intrusions is an ongoing debate (e.g. Cawthorn, 2019; Latypov et al., 2020). Both models have 

been invoked to explain the origin of massive magnetitite as discussed later on. 

1.2.1.3 Mechanisms of differentiation of magma chambers 

Layered intrusions show a great diversity of the rock types and chemical composition of similar 

minerals found within. Understanding how such diversity originates is perhaps one of the most 

important questions to consider when studying these geological phenomena. As stated above, 

it is generally accepted that this diversity originates due to the separation of crystals and liquid, 

causing the liquid to continuously change in composition as the intrusion solidifies. There is, 

however, a lot of debate on the process that causes crystal/liquid fractionation. Once again, 

crystal settling is a popular hypothesis (Wager and Brown, 1968). Alternatives that are 

compatible with in situ crystallization models include compaction of crystal mushes (e.g. 

McKenzie, 2011; Namur and Charlier, 2012; Cashman et al., 2017), diffusion (possibly with 

the aid of thermal convection) (Cawthorn and McCarthy, 1980; Morse, 1986b), compositional 

convection within large crystal mushes (Tait & Juapart, 1989), or the convective removal of 

small compositional boundary layers surrounding individual crystals (Martin et al., 1987; 

Campbell, 1996; Seedhouse and Donaldson, 1996). As Morse (1986b) rightly put it, it is up to 

the petrologist to decipher which of these processes (if any) is responsible for the formation of 

a given suite of rock.  Once the above fundamental issues regarding the inner working of 

magma chambers have received attention can be shifted to the origin of Bushveld magnetitite. 

1.2.2 Origin of massive magnetitite layers in the Bushveld Complex 

The intrusive and mafic part of the Paleoproterozoic Bushveld Complex, called the Rustenburg 

Layered Suite (RLS), has garnered fame among petrologists due to its immense size, well-

developed layering in some sections, and the presence of world-class deposits of PGE, Cr and 

V. Despite the fact that the RLS formed via multiple magma recharge events (e.g. Kruger, 

1994; Eales, 2002), on a large scale it displays a sequence of cumulates that is broadly 

consistent with a magmatic system that has undergone closed-system differentiation. On a 

stratigraphic bases the RLS is subdivided into different zones based on the cumulus mineral 

assemblage. Above a noritic Marginal Zone (the lowermost unit of the RLS) occurs the Lower 
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Zone that consists of ultramafic rocks containing cumulus olivine and orthopyroxene. The 

appearance of cumulus chromite marks the base of the so-called Lower Critical Zone, while 

the Upper Critical Zone is defined by the appearance of cumulus plagioclase. Above the Upper 

Critical Zone occurs the Main Zone, a sequence of mostly norite, gabbronorite, and gabbro that 

is generally poorly layered compared to the remainder of the intrusion. It is within the Upper 

Zone, marked by the appearance of cumulus magnetite, where massive magnetitite layers occur 

that are the focus of this study. 

Several features are common to most magnetitite layers of the Bushveld Complex that any 

model dealing with their petrogenesis must be able to account for. These features include: (1) 

the pure adcumulate nature of these layers that essentially consist of pure titano-magnetite. Any 

interstitial material is virtually absent and, with some exceptions, other cumulus phases are 

rare; (2) these layers are commonly underlain by an anorthosite layer with which it shares a 

macroscopically sharp boundary. The common occurrence of this anorthosite is perhaps one of 

the most challenging features to explain when dealing with the origin of the magnetitite, to 

such an extent that most models simply ignore its presence. The occurrence of one 

monomineralic rock type already provides a significant challenge to petrologists so that the co-

occurrence of magnetitite and anorthosite raises the bar of the challenge even higher; (3) the 

magnetitite layers have gradational contacts into overlying magnetite anorthosite. Pyroxene is 

notably absent from the cumulus assemblage surrounding many magnetitite layers; (4) 

magnetitite layers have extreme lateral extent, and some of them can be traced for hundreds of 

kilometres. No model has thus far been proposed that can adequately explain all these features. 

The literature on magnetitite layers neatly illustrates the dilemmas we deal with in igneous 

petrology. Petrogenetic models are generally polarized in two respects, namely how magnetite 

crystals accumulate in magma chambers and if a magmatic recharge event is in some way 

responsible for their formation. In regards to the first issue, research conducted in the 1980s 

found evidence to support the in situ crystallization of these layers in the form of a rapid but 

very regular upwards depletion in Cr contents in magnetite layers (Cawthorn and McCarthy, 

1980; 1981; 1983; McCarthy and Cawthorn, 1983; McCarthy et al., 1985). Most importantly, 

perhaps, is the discovery of Cawthorn (1994) a decade later. By collecting samples along the 

base of the MML, he noticed extreme lateral variability in the Cr content of the layer. He 

proposed that high Cr-spots were areas where magnetite first started nucleating and growing 

on the underlying anorthosite layer, by analogy similar to mould growing on cheese. Although 

the data appeared erratic with a sample spacing of 50 cm, on a figure he constructed he 
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demonstrated an anticipated growth of magnetite outwards from initial points where nuclei first 

appeared to form dome-like structures that he called growth nodes. However, in modern 

literature, these findings are mostly ignored, and researchers typically favour models that 

involve some form of crystal settling or sorting (Scoon & Mitchell, 2012; Maier et al., 2013; 

Bilenker et al., 2017; Yuan et al., 2017; Knipping et al., 2019; Vukmanovic et al., 2019). The 

second issue arises from apparently conflicting geochemical data on the Upper Zone of the 

Bushveld Complex where all massive magnetitite layers are located. For example, Sr-isotope 

data across the Upper Zone reveals a general consistency in the initial Sr87/Sr86 ratios, 

suggesting the entire 1.5 km thick sequence of rocks crystallized from a single pulse of magma 

(Kruger et al., 1987). This is supported by some geochemical evidence, such as a general lack 

in significant An reversals in plagioclase in the hangingwall and footwall lithologies across 

magnetitite layers (Cawthorn and Ashwal, 2009). Some researchers have therefore proposed 

that magnetitite layers formed due to internal processes such as a pressure increase in the 

magma chamber (Cawthorn and McCarthy, 1980; Cawthorn and Ashwal, 2009). However, 

other researchers have recorded geochemical reversals in, for example, Cr in pyroxenes in the 

Bushveldôs Upper Zone (Tanner et al., 2014), variations in Mg# of mafic silicates (Scoon & 

Mitchell, 2012), changes in chondrite normalized PGE patterns across one of the most 

prominent, 2 m thick magnetitite layers of the Complex, called the Main Magnetite Layer 

(Harney and Von Gruenewaldt, 1995), or An reversals recorded in the anorthositic footwalls 

of magnetitite layers (Yuan et al., 2017). Most of these authors thus opted for magmatic 

recharge to explain these features. Some have pointed out, however, that reversals can also be 

produced by the convective breakdown and mixing of melt layers in a density stratified magma 

chamber (Harney and Von Greundewaldt 1995; Tegner et al., 2006). These models are 

reviewed in more depth in Chapter 5. 

1.3 Aims and objectives 

1.3.1 Data collection 

Uncertainties regarding the dynamics of magma chambers persist because most rock types in 

layered intrusions cannot record the processes that occur in the solidification front in sufficient 

chemical detail. Magnetitite layers are a remarkable exception in this respect because of the 

extraordinarily high crystal/liquid partition coefficients of Cr in magnetite. Cawthorn and 

McCarthy (1980) first realized the potential of Cr in magnetite as a very powerful indicator of 

magmatic processes when they recorded extremely steep chemical gradients in terms of this 

trace element in vertical profiles across the Main Magnetite Layer. However, since the 1980s 
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we have experienced a great technological advancement in analytical equipment with the 

advent of portable X-ray fluorescence spectrometers (pXRF). This instrument allows for rapid 

chemical analysis directly on field outcrops, enabling the acquisition of hundreds of chemical 

analyses in just a few hours. A major aim of this study is to analyse outcrops of two prominent 

magnetitite layers in two dimensions to construct geochemical contour maps focussing on the 

distribution of Cr. The first is the Main Magnetite Layer (MML)  from the Bushveldôs Eastern 

Limb, the same site where Cawthorn and McCarthy (1980) started studying the variation of Cr 

within these layers. The second is the lowermost magnetitite layer located in an open pit of the 

Rhovan vanadium mine in the Western Limb of the Bushveld Complex referred to here as the 

Bottom seam. Additional examples of the Bottom seam and Main Magnetite Layer will  also be 

analysed in drill core provided by the Rhovan and Vametco vanadium mines, both located in 

the Western Limb of the Complex. Such mapping may provide an unparalleled visualization 

of the step-wise propagation of a solidification front. In addition, Cr contents in magnetite 

crystals across a 180 m-thick section near the base of the Upper Zone will also be analysed to 

observe large scale variations in this trace element across sections bearing several magnetitite 

layers. 

Most previous studies that have focussed on the petrogenesis of massive magnetitite layers 

focus on their geochemistry (e.g. Cawthorn and McCarthy, 1980; McCarthy et al., 1985; 

Kruger and Smart, 1987; Cawthorn and Ashwal, 2009; Yuan et al., 2017) while a recent study 

has been conducted to look for textural clues regarding their origin (Vukmanovic et al., 2019). 

One aspect that has largely been ignored is the field characteristics of magnetitite layers. A 

major aim of this study is thus to record the appearance of magnetitite layers in the field and 

open pits, especially regarding the nature of their contacts with underlying anorthosite layers. 

In recent years a similar approach has proven fruitful to better understand the formation of 

chromititite layers and the Merensky Reef of the Bushveld Complex (Latypov et al., 2016; 

Latypov et al., 2017a; Pebane and Latypov, 2017; Chistyakova et al., 2019). 

1.3.2 Determining the thickness of the crystal mush during magnetitite crystallization 

As stated above, some researchers have employed field and textural evidence to try and 

ascertain the thickness of crystal mushes. Here, an approach will be used where the covariance 

of two trace element with markedly different compatibilities are studied as this can provide 

constraints on the degree of crystal/liquid fractionation that occurs within the solidification 

front. This is based on the work of Langmuir (1989) who derived equations demonstrating the 
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behaviour of trace elements with different compatibilities become more similar as the 

efficiency of crystal/liquid fractionation decreases. Effective crystal/liquid fractionation also 

allows for effective crystallization of interstitial liquid and may result in a relatively thin crystal 

mush (Morse, 1986b; 2002; 2011). In the case of magnetitite, two compatible elements are 

compared with differing compatibilities, namely Cr with a crystal/liquid partition coefficient 

in magnetite that varies from 60-600 in basaltic melts (Irving, 1978; Toplis and Corgne, 2002; 

Castle and Herd, 2017), and V that ranges from about 10 to 30 (Irving, 1978; Toplis and 

Corgne, 2002). Effective crystal/liquid exchange would ensure maximum depletion of Cr and 

V during magnetite fractionation. If crystal/liquid exchange is less effective, the depletion of 

Cr and V will  slow down as magnetite crystals will  be in contact with more evolved, Cr and V 

depleted melt. This limits the amount of these trace elements that the crystals can extract from 

the surrounding liquid. The effect is more pronounced for Cr because of its higher partition 

coefficient in magnetite compared to V. The more dissimilar the behaviour of Cr and V, the 

more effective the interstitial liquid crystallizes due to effective liquid exchange, providing a 

qualitative indication of the thickness of the crystal mush. 

1.3.3 Determining the means of the accumulation of crystals in magnetitite layers 

An attempt will be made to test for the existence of ñgrowth nodesò that were predicted by 

Cawthorn (1994) as explained above. By reducing the minimum sample spacing employed by 

Cawthorn (1994) of 50 cm to just 1.5 cm, and by geochemically mapping outcrops in two 

dimensions, Cr-contour maps will be constructed to test if growth nodes can be visualized. If 

so, this can serve as powerful evidence for the in situ crystallization of massive magnetitite. 

Mapping will also be performed in sections where the contact between magnetite and 

anorthosite is sub-vertical. In situ crystallization would predict crystallization directly onto the 

sub-vertical contact, while this would not be possible for crystal settling. In some cases, 

magnetitite may also contain inclusions of anorthosite (e.g. Scoon & Mitchell, 2012). It can be 

expected that magnetite would nucleate and grow all over their outer surfaces if in situ 

crystallization predominates, and should be indicated by higher Cr contents in the vicinity of 

such inclusions. 

1.3.4 Constraining the mechanisms of differentiation during the crystallization of magnetitite 

By establishing the thickness of the crystal mush and the means of accumulation of magnetite, 

strict constraints can be placed on the mechanism of magmatic differentiation during 

magnetitite crystallization. For example, if the evidence is in favour of in situ crystallization, 
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crystal settling can be disproven, the latter can be excluded as a means of magmatic 

differentiation. If the crystal mush within magnetitite is found to be thin or non-existent, we 

can exclude models like compaction or compositional convection with a thick crystal-liquid 

pile. A prediction of the hypothesis that magmatic evolution occurs by the convective removal 

of a thin (a few mm) compositional boundary layers from in situ growing crystals is that 

effective liquid exchange would still be able to occur in extremely confined spaces. This can 

be tested by checking if adcumulus growth and liquid exchange still occur in such confined 

spaces, such as underneath inclusions or within small magnetite-bearing veins.  

1.3.5 Unravelling the origin of massive magnetitite layers 

The answers provided to the above questions can already help resolve the first polarizing aspect 

of magnetitite petrogenesis, namely whether or not magnetite crystals accumulate in situ, are 

deposited on the chamber floor by gravity, or both. Clues regarding whether or not magmatic 

recharge occurred may be obtained by studying the variation in Cr contents across sequences 

containing both magnetitite layers and silicate rocks. Because Cr contents are rapidly depleted 

during massive magnetitite crystallization (Cawthorn and McCarthy, 1980), this trace element 

could prove much more sensitive to detect any chemical reversals that may have occurred 

compared to, say, An contents in plagioclase. Field evidence, such as the presence of potholes 

within the footwalls of magnetitite layers may also provide further clues on this debate, as such 

structures underneath chromitite layers and the Merensky Reef have been interpreted as the 

products of thermochemical erosion following a magmatic recharge event (e.g. Campbell, 

1986; Latypov et al., 2016; Latypov et al., 2017a; Pebane and Latypov, 2017). 

By combining all the above observations, an attempt will be made to come up with a model 

that can potentially explain how magnetitite layers formed in the Bushveld magma chamber, 

why anorthositic footwalls are so common underneath this rock type, and why massive 

magnetitite possess gradational contacts into overlying anorthosite layers.  

1.4 Thesis outline 

Because this thesis follows the article format, the following chapters that form the body of the 

thesis represent journal articles that have already been published, and/or will soon be submitted 

for publication (with the exception of Chapter 2). They are as follow: 

1.4.1 Chapter 2 

An overview is provided of the methods employed to accomplish the goals stated above.  
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1.4.2 Chapter 3 

This chapter shows the results obtained by the two-dimensional geochemical mapping of the 

MML in the Magnet Heights locality from the Eastern Limb of the Bushveld Complex and has 

been published in Nature Communications. The results obtained allow for the visualization of 

fossilized solidification fronts and are used to constrain the mechanism by which crystals 

accumulate within magma chambers (crystal settling versus in situ crystallization), the 

thickness of the crystal mush during magnetitite crystallization, and the potential mechanisms 

by which crystal/liquid fractionation occurs within magmatic systems. 

1.4.3 Chapter 4 

Results are presented following the two-dimensional mapping of an outcrop of the lowermost 

magnetitite layer from the Western Limb of the Bushveld Complex that contains several 

curious field relationships, such as depressions in the footwall anorthosite and the presence of 

various anorthositic inclusions within the magnetitite layer. By studying the propagation 

pattern of the solidification front, it is possible to finally unravel the origin of such anorthositic 

inclusions in Bushveld magnetitite. A new petrological concept is introduced that is referred to 

as magmatic karst, where previously deposited cumulates are partially destroyed by 

thermochemical erosion following a magmatic recharge event resulting in an undercut-

embayed chamber floor. By studying the crystallization of magnetite within such an 

environment provides unique insights into and how, where, and why magma chambers 

crystallize and differentiate. This work has been submitted for publication. 

1.4.4 Chapter 5 

This chapter presents variations in Cr contents in magnetite across a 180 m thick section 

containing both the bottom seam and the MML, as well as several smaller magnetitite layers. 

The field characteristics of magnetite layers are also documented. Thereafter follows a review 

of previous literature dealing with magnetitite petrogenesis that is tested against the new 

findings made in this study, including those from Chapter 3 and 4. Aspects of old models that 

are not consistent with the data are discarded, while potential strong points are incorporated 

into a new model that attempts to explain the origin of massive magnetitite, the origin of the 

gradation into overlying magnetite anorthosite, and the origin of underlying anorthositic 

footwalls. Other aspects of magnetitite petrogenesis discussed in previous chapters (such as the 

mechanisms by which magmatic evolution occurs during magnetitite crystallization) are 

discussed in more depth. As of writing this work is yet to be submitted for publication. 
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1.4.5 Chapter 6 

The main findings of the study are summarized. 
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CHAPTER 2 

METHODOLOGY  

2.1 Chemical analysis with the portable XRF and quantification of data.  

We have analysed an exposure of the MML located in the Magnet Heights area, Eastern 

Bushveld Complex (24Á50ô14.83òS, 29Á58ô18.55òE), and the bottom seam from the Rhovan 

open pit mine, Western Bushveld Complex (25Á34ô56.76òS, 27Á34ô37.59òE) on grid patterns 

using a portable Niton XL3t XRF analyser. The instrument analyses an area with a diameter of 

8 mm. The MML is coarse grained, with grain sizes in excess of 2 cm (Cawthorn et al., 1983), 

but grains are originally thought to be extremely small (0.2 mm) and have grown to their 

present size possibly due to post-cumulus annealing. Therefore, a single analysis represents the 

average Cr composition of potentially thousands of magnetite grains. A grid spacing was 

employed of 4 cm for the profiles in Figure 3.3a, 3.4a, 3.5a, 4.1 and 1.5 cm for the profile in 

Figure 3.3c. Each spot of the grid was screened with the portable XRF (pXRF) for 

approximately 60 seconds. The instrument was calibrated after every few hours of its use by 

means of its own built-in standards. To obtain quantitative data from the pXRF, we have 

performed the following recalculations. First, the Cr/V ratio of each analysis was determined. 

This is because the surface of the magnetitite layers is not perfectly planar and it is not always 

possible to obtain proper contact with the pXRF for every analysis. As a result, the instrument 

underestimates the actual elemental concentration in nearly all cases. However, the analysis 

provides accurate measurements for elemental ratios as long as a fair amount of contact is 

maintained. This can be seen in terms of the constant V/Ti ratios recorded by our data (V/Ti 

ratios are also near-constant for in-house XRF analysis on pure magnetite separates from the 

MML, despite the fact that some deviation occurs from the ideal V/Ti ratio if grains of ilmenite 

are also included in the spot analysed). Spots with anomalous V/Ti ratios were omitted from 

the geochemical contour map. After calculation of the Cr/V ratios, the values are multiplied by 

9.757 for the MML and 20.29 for the bottom seam to obtain a quantitative Cr concentration in 

weight percent. For the MML and the bottom seam, this gives a fit with a linear function f(x)=x 

between the in-house and portable XRF data and an R-squared correlation coefficient of 0.97 

(Figure 2.1 and 2; Appendix A). Geochemical contour maps were then constructed using Surfer 

Version 9.2.397. The average 2ů analytical uncertainty is 575 ppm, with the highest analytical 

uncertainty being 2350 ppm for the MML. For the bottom seam the average is 405 ppm with a 

maximum recorded as 1073 ppm. To account for this uncertainty, geochemical contours on  
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Figure 2.1 Calibration curve for the portable X-ray fluorescence spectrometer. Hand samples collected from 

the MML were analysed via the pXRF except for the sample with the highest Cr concentration which was 

pulverised prior to analysis (high Cr concentration gradients are present in samples with very high Cr 

concentrations and the sample needs to be homogenized before any chemical analysis can be performed). The 

vertical spacing of the blue bars represents the 2ů analytical uncertainty of the pXRF analysis. In-house XRF data 

(Maila, 2015) were obtained from pure magnetite separates. Because the pXRF data does not come from pure 

magnetite separates, some difference between the pXRF and XRF data is to be expected. 

 

Figure 2.2 Calibration curve for the portable XRF (pXRF) against in-house XRF data for the bottom seam. 
Hand samples collected from the bottom seam were analysed via the pXRF. The vertical spacing of the blue bars 

represents the 2Ū analytical uncertainty of the pXRF analysis. In-house XRF data were obtained from pure 

magnetite separates. 
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geochemical contour maps were spaced accordingly to ensure they are further apart than the 

maximum 2ů measured within each region. All pXRF data used in this study can be found in 

Appendix B, C D, and F. 

2.2 Procedures for geochemical modelling for the Main Magnetite Layer in Chapter 3.  

2.2.1 Equations employed and two-dimensional modelling 

A modified version (Rollinson, 1993) of Langmuirôs (1989) equation for in situ crystallisation 

is employed to model the variation of both Cr and V in the MML: 

     CL/CO = (ML/MO)(f(D-1)/[D(1-f)+f])
   (1) 

Where CL is the concentration of a trace element in the liquid, CO is the initial concentration of 

the trace element in the liquid, ML is the amount of liquid in the chamber, MO is the initial 

amount of liquid, f is the fraction of liquid that is ejected from the solidification front into the 

interior of the magma chamber, and D refers to the partition coefficient for the trace element 

in question. This equation assumes that there is no trapped liquid in the solidification front. 

The equation also ignores the trapped liquid shift effect which is negligible considering the 

small amount of trapped liquid (zero to three percent) present in our modelling. A further 

assumption of the equation is that the melt in the basal melt layer surrounding magnetite 

crystals is homogeneous throughout. This is a simplification to some extent as the composition 

does change within the compositional boundary layer prior to its convective removal from the 

crystal. We assume the convective removal of the boundary layer occurs at a sufficiently rapid 

rate and mixes quickly with the overlying liquid that true values do not deviate significantly 

from those predicted by equation (1). 

 

To perform modelling in two dimensions, the amount of magnetite contained within each 

contour on the geochemical contour map is measured. This measurement can then be used to 

calculate ML/MO for equation (1) which is then used to determine the concentration at different 

coordinate positions on the contour map.  

 

In an open system, changes in the Cr and V concentration due to melt addition is calculated 

using the following equation: 

CL = (Mi/Mt)(Ci) + (Ma/Mt)(Ca)   (2) 

Where CL is the liquid composition after melt addition, Mi is the amount of melt in the basal 

layer before melt addition, Mt is the total amount of melt in the basal layer after melt addition, 

Ci is the concentration of the liquid before melt addition, Ma is the amount of melt added to the 
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basal layer, and Ca is the composition of the incoming melt. The latter value is calculated by 

dividing the highest Cr concentration measured (Cawthorn, 1994) in the MML (4.8 wt. %) by 

the partition coefficient of Cr into magnetite. A spreadsheet used for the purpose of this 

modelling can be found in Supplementary Data 2 available online at 

https://www.nature.com/articles/s41467-020-16723-6#Sec11. 

 

In the final modelling (Figure 3.6c and 7b), the initial thickness of the basal melt layer is 20 

metres. After every 100 cm2 of magnetite crystallized in this part of the profile, a certain 

quantity of melt is added to the basal layer. For the first 1600 cm2 of crystallization (or after 

the deposition of 16 cm of magnetite considering the section is 100 cm wide), 1.0 metres of 

melt is added to the system, then 0.8 metres of melt for the next 800 cm2 of crystallization, 

followed by 0.54 metres of melt for the next 800 cm2 of crystallization, and finally 0.38 metres 

of melt for the final 500 cm2 centimetres of crystallization in the profile. A gradual decrease in 

the amount of melt added is necessary to explain the inflections observed in the Cr content 

(Figure 3.7). At the top of the 40 cm high profile, the basal layer has grown to a thickness of 

48 metres. After 1 m of magnetitite crystallization, it would have reached a height of 58 metres. 

 

2.2.2 Choice of partition coefficients.   

Because the V concentration of the melt parental to the Upper Zone of the Bushveld Complex 

is not known, we rely on experimental work to select a partition coefficient. The D values for 

V into magnetite ranges from 10 to 30 and is highly dependent on the oxygen fugacity of the 

melt. Based on theoretical work, previous researchers have estimated the D of V for magnetite 

from the Bushveld to vary from 20 to 30 (Toplis and Corgne, 2002). We use a D value of 20 

because it reproduces the near-consistency of V as observed in vertical profiles through the 

MML  (Maila, 2015) more accurately compared to higher values. A D value of 20 implies that 

the melt had a V concentration of about 600 ppm. 

 

Estimating the actual thickness of the basal layer is highly dependent on the partition 

coefficient used for Cr. The very rapid depletion of Cr at the base of the MML (up to more than 

200 ppm/mm towards the top of growth nodes) requires an initially very thin basal layer of 

liquid. Based on experimental results, the D for Cr appears to be poorly constrained and varies 

from 100 to 620 in basaltic melt (Irving, 1978). Finding further constraints on the D value for 

Cr can be accomplished by studying the change in V in the layer. In vertical profiles across the 
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MML in the Magnet Heights area, it was found that the V concentration may reach a maximum 

of 1.23 wt. %. The V concentration within the MML rarely drops below 0.90 wt. %60. Using a 

starting V concentration of 1.23 wt. % in magnetite, the V concentration should be kept above 

0.90 wt. % during modelling. Using a low D value for Cr requires an initially thinner basal 

layer to describe the rapid rate of Cr depletion around growth nodes (Supplementary Figure 

3.1). In addition, a lower D value for Cr implies that the incoming melt has a higher 

concentration. This is because the incoming melt composition is calculated by dividing the 

maximum Cr recorded in the MML by the partition coefficient for Cr. A smaller amount of 

melt is thus required to model the retardation in Cr depletion upwards if Cr has a lower partition 

coefficient. Both the thinner basal layer and the smaller quantity of incoming melt leads to a 

more rapid depletion in V and a lower V concentration results at the top of the profile 

(Supplementary Figure 3.1). Modelling is based on analysis selected from the dotted line in 

Figure 3.3b but the profile has been extended to 100 cm high. At this height, the Cr 

concentration usually levels off at around 700 ppm1, and the rate of melt addition is adjusted 

to mimic this effect in the modelling. Above 100 cm in the MML, an approximately 30 cm 

thick feldspar parting is present. No modelling is performed above the base of the parting. 

Under these conditions, only if a D value for Cr is used of more than 525 can V be kept above 

0.9 wt. % assuming a D of 20 for V. By dividing the D for Cr in magnetite by the highest Cr 

content recorded in the MML, a Cr concentration of 91 ppm is obtained for the liquid prior to 

its formation. These parameters put a constraint on the minimum initial thickness of the basal 

layer of 20 metres and are the parameters used in the final modelling (Figure 3.6c and 3.7b). 

 

2.3 Properties of a compositional boundary layer.  

In Chapter 3, the conclusion is reached that during the in situ crystallization of a high density 

phase on the floor of a magma chamber, a thin boundary layer of liquid with a relatively low 

density develops around a growing crystal. This boundary layer progressively increases in 

thickness and decreases in density as the crystal grows until the boundary layer exceeds the 

critical Rayleigh number for convection. At this point the boundary layer breaks away from 

the growing crystal. Equations 3 and 4 below (Martin et al., 1987) allow the calculation of the 

compositional change across and the thickness of the boundary layer, respectively, at the very 

moment when the boundary layer becomes unstable and convection commences: 

Ὠ
Ἧ
ὒ ὅ ϳ         (3) 
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Where ds is the compositional change across the boundary layer in weight fraction, æS is the 

boundary layer thickness, p is the density of the melt, v is the kinematic viscosity of the melt, 

ks is the diffusivity of the solute, C is a dimensionless constant with a value of 0.1, g is 

acceleration due to gravity, ɓ is the compositional expansion coefficient, q is the heat flux out 

of the chamber, L is the latent heat of crystallization, Cp refers to the specific heat capacity of 

the melt, and dT/dS is the liquidus slope in temperature-solute space. The p, v, Cp, and dT/dS 

were all calculated from using alphaMELTS software, version 1.4.1. An Fe-rich liquid 

composition that is considered to be parental for the Upper Zone (Tegner et al., 2006) and 

which was slightly modified to have magnetite as the first liquidus phase was used in the 

MELTS run. The diffusivity of Fe in magma (Zhang et al., 2010) (Ks) is taken as 10-11 m2 s-1 

and the average Cp of gabbro (Lesher and Spera, 2015) (396 000 J kg-1) is used. The 

compositional expansion coefficient (ɓ) of magnetite is 0.36 (weight fraction-1) (Koyaguchi, 

1990). A value for the heat loss through the basal layer (q) is taken so as to allow a 

crystallization rate of 1 cm per year. The density change across the boundary layer was obtained 

from the MELTS run by choosing a composition that corresponds to the compositional change 

given by Equation 4 above. The calculations performed to obtain the properties of the boundary 

layer can be found in Supplementary Data 3 as well as the MELTS run in Supplementary Data 

4 available online at https://www.nature.com/articles/s41467-020-16723-6#Sec11. 

 

2.4 Sample collection, chemical analysis, and field observations for Chapter 5 

Chapter 5 generally focusses on the geochemical and field characteristics of massive 

magnetitite layers from a section of Subzone A and B that is exposed in the open pits of the 

Rhovan and Vametco mines and drill cores, as well as field outcrops in the Magnet Heights 

locality from the Eastern Limb (Figure 5.1). Field observations regarding the nature of the 

contact of massive magnetitite layers to their over- and underlying lithologies were conducted 

both in the field and in drill core. Samples for whole-rock X-ray fluorescence (XRF) analysis 

and petrographic investigation were taken from two composite Rhovan drill cores that together 

intercepts the lowermost magnetitite layer (henceforth referred to as the Bottom seam) and the 

Main Magnetite Layer (MML). The two drill cores join at a height of 6 metres above the 

lowermost sample collected. 
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Samples selected for bulk-rock major and trace element analysis were sent to Genalysis Intertek 

Laboratory in Australia. Silicate rock samples were cut into approximately 8 by 4 by 2 cm large 

blocks while smaller, 4 by 2 by 1 cm blocks were cut for magnetitite samples because of their 

large Cr gradients. Compressed powder pellets were prepared for XRF analysis for major 

elements using the AMIS0368 standards in addition to in-house controls for calibration. Less 

than 1-6% percent of deviation occurs from recommended values. For trace element analysis, 

samples were prepared with four acid digests and analysed via inductively coupled plasma 

mass spectrometry (ICP-MS) using control standards GTS-2a, AMIS0167, and AMIS0013. 

Selected samples were doubly analysed to check for anomalous results and standard deviations 

are found to be less than 10%. All whole-rock data is available in Appendix E. 
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CHAPTER 3 

FOSSILIZED SOLIDIFIC ATION FRONTS IN THE BUSHVELD 

COMPLEX ARGUE FOR LIQUID -DOMINATED MAGMATIC 

SYSTEMS 

Reference to paper: 

Kruger, W. and Latypov, R. Fossilized solidification fronts in the Bushveld Complex argue for 

liquid-dominated magmatic systems. Nature Communications, DOI: 10.1038/s41467-020-

16723-6. Impact factor: 12.1. 

Author contributions  

Kruger: 65% (Geochemically analysed field outcrops, performed quantification of 

geochemical data, performed geochemical modelling, wrote the first draft of the manuscript, 

and contributed to ideas presented in the paper); 

Latypov: 35% (Supervisor, contributed to ideas presented in the manuscript, assisted with 

editing and reviewing the manuscript). 

Abstract 

Chemical differentiation of magma on Earth occurs through physical separation of liquids and 

crystals. The mechanisms of this separation still remain elusive due to the lack of information 

on solidification fronts in plutonic magmatic systems. Here, we present records of fossilized 

solidification fronts from massive magnetitites of the Bushveld Complex in South Africa, 

obtained by two-dimensional geochemical mapping on field outcrops. The chemical zoning 

patterns of solidification fronts indicate that nucleation and crystallization occur directly at the 

chamber floor and result in near-perfect fractionation due to convective removal of a 

compositional boundary layer from in situ growing crystals. Our data precludes the existence 

of thick crystal mushes during the formation of massive magnetitites, thus providing no support 

for the recent paradigm that envisages only crystal-rich and liquid-poor mushy reservoirs in 

the Earthôs crust. 
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3.1 Introduction  

At the heart of magma differentiation on Earth and other terrestrial planets, irrespective of 

whether this occurs in shallow magma chambers (Wager and Brown, 1968; Cawthorn and 

McCarthy, 1980; 1981; Jackson, Campbell, 1996; Cawthorn, 1996a; Marsh, 1996; Latypov 

and Egorova, 2012; Charlier et al., 2015), magma oceans/impact melt sheets (Vaughan et al., 

2013; Latypov et al., 2019b) or planetary cores (Fearn and Loper, 1981; Morse, 2002) is a 

physical separation of chemically distinct crystals and liquids. Exactly how this separation 

takes place to cause chemical differentiation of magmas is a central question of modern 

volcanology and igneous petrology (Figure 3.1). Three major physical mechanisms are 

commonly considered for this role in magmatic systems: gravity settling/floating of crystals on 

the chamber floor/roof that leaves behind an evolved liquid (Jackson, 1961; Wager and Brown, 

1968; Cawthorn, 1996a; Charlier et al., 2015) (Figure 3.1c), compaction of a mushy cumulate 

pile that squeezes the evolved liquid into the overlying magma reservoir (Shirley, 1986; Tegner 

et al., 2006; McKenzie, 2011: Cashmann et al., 2017) (Figure 3.1d), and compositional 

convection in a mushy cumulate pile that drives out the buoyant evolved liquid into the 

overlying magma body (Tait et al., 1984; Namur and Charlier, 2012) (Figure 3.1e). These 

processes are well-established theoretically and experimentally, but what role they play in 

driving chemical differentiation of magmas in nature is still far from being fully understood.  

Critical information necessary to address this issue is locked in the internal structure of 

solidification fronts; the partially crystalline zones of magma that occur along the margins of 

magmatic systems (Marsh, 1996; 2013). Drilling into historic Hawaiian lava lakes back in 60's-

80's of the last century allowed the first documentation of the textural and chemical features of 

the solidification fronts in volcanic environments (Helz, 1987; Marsh, 2013). However, the 

solidification fronts in deep-seated, slow-cooling magma chambers is still poorly explored, and 

their physical and chemical dynamics are largely unknown because of their inaccessibility for 

direct petrological observations. Inferring chemical and physical properties of solidification 

fronts from fossilized magma chambers is extremely difficult, with only a few prominent 

attempts being undertaken to overcome this challenge (Campbell, 1977; McBirney & Noyes, 

1979; Cawthorn and McCarthy, 1980; 1981). A major problem is that distribution coefficients 

(D) for compatible trace elements, such as Ni, Cr, and Sr, are not particularly high ï they 

normally range from 2 to 15 for most rock-forming minerals (GERM partition coefficient 

database). As a result, these minerals are not chemically sensitive enough to record the 

evolution and propagation of solidification fronts in magmatic systems.  
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Figure 3.1 Potential magma reservoirs geometries and mechanisms for their evolution a, The classical view 

of a melt-dominated, long-lived magmatic chamber situated underneath a volcano (Cawthorn and McCarthy, 

1980; Jackson, 1961; Wager and Brown, 1968; Campbell, 1996; Cawthorn, 1996a; Marsh, 1996; Latypov & 

Egorova, 2012; Charlier et al., 2015, compared to b, a new concept that considers trans-crustal magmatic systems 

as composed of crystal-rich mushes with only small, short-lived melt lenses (Cashmann et al., 2017). 

Differentiation of the magma can occur in several different ways: c, crystal settling (Jackson, 1961; Wager & 

Brown, 1968; Cawthorn, 1996a; Charlier, 2015) whereby crystals grow in the interior of the magma chamber and 

settle towards the floor; d, compaction of the cumulate pile (Shirley, 1986; Tegner et al., 2009; McKenzie, 2011; 

Cashmann et al., 2017), and  e, compositional convection within the cumulate pile (Tait et al., 1984; Tait and 

Juapart, 1992; Namur and Charlier, 2012) which forces a light evolved liquid out of mushy solidification fronts 

into the main magma body. 

 

In addition, the minerals are susceptible to re-equilibration with trapped liquid (Barnes, 1986; 

Cawthorn, 1996a; Lundgaard et al., 2006) which tends to obliterate the primary chemical 

patterns in solidification fronts of plutonic complexes.  

Fortunately, there is one notable exception from this rule: the partitioning of Cr into magnetite, 

a rock-forming mineral that is common in the uppermost parts of mafic layered intrusions. A 

compilation of D values for Cr in magnetite in silicate liquids shows that they may range from 

20 to 300 (Dare et al., 2012). A few experimental studies indicate that even higher values, from 

69 to 620 (Irving, 1978; Toplis and Corgne, 2002; Castle and Herd, 2017), are possible in 

basaltic systems. In more evolved melts, D values may rise up to 1290 (Bachmann et al., 2004). 
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In addition, geochemical modelling shows that D values need to be at least as high as 275 to 

400 to reproduce the vertical variations in Cr across massive magnetitites of the Bushveld 

Complex (Cawthorn and McCarthy, 1980; Wright et al., 1983; Kruger and Smart, 1987). The 

crystallization of magnetite is thus expected to cause a rapid depletion of basaltic melt in Cr 

which must be recorded in decreasing Cr abundance in massive magnetitites at the scale of 

solidification fronts. This principle was first used by Cawthorn and McCarthy (1980; 1981) 

and resulted in a discovery of steep gradients in Cr concentrations in vertical profiles across 

magnetitite layers and even individual magnetite crystals (Cawthorn and McCarthy, 1983) 

from the Bushveld Complex in South Africa. This finding led to an important realization that 

these layers are likely formed by in situ crystallization directly at the chamber floor (Cawthorn 

and McCarthy, 1980; 1981; Wright et al., 1983; Cawthorn et al., 1983). Here, we build upon 

this pioneering work by undertaking a geochemical study of magnetitite layers in two 

dimensions using a handheld X-ray fluorescence spectrometer (pXRF). The study was 

motivated by an idea that the two-dimensional contours of the Cr decrease can be interpreted 

as Cr-isopleths that depict successive steps in the development of inward-growing 

solidification fronts in magma chambers. If so, the chemical patterns in magnetitite 

solidification fronts may provide a clue to the physical mechanisms that cause chemical 

differentiation of magmas in plutonic systems. Our two-dimensional geochemical study has 

confirmed a remarkable prediction by Cawthorn (1994) that layers of magnetitite start forming 

via in situ growth nodes emerging at the contact with the footwall rocks. We show that during 

the growth of these nodes all rejected liquid components are effectively removed by 

compositional convection from the in situ growing crystals and transported into the main 

magma body. This results in effective adcumulus growth and inhibits the formation of crystal-

rich mushes. We hypothesize that such compositional convection is induced by the instability 

of a chemical boundary layer around in situ growing crystals at the chamber floor and is one 

of the most effective mechanisms for melt fractionation in magmatic systems.   

 

3.2 Results 

3.2.1 Geochemical maps.  

We have explored the local-scale variations in Cr distribution in massive magnetitite layers of 

the Bushveld Complex, the largest basaltic magma chamber in the Earthôs crust (Cawthorn, 

2015), by two-dimensional geochemical mapping (Appendix A and B) directly on field 

outcrops. Here we present geochemical maps from the basal part of the most prominent 
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magnetitite layer referred to as the Main Magnetite Layer (MML). The near-monomineralic 

nature of this layer (Figure 3.2) implies that its chemical composition has been practically 

unaffected by a reaction with trapped liquid (Cawthorn et al., 1983; Barnes, 1986). This implies 

that primary chemical patterns are likely preserved in solidification fronts of the MML. The 

layer was analysed in four separate areas, two of which show a planar basal contact (Figure 

3.3), one that contains a sub-rounded anorthosite autolith (Figure 3.4), and another with a 

subvertical basal contact (Figure 3.5). The irregularities in the floor (Figs. 3.4-5) are thought 

to result from  thermo-chemical   erosion    of    the    anorthositic    footwall    during   magma  

 

 

Figure 3.2 The Main Magnetite Layer at Magnet Heights from the Eastern Bushveld Complex. (a) Field 

photograph of an outcrop of the MML with footwall anorthosites. The length of a hammer shaft is about 40 cm. 

(b) Field photograph of massive magnetitite from the MML. Sunlight reflected off individual titano-magnetite 

grains reveal the large grain size (typically more than 1 cm in size) and generally planar to slightly curved grain 

boundaries. Grains are typically polygonal with 120° triple-point grain boundary junctions, typical of 

monomineralic rocks in which textural equilibrium has been obtained. The coin has a diameter of 26 mm. (c) 

Photomicrograph in reflected light of the base of the MML including a portion of its underlying anorthositic 

footwall. Notice the near-perfect adcumulate and massive nature of the magnetite with virtually no intercumulus 

phases present. 
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replenishment of the chamber by basal flows as has been documented for other layers of the 

Bushveld Complex (Latypov et al., 2016; 2017a), including magnetitite (Scoon and Mitchell, 

2012). A key result of our study is the documentation of fine-scale domical structures with 

steep chemical gradients in Cr-content. These appear to be randomly distributed along the base 

of the MML and are characterized by a planar bottom with the highest Cr-content  (up to 1.8- 

 

Figure 3.3 Two-dimensional geochemical maps of basal part of the Main Magnetite Layer with a planar 

basal contact. Field photographs of studied areas in (a) and (c) are supplemented with their corresponding 

geochemical contour maps in (b) and (d), respectively. Black crosses indicate the positions of individual data 

points. Some data points were omitted because the analysis was not of sufficient quality for proper quantification. 

The maps reveal basal nodes showing a steep upwards and outwards depletion in Cr over short distances. These 

nodes represent places where magnetite starts to nucleate and grow providing evidence for the in situ 

crystallization of the MML. The vertical dotted line in (b) indicates the section used for modelling in Figure 3.7. 

The outcrop is located at Magnet Heights, Eastern Bushveld Complex.     
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Figure 3.4 Geochemical map of basal part of the Main Magnetite Layer that contains a sub-rounded 

anorthosite autolith. Field photograph of the section and the corresponding geochemical contour map are shown 

in (a) and (b), respectively. Black crosses indicate the positions of individual data points. Notice how the 

geochemical contours drape over the autolith, indicating in situ growth all along its outer surface. Several growth 

nodes appear directly underneath the autolith as well. The outcrop is located at Magnet Heights, Eastern Bushveld 

Complex.     

 

2.1 wt.%)  that  passes  outwards  in  a  concentric manner towards much lower Cr-contents 

(down to 1.0 wt.%) across a  distance  of only a few cm (Figure 3.3b and d). Importantly, the 

structures with high Cr-content even occur below the anorthosite autolith (Figure 3.4b). 

Moving upwards from the nodes, Cr-contours in magnetite turn into continuous sublayers with 

roughly planar contours.  These sublayers tend to drape over the autolith (Figure 3.4b) and 

develop roughly parallel to subvertical portions of a basal contact (Figure 3.5b).  
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Figure 3.5 Geochemical map of basal part of the Main Magnetite Layer with a sub-vertical footwall contact. 

Field photograph of the section and the corresponding geochemical contour map are shown in (a) and (b), 

respectively.  Black crosses indicate the positions of individual data points. Geochemical contours remain 

subparallel with the footwall contact, indicating in situ nucleation and growth directly on the subvertical contact. 

The outcrop is located at Magnet Heights, Eastern Bushveld Complex.      

 

The first question to address is whether the high-Cr structures (Figs. 2.3-5) are primary 

magmatic features, or products of some secondary, non-magmatic processes superimposed on 

early-formed, internally homogeneous magnetitites. One of the most common secondary 

processes is the action of late-stage hydrothermal fluids and/or melts that migrate upwards from 

the underlying cumulates and can potentially affect the distribution of Cr within massive 

magnetitite (Boudreau and McCallum, 1992). However, such fluids or melts are expected to 

be highly depleted in Cr because of its partitioning into pyroxenes and magnetite in the 

underlying cumulate rocks. Therefore, the upward percolation of such fluids/melts and their 

reaction with magnetite may only cause its depletion in Cr, rather than the enrichment that is 

required to produce the high-Cr structures. Cr gradient in a single magnetite crystal also 

excludes the possible influence from late-stage interstitial fluids (Cawthorn et al., 1983). An 
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alternative idea, namely the differential leaching of Cr from a magnetite layer by migrating 

fluids/melts, is also problematic because it would require a very peculiar flow pattern to form 

the domical high-Cr structures. It is also worth pointing out that a detailed geochemical study 

performed at our locality (Cawthorn and Street, 1994) failed to detect any change in Cr in 

magnetitite that could be ascribed to the activity of fluids coming from the underlying cumulate 

pile.  

It seems, therefore, much more likely that the discovered high-Cr structures (Figs. 2.3-5) are 

of primary magmatic origin. The simplest explanation appears to be that they represent areas 

on the chamber floor where magnetite first starts nucleating and crystallizing outwards in a 

concentric manner. In this interpretation, we thus follow Cawthorn (1994) who predicted the 

existence of such high-Cr structures in the Bushveldôs massive magnetitites and referred to 

them as in situ growth nodes. With further cooling, in situ growth nodes continue to spread 

laterally to cover the entire floor and eventually coalesce to form a layer with a planar surface 

(Supplementary Movie 1 available at https://www.nature.com/articles/s41467-020-16723-

6#Sec11). Our results suggest that a planar solidification front may form after just 10-20 cm of 

crystallization, which explains why all magnetitite layers, including the thinnest ones (~10 cm), 

show planar top contacts. This tendency for the solidification front to become planar is also 

easily observed above the autolith (Figure 3.4b). If our interpretation is correct, then these 

chemical structures (Figs. 2.3-5) are arguably the first ever records of the morphology of 

fossilized solidification fronts in deep-seated plutonic systems on Earth. The successive stages 

in in situ generation and subsequent upward propagation of these fronts are clearly indicated 

by Cr-isolines.  

The internal structure of the solidification fronts in the MML (Figs. 3.3-5) provides a unique 

opportunity to rigorously test the competing concepts of magma differentiation (Figure 3.1). 

In situ growth nodes are clearly not compatible with gravity settling (Figure 3.1c) as the latter 

implies a deposition of crystals from the overlying melt on the chamber floor to form a 

continuous layer, rather than a few small and highly localized Cr-rich nodes. The gravity 

concept is also at odds with the occurrence of the Cr-rich growth nodes below an autolith 

(Figure 3.4) as well as the development of layers along the subvertical sidewalls (Figure 3.5). 

These places are not appropriate for gravity-controlled accumulation of settling crystals. 

Similarly, in situ growth nodes are not consistent with compaction (Figure 3.1d). The steep Cr-

concentration gradients (>200 ppm/mm) in these nodes imply that chemical differentiation of 

melt became highly efficient almost immediately after the onset of magnetite crystallization. 
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This dictates that rejected solute from every mm-thick óshellô on in situ growing nodes must 

have been almost instantaneously transferred into the overlying melt to ensure its chemical 

evolution. Because compaction requires at least a few dozens to hundreds of metres of mush 

to operate (Shirley, 1986; Tait et al., 1984; Boudreau and McCallum, 1992), it cannot work in 

a magnetitite growth node less than a couple of centimetres thick. One may, perhaps, argue that 

compaction may squeeze interstitial liquid from a crystal mush below the magnetitite layer. 

However, recent work suggests that crystal mushes in layered intrusions are less than 4 metres 

thick (Holness et al., 2017a), and igneous cumulates are notably void of textural features 

indicating compaction (Holness et al., 2017b). In addition, deposition of a couple of 

centimetres of magnetite cannot provide sufficient loading to compact the underlying mush, 

thus precluding the transfer of the evolved liquid from below.  The above objections can be 

equally well applied to compositional convection within a mush (Figure 3.1e) because it has 

been estimated to require at least a 90 m thick mushy layer on the chamber floor for the onset 

of its operation (Tait and Juapart, 1989). The conventional models (Figure 3.1c-e) thus fail to 

explain the chemical features of magnetitite solidification fronts.  

3.2.2 Geochemical modelling.  

Further constraints on a mechanism of magma differentiation during the formation of massive 

magnetite come from geochemical modelling. To explain the rapid upward depletion in Cr, 

previous studies (Cawthorn and McCarthy, 1980; Kruger and Smart, 1987) have indicated that 

the magnetitite could not have crystallized from the entire, ~1.5 km-thick column of resident 

melt in the chamber (Cawthorn and McCarthy, 1980). Instead, it was concluded that the 

magnetitites must have been crystallizing from a relatively thin isolated layer of melt at the 

chamber floor (Cawthorn and McCarthy, 1980; Kruger and Smart, 1987). At issue is to 

understand which process is responsible for the formation of this basal layer of melt.  In a 

closed system, it can be potentially produced by double-diffusive convection (Kruger & Smart, 

1987; Tegner et al., 2006), liquid immiscibility (VanTongeren and Mathez, 2012; Fischer et 

al., 2016; Scoon et al., 2017), in situ fractionation of abundant plagioclase (Reynolds, 1985a)  

or melt stagnation at the chamber floor (Cawthorn and McCarthy, 1980; Jaupart and Brandeis, 

1986). In an open system, it can be most easily formed by a new pulse of a melt replenishing 

the chamber as a basal flow (Huppert and Sparks, 1980; Snyder and Tait, 1995). The dilemma 

can be addressed by referring to the recent work on the Upper Zone of the Bushveld Complex 

that revealed a few prominent reversals in terms of Cr content in magnetite (Yuan et al., 2017) 

and pyroxene (Tanner et al., 2014) as well as in An-content in plagioclase and magnesium 
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number of mafic silicates in the proximity of magnetite layers (Scoon and Mitchell, 2012; Yuan 

et al., 2017). It has also been earlier reported that the basal part of the MML contains up to 240 

times more Cr than pure magnetite separates from the underlying rocks (Cawthorn and 

McCarthy, 1980). These reversals in composition of cumulus minerals are clearly not 

consistent with the above-mentioned closed system models. The reversals are more compatible 

with the interpretation of the Upper Zone as an open system, with the magma additions into 

the chamber contributing to the formation of massive magnetitites (Yuan et al., 2017; Tanner 

et al., 2014; Scoon and Mitchell, 2012). Following these studies, we argue that the 

replenishments of the chamber by new magma pulses are likely responsible for the generation 

of a thin basal layer that crystallized the MML. To crystallize monomineralic magnetitite, the 

melt needs to be saturated in magnetite-alone for some period of its crystallization history. One 

possible way to produce such a melt is to allow a deep staging chamber to fractionate silicates, 

causing Fe-enrichment and forcing the melt towards magnetite saturation (e.g. Scoon and 

Mitchell, 2012). When the melt is close to or at magnetite saturation, a pulse of melt is released 

upwards and ascends towards the Bushveld Chamber. This process results in a drop in pressure, 

shifting phase boundaries in such a manner that magnetite may be the sole crystallizing phase 

upon entry in the shallow level chamber (Latypov, et al., 2018). A more in-depth description 

of this model is given in sections 5.5.12 and 5.6.5 of this thesis. 

Upon emplacement into the chamber, the basal melt layer will cool until magnetite starts to 

crystallize. To gain further insights into this process, previous studies have attempted to model 

the distribution of Cr in magnetitite in one dimension. One study (Cawthorn and McCarthy, 

1980) considers growth of magnetite in a stagnant layer of melt. In this model, growth of 

magnetitite is controlled by diffusion, leading to a profile of melt depleted in Cr directly at the 

crystal-liquid interface. In addition, occasional convective currents are involved to assist in 

supplying Cr to the growing magnetitite to prevent Cr from being depleted too rapidly 

(Cawthorn and McCarthy, 1980). However, later theoretical (Martin et al., 1987) and 

experimental (Seedhouse and Donaldson, 1996) studies have shown that such a stagnant layer 

will  experience vigorous convection from the very onset of crystallization, and the above 

process may therefore be physically unrealistic. Another study (Kruger and Smart, 

1987) envisages the crystallization of magnetite in a magma chamber stratified by double-

diffusive convection. In this case, magnetite crystallizes in situ on the chamber floor, rapidly 

depleting the lowermost layer in terms of its Cr content. This causes Cr to diffuse from the 

overlying layers into the crystallizing basal layer, generally slowing the rate of Cr depletion. 
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However, the presence of growth nodes show that the MML did not simply grow in one 

direction (upwards), rendering a one-dimensional approach inaccurate. Our geochemical maps 

(Figure 2.3-5) provide an opportunity to improve on these previous attempts (Cawthorn and 

McCarthy, 1980; Kruger & Smart, 1987) by performing modelling in two dimensions. We base 

our modelling on the two-dimensional distribution of Cr on the geochemical map of Fig 2.3b. 

Our results reveal that the initial depletion around the growth nodes is much too fast, with the 

rate of depletion slowing down too strongly to be explained by the above models (Cawthorn 

and McCarthy, 1980; Kruger & Smart, 1987) or by the Rayleigh law alone. Although it is 

possible to produce the extremely rapid initial depletion by assuming a very thin basal melt 

layer (40 metres) and simple Rayleigh fractionation, the depletion becomes much too rapid 

further upwards (Figure 3.6a). In contrast, while it is possible to accurately reproduce the Cr 

concentration in the upper part of the profile by assuming a thick basal melt layer (130 metres), 

this results in the Cr concentration that is too high around the nodes (Figure 3.6b). This issue 

can be resolved, however, if the basal melt layer is treated as an open system that develops 

incrementally via multiple magma additions that effectively mix with a melt in a basal layer. 

The incoming melt supplies Cr to the crystallizing layer, and, as it grows in thickness, the 

depletion rate of Cr gradually slows down. In contrast to what has been done before (Kruger 

and Smart, 1987), this model accurately reproduces the two-dimensional distribution of Cr in 

magnetitite (Figure 3.6c). 

Yet another important outcome of the above modelling is that a combination of a steep 

chemical gradient of Cr depletion with much more constant V contents (Maila, 2015) (Figure 

3.7) is only reproducible if all rejected liquid from in situ growth nodes is returned into the 

overlying melt (Figure 3.7; Methods). If this is not the case, then the rate at which the magma 

differentiates slows down dramatically (Langmuir, 1989). The effect is much more pronounced 

on trace elements with very large partition coefficients (Figure 3.8). If only as little as 3% of 

melt fails to return from in situ growth nodes to the overlying melt, a much thinner basal melt 

layer would be required to reproduce the Cr concentration in the MML compared to the case 

where fractionation is perfect (Figure 3.7). Imperfect fractionation also causes trace elements 

with different compatibilities to behave more similarly. In such a thin boundary layer, V would 

also be rapidly depleted (Figure 3.7a), while data from the MML shows no consistent increase 

or decrease in terms of the V concentration (Langmuir, 1989). Perfect fractionation with a 

much thicker basal melt layer more accurately reproduces both the Cr and V concentrations 
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(Supplementary Data 2). Since all liquid is returned from the solidification front to the liquid 

interior, no crystal mush would be able to develop at the chamber floor.  

 

Figure 3.6 Two-dimensional geochemical modelling of Cr in the Main Magnetite Layer. The two-

dimensional modelling is based on the results shown in Figure 4.3b and clearly illustrates the need for an open 

system to accurately describe the change in the Cr concentration (D=525) in the MML. In (a) a closed system is 

assumed and a relatively thin basal layer is chosen (40 metres) to accurately reproduce the Cr concentration around 

the growth nodes. However, higher up in the profile Cr is depleted much too rapidly compared to Figure 3b. In 

(b) a thicker basal layer (130 metres) more accurately reproduces the Cr concentration towards the top of the 

profile but the Cr concentration around the growth nodes is far too high. Only in an open system (c) in which the 

basal layer grows incrementally from initially 20 metre to beyond 57 metres thick due to frequent magma addition, 

can the Cr-concentration accurately be reproduced in two-dimensions (Methods). Because undulations observed 

in the solidification front in the chemical map (Figure 2.3b) are not statistically significant after about 20 cm of 

crystallization, a planar solidification front is assumed above this point in our modelling. 
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Figure 3.7 One dimensional geochemical modelling of Cr and V in the Main Magnetite Layer. (a) One 

dimensional modelling of Cr and V in magnetite along a vertical dotted line in Fig 3.3b. It is assumed that 97% 

of rejected melt is removed from the solidification front and returned to the main magma body. The basal melt 

layer grows incrementally due to frequent melt additions (Methods). Because fractionation is not perfect, the rate 

of Cr depletion is much slower, and a relatively thin (2 m) basal melt layer is needed to reproduce the depletion 

in Cr. In this case the behaviour of Cr and V are similar to each other, with both trace elements being rapidly 

depleted. However, while the Cr modelling curve matches reality, the modelled V concentration deviates 

dramatically from typical minimum and maximum values reported in the MML (Maila, 2015). This approach is 

clearly not compatible with what is observed in reality. (b) In this case, it is assumed that perfect fractionation 

occurs so that 100% of rejected melt is immediately returned to the main magma body from the solidification 

front. It is now possible to reproduce the Cr concentration while the V concentration is much closer to reality 

using a 20 m thick basal melt layer. During the crystallization of massive magnetitite, near-perfect crystal-liquid 

fractionation must occur (Methods). V concentration data plotted on this diagram are from Maila (2015) as it was 

not possible to properly quantify V concentrations from our pXRF data. Horizontal black lines indicate the 2ů 

analytical uncertainty and are calculated by the instrument during analysis. However, because the Cr concentration 

is calculated from a Cr/V ratio (Methods), the Cr and V analytical uncertainties are compounded to obtain the 

final 2ů analytical uncertainty shown on the figure. Analytical errors for V are too small to show but standard 

deviation following the analysis of several samples are approximately 0.01 wt.% (Maila, 2015). 

 

A good match with real chemical data can be produced when magnetite starts crystallising from 

a 6 to 27 m thick basal melt layer (assuming no interaction with the overlying resident melt) 

and with a D value of 100 to 600 for Cr and 10 to 25 for V (Supplementary Figure 3.2). Our 

final modelling (Figure 3.6c and 3.7b) assumes a 20 m thick basal layer using a D value of 525 

for Cr and 20 for V. To reproduce the data, this basal melt layer is taken to grow in thickness 

incrementally to more than 59 m thick via the replenishment  by  Cr  and  V  undepleted  melt  
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(Supplementary Figure 3.1; Supplementary Data 2 available online at 

https://www.nature.com/articles/s41467-020-16723-6#Sec11). In the modelling, we assume 

that a new pulse of melt enters the chamber after every centimetre of crystallization. Because 

the deposition of a centimetre-thick layer of crystals from a basal layer would barely affect its 

major element composition, it remains compositionally similar to the new pulses of melt 

entering the chamber. This will ensure effective mixing between the melt in the basal layer and 

the incoming melt from the very onset of magmatic recharge. The additional heat input from 

this process will temporarily halt the crystallization of magnetite, giving time for the 

compositional effects of magmatic recharge to spread evenly throughout the entire chamber 

before crystallization resumes.  

3.3 Discussion 

There appears to be only one, hitherto largely neglected petrological process that can be 

reconciled with our geochemical data (Figs. 3.3-5) and modelling (Figs. 3.6-8). This is 

compositional convection caused by the gravitational instability of a thin liquid boundary layer 

around in situ growing crystals (Martin et al., 1987; Campbell, 1996; Seedhouse and 

Donaldson, 1996) (Figure 3.9). Note that this process differs from the ñconvection within a 

crystal mushò model proposed by Tait and Juapart (1989) mentioned earlier as this requires a 

very thick crystal mush before the onset of convection. During magnetite crystallization, Fe 

diffuses towards the crystal resulting in a thin boundary layer of a light rejected liquid. As 

crystallization proceeds, the boundary layer gradually increases in thickness and decreases in 

density as it loses Fe to the crystallizing magnetite growth nodes. Because our results suggest 

that magmatic differentiation starts operating after a magnetite node grows to only a couple of 

centimetres thick, the boundary layer must reach sufficient buoyancy to convect away close to 

the very beginning of crystallization. To validate this inference, we performed calculations 

based on equations derived by Martin et al. (1987) that allows the examination of the properties 

of a compositional boundary layer. These calculations suggest the boundary layer around a 

crystallizing magnetite exceeds the critical Rayleigh number for the onset of vigorous 

convection when it reaches a thickness of only 1.74 mm, with a compositional change across 

the boundary layer of about 3.02 wt.%. This corresponds to a density change across the 

boundary layer of 14.5 kg/m3 (Methods; Supplementary Data 3 and 4 available at 

https://www.nature.com/articles/s41467-020-16723-6#Sec11). At this stage, the boundary 

layer will obtain sufficient buoyancy to be released upwards into the main magma body, either 

as a constant stream of melt or as a series of plumes (Martin et al., 1987; Campbell, 1996; 
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Seedhouse and Donaldson, 1996). Their mixing with the overlying melt of the basal layer 

causes its chemical differentiation which is recorded in subsequently forming mm-thick shells 

of magnetite. When growth nodes eventually coalesce to form a planar solidification front, 

multiple plumes are released from random points on the front. Intermingling of the plumes 

results in vigorous convection and chemical differentiation of the basal layer (Langmuir, 1961) 

(Figure 3.9). This rejection of unwanted chemical components causes such effective adcumulus  

 

Figure 3.8  The comparative behaviour of compatible trace elements in magmatic systems with perfect and 

imperfect liquid fractionation.  During the crystallization of magma, compatible trace elements are rapidly 

depleted as the fraction liquid remaining decreases. (a) If perfect crystal-liquid occurs, the rate at which trace 

elements are depleted are most rapid, and magmatic differentiation is most effective. The varying rates of 

depletion is shown for three trace elements with varying values of D (5, 10, and 100). (b) In this case, the 

fractionation of crystals and liquid is imperfect and 10% of the rejected liquid remains within the solidification 

front. This dramatically slows the rate of depletion of compatible elements with the effect being more dramatic 

for elements with higher compatibilities. This causes different trace elements with different compatibilities to 

behave more similar. Thus, to best describe the more constant V concentration compared to the extremely rapid 

depletion of Cr in magnetitite from the Bushveld Complex (Fig 2.7), the crystal-liquid fractionation needs to be 

near-perfect (Methods). CL: Concentration of a particular trace element in the liquid. CO: Initial concentration of 

a particular trace element in the liquid. 
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growth of magnetite that the floor cumulates become totally solid directly at the crystal-liquid 

interface. Crystal growth is likely to be relatively  rapid  compared  to  average  crystallization  

rates in magma chambers of 1 to 2 cm a year (Morse, 1986) as the magnetite crystals are 

constantly being brought into contact with magnetite-saturated melt due to effective 

composition convection. 

 

 

Figure 3.9  A physical model for chemical differentiation of the Main Magnetite Layer in the Bushveld 

Complex (not to scale). (a) A magnetite-alone-saturated melt is emplaced as a basal layer along the chamber floor 

causing erosion of pre-existing footwall rocks. (b) On cooling, magnetite starts nucleating on the irregular surface 

of the anorthositic footwall. (c) Self-nucleation and crystal growth result in the formation of growth nodes. A 

residual, buoyant layer of liquid is produced around crystallizing nodes that migrates towards their top and is 

released into the overlying melt. (d) Nodes coalesce to form a planar solid floor; multiple plumes are released 

which leads to vigorous mixing in the basal layer. In each progressive step, the basal layer increases in thickness 

due to further addition of magnetite-alone-saturated melt into the chamber as indicated by geochemical modelling 

(Methods).  
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We thus conclude that three conventional processes of magmatic differentiation (Figure 2.1) 

are not necessarily the dominant mechanisms of chemical differentiation in magmatic systems 

as deeply entrenched in most petrogenetic concepts (Jackson, 1961; Wager and Brown, 1968; 

Cawthorn, 1996a; Charlier et al., 2015). A viable alternative is compositional convection 

caused by an unstable chemical boundary layer around in situ growing crystals at the chamber 

floor (Martin et al., 1987; Campbell, 1996; Seedhouse and Donaldson, 1996). This process is 

unlikely to be unique to magnetitite layers. For example, field evidence for  other  cumulates 

of the Bushveld Complex, such as development of chromitite and orthopyroxenite layers along 

overturned portions of the chamber floor, attests to their in situ crystallization as well (Latypov 

et al., 2016; 2017a; 2017b; Chistyakova et al., 2019). Similar to magnetitite, any other oxide-

rich or mafic-ultramafic lithologies are expected to produce a buoyant boundary layer around 

the crystal liquid interface as has been demonstrated experimentally for in situ growing olivine 

(Seedhouse and Donaldson, 1996). In situ growth nodes may occur in these lithologies as well 

but cannot be detected due to the lack of sufficiently sensitive trace-element indicators of 

chemical differentiation in their minerals. We speculate therefore that this type of 

compositional convection may represent a very effective mechanism of magma evolution on 

Earth. Importantly, because of the very high buoyancy of a compositional boundary layer 

produced by crystallizing magnetite, a crystal mush is virtually absent in these oxide rocks, 

while it may only be a few metres thick in silicate rocks (Latypov et al., 2017a; Holness et al., 

2017b; Hess, 1960; Irvine et al., 1998). A lack of a thick mushy zone provides strong support 

for a classical ómagma chamberô paradigm (Figure 2.1a) that has been underpinning models of 

the Earthôs magmatism for over a century (Jackson, 1961; Wager and Brown, 1968; Cawthorn 

and McCarthy, 1980; Campbell, 1996; Cawthorn, 1996a; Marsh, 1996; Latypov & Egorova, 

2012; Charlier et al., 2015), magma oceans/impact melt sheets (Vaughan et al., 2013; Latypov 

et al., 2019b).  

One important implication of our study is that it casts doubt on the universal validity of a 

recently advanced mushy reservoir paradigm (Cashman et al., 2017; Jackson et al., 2018) 

(Figure 2.1b) that denies the existence of large and long-lived magma chambers in the Earthôs 

crust and suggests that all magmatic systems, including layered intrusions, are predominantly 

composed of crystal-rich mushes. This concept is at odds with our data on solidification fronts 

in magnetite layers of the Bushveld Complex; the largest layered intrusion that is so widely 

employed for constraining petrological concepts. In addition, melt segregation and chemical 
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differentiation in this novel paradigm is thought to be dominated by compaction (Cashman et 

al., 2017; Jackson et al., 2018). However, the most recent petrographic studies indicate a 

notable lack of textural evidence for compaction in cumulate rocks of layered intrusions, 

including the Bushveld Complex (Holness et al., 2017b). This is perfectly reasonable since a 

very thin to nearly absent crystal mush in this (Holness et al., 2017a) and other layered 

complexes (Hess, 1960; Irvine et al., 1998) implies essentially nothing to compact. We 

hypothesize, therefore, that the mere existence of the Bushveld Complex with its spectacular 

phase, modal and cryptic layering and giant mineral deposits (Cawthorn, 2015), such as 

magnetitite layers up to hundreds of kilometres in length, is evidence that large, long-lived and 

largely molten magma chambers existed in the past, may operate right now and will likely 

emerge in the future life of our restless Earth.  
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3.5 Supplementary information 

 

Supplementary Information Figure 3.1 Constraints on the basal melt layer thickness depending on the 

selected D value for Cr. The diagram should be read in the following way: first select a partition coefficient for 

Cr in magnetitite on the x-axis. Trace a line directly upwards until the blue line is intercepted. From this point the 

initial basal layer thickness before crystallization can be read off on the y-axis on the left. Trace the line further 

upwards until in intercepts the purple line. This allows the final thickness of the basal melt layer to be read off the 

y-axis after the deposition of 1 metre of magnetitite assuming the basal melt layer grows incrementally due to 

continued magma addition. Continue tracing the line upwards to intercept one of the green curves depending on 

the preferred D value for V (10, 20, or 30). This allows the determination of the final V concentration of the MML 

based on a starting V concentration that can be read off on the y-axis on the right (Methods). By using the entire 

range of experimentally determined D values for Cr in magnetite in basaltic melt (Irving, 1978), the initial basal 

layer thickness is unlikely to be more than 6 metres and less than 27 metres thick to accurately describe the 

distribution of Cr in the MML. After 1 m of magnetitite crystallization, the basal layer has grown to a thickness 

of between 12 and 71 metres thick due to the addition of melt to the basal layer. The upper curves (green) indicate 

V concentration at the upper part of the MML assuming a starting V concentration in magnetite of 1.23 wt. % 

compared to the typical lowermost V concentration recorded in this layer (Maila, 2015) (the typical lowermost V 

concentration is indicated by the black horizontal stippled line). To prevent the V concentration from dropping 

below the typical lowermost value, and assuming a D for V in magnetite of about 20, a D value of 525 is needed 

for Cr in magnetite. This requires an initial basal melt layer thickness to be of about 20 metres. These are the final 

modelling parameters used (Figure 3.6c and 7b) (Methods). 
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CHAPTER 4 

MAGMATIC KARST REVEA LS DYNAMICS OF CRYST ALLIZATION AND 

DIFFERENTIATION IN E ARTHôS MAGMA CHAMBERS 
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Abstract 

A deep understanding of magma chamber dynamics is the key to many natural phenomena, 

from chemical patterns in crystals to an internal structure of terrestrial planets. Where, why and 

how magma crystallizes and differentiates in crustal magma chambers are three fundamental 

questions, all highly controversial.  Here we report on our discovery of a new natural 

phenomenon ï the undercut-embayed chamber floor in the Bushveld Complex ï which allows 

us to address these questions. The undercut-embayed floor is produced by magmatic 

karstification (i.e. erosion by dissolution) of the basal cumulates by replenishing magmas. This 

results in a few metres thick three-dimensional framework of spatially interconnected erosional 

remnants that separate the floor cumulates from the overlying resident melt. The resident melt 

in this environment is effectively cooled through the floor inducing heterogeneous nucleation 

and in situ growth against much of its three-dimensional framework. The solidification front 

thus propagates in multiple directions from the surfaces of erosional remnants. Fractional 

crystallization occurs there by convective removal of a compositional boundary layer from in 

situ growing crystals and it is remarkably efficient even in very confined spaces. We propose 

that the way magma crystallizes and differentiates in the undercut-embayed chamber floor is 

likely common for the evolution of most magma chambers in Earthôs crust.   
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4.1 Introduction  

Gaining deeper insights into how natural magmas crystallize and differentiate in crustal magma 

chambers is crucial for scientific investigations in almost all fields of volcanology and igneous 

petrology, from highly detailed studies at the scale of individual crystals (Humphreys, 2009; 

Namur and Humphreys, 2018) to global tectonic reconstructions concerning the evolution of 

Earth and other terrestrial planets (Solomon, 1980; Fearn and Loper, 1981; Latypov et al., 

2019b). A complete understanding of the inner workings of magma chambers relies on 

answering three fundamental questions: Where do crystallization and differentiation occur? 

Why do crystallization and differentiation occur within this particular environment? What 

processes are responsible for crystallization and differentiation? A plethora of opinions exist 

on each of these questions. For instance, in regards to the first question, models may portray 

magma chambers as melt pools in which crystals either grow on pre-existing crystals along the 

chamber margins (Campbell, 1978; Martin et al., 1987; Campbell, 1996), form within the melt 

and then settle on the chamber floor (Wager, 1963; Wager and Brown, 1968; Irvine, 1970; 

Morse, 1986a; 2015), or are kept suspended in a convecting melt until the formation of crystal-

rich mush that is unable to flow (Bachmann and Bergantz, 2004; Bea, 2010). Critical 

information necessary to resolve these and many other contrasting interpretations is difficult to 

obtain because evolving magma chambers are hidden from our direct observation. One way to 

address this problem is by studying the internal structure of solidification fronts in mafic-

ultramafic layered intrusions ï ófossilizedô natural laboratories that constrain many 

fundamental principles of igneous petrology (Wager and Brown, 1968; Cawthorn, 1996a; 

Charlier et al., 2015). However, not even this approach is always fruitful. The intrusions 

primarily developed via the inward propagation of a planar solidification front that provides 

little constraints on magma chamber processes. Moreover, most rock-forming minerals are not 

chemically able to record and/or preserve the properties of a solidification front (Kruger and 

Latypov, 2020a). Here we report on intricate chemical patterns in massive magnetitites of the 

Bushveld Complex in South Africa (Cawthorn, 2015) that enables the recognition of a new 

petrological phenomenon in magma chambers ï the undercutting and embayment of the 

temporary chamber floor. The óundercut-embayed floorô is unique in providing definitive 

constraints on magma crystallization and differentiation processes, thereby providing explicit 

solutions to the above fundamental questions.   
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4.2 Chemical patterns in massive magnetitite 

We have examined a spectacular outcrop of the lowermost magnetitite layer (also termed as 

the bottom seam) in the Bushveld Complex ï the largest preserved layered intrusion in Earthôs 

crust (Cawthorn, 2015). This layer shows peculiar field relationships with the underlying 

anorthosite (Figure 4.1a) such as depressions and undulations, while its most striking feature 

is the presence of several elongated anorthositic inclusions trapped within the magnetitite. In 

layered intrusions, such inclusions can be viewed as transported fragments that have either 

been brought into the chamber with inflowing magmas (Sparks et al., 1977) or fallen from the 

roof sequence onto the chamber floor (Irvine, 1987; Irvine et al., 1998; Namur et al., 2015; 

Latypov et al., 2019b).They may also be interpreted as in situ remnants of originally continuous 

layers that were partially dissolved by thermochemical erosion associated with magma 

chamber replenishment (Latypov et al., 2016; Pebane and Latypov, 2017). A commonality for 

these interpretations is that they imply that after mechanical deposition (Sparks et al., 1977; 

Irvine, 1987; Irvine et al., 1998; Namur et al., 2015; Latypov et al., 2019b) or in situ formation 

(Latypov et al., 2016; Pebane and Latypov, 2017) the fragments are supposed to lie directly on 

the chamber floor, with no open space filled with resident melt below them.  

We have examined this outcrop following a procedure from our recent study of trace element 

(e.g. Cr) distributions in magnetitites in two dimensions by a handheld X-ray fluorescence 

spectrometer (pXRF) (Kruger and Latypov, 2020a) (Appendix C). Special attention has been 

given to Cr due to its exceptionally high magnetite-liquid partition coefficients in basaltic melts 

that may range from 300 to beyond 600 (Irving, 1978; Cawthorn and McCarthy, 1980; Toplis 

and Corgne, 2002; Dare et al., 2012). This, along with inferences that massive magnetitites in 

the Bushveld Complex crystallized from basal melt layers less than a few tens of metres thick 

(Cawthorn and McCarthy, 1980; Kruger and Smart, 1987; Kruger and Latypov, 2020), allows 

for a rapid depletion of the basal melt layer in Cr. During crystallization, the meltôs depletion 

in Cr is recorded in decreasing Cr-isolines in massive magnetitites at the scale of solidification 

fronts (Cawthorn and McCarthy, 1980; Kruger and Latypov, 2020a). This feature makes Cr in 

magnetite a very powerful tracer of magmatic differentiation processes (Cawthorn and 

McCarthy, 1980), with two-dimensional Cr geochemical maps of field outcrops allowing an 

unparalleled visualization of the solidification frontôs step-wise propagation (Kruger and 

Latypov, 2020a). Results of our geochemical mapping of the bottom seam (Methods; Appendix  
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Figure 4.1 Massive magnetitite with two-dimensional Cr chemical patterns. (a) Field photograph of an 

outcrop of the bottom seam of massive magnetitite showing undulated footwall contact and several anorthositic 

inclusions; (b) Geochemical contour map showing the distribution of Cr within the layer. Overall, the Cr 

concentration decreases rapidly upwards in the layer. Higher Cr contents were recorded at the basal contact and 

around anorthositic inclusions, including a cryptic zone with higher Cr contents connecting the central inclusion 

Y and a smaller one Z to the left. A converging chemical pattern is observed between this cryptic zone and the 

floor. Several dome-shaped high Cr growth nodes on the bottom contact of the layer indicate incipient in situ 

nucleation and growth of magnetitite (Cawthorn, 1994; Kruger and Latypov, 2020a). Black crosses indicate 

positions of individual data points. The outcrop is located at the Rhovan Mine, Western Bushveld Complex, South 

Africa.       

 

C, Supplementary information Figure 4.1) reveals the two-dimensional distribution of Cr 

within the layer (Figure 4.1b). Chromium contents generally decreases rapidly upwards from 

the base of the magnetitite layer while Cr contents appear elevated in the vicinity of anorthositic 

fragments. We have also discovered a cryptic zone of magnetite with an elevated Cr 

concentration (blue in colour) that connects a small anorthositic slither to the left (Z) and a 

larger inclusion (Y) towards the centre of the outcrop. In selected one-dimensional profiles, 

three distinct compositional trends are observed: a continuous upward depletion in Cr across 

fragments (Figure 4.2a), a gradual reversal in Cr where no fragments are present (Figure 4.2b), 

and an inward decrease in Cr away from the footwall and a fragment (Figure 4.2c).  Two  more   
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Figure 4.2 One-dimensional vertical profiles in Cr content across a massive magnetitite. Position of these 

three profiles across the bottom seam of massive magnetitite is indicated on Figure 4.1b. a, A rapid continuous 

decrease in Cr content upwards with no chemical changes/breaks at anorthositic inclusions; b, A gradual reversal 

in Cr content in a level where no anorthositic inclusions are visible; c, An initially rapid decrease in Cr content 

followed by its gradual increase towards an anorthositic inclusion. Cr content again declines upwards from the 

top of the anorthositic inclusion. d and e, Additional examples of vertical profiles in Cr content across the bottom 

seam that contains anorthosite inclusions from drill cores in a different locality (Vametco mine, Western Bushveld 

Complex). Insets show anorthositic inclusions (light in colour) trapped within the massive magnetitite (dark in 

colour). The distribution of the Cr in these two examples are similar to that in (c). 

 

examples with an inward decrease in Cr through the bottom seam are additionally shown from 

other areas (Figure 4.2d, e) (Appendix D).   

4.3 The phenomenon of the undercut-embayed floor  

In line with some previous studies (Cawthorn, 19994; Kruger and Latypov, 2020), we have 

recorded high Cr structures (purple in colour; Figure 4.1b) that indicate sites of incipient 

nucleation of magnetitite at the very base of the profile.  This was followed by self-nucleation 

on the pre-existing nuclei, causing outward concentric growth to produce dome-shaped 

structures that are referred to as in situ growth nodes. Magnetite growth at the base proceeded 
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until most of the footwall was covered. Shortly thereafter, magnetite must have started 

nucleating and growing directly on the surfaces of anorthositic inclusions as indicated by the 

elevated Cr contents of magnetite in their vicinity. Locally, solidification fronts growing from 

the floor upwards and from the inclusions downwards converged, resulting in cryptic layers 

that are depleted in Cr relative to the magnetitite directly above and below. This 

omnidirectional growth of magnetite around anorthositic inclusions leads to the most intriguing 

conclusion: these fragments must have been present in their current positions and entirely 

surrounded by the melt prior to onset of its crystallization. This finding precludes the models 

that imply that fragments had to be resting directly on a solid floor (Sparks et al., 1977; Irvine, 

1987; Irvine et al., 1998; Namur et al., 2015; Latypov et al., 2019b). Clearly, these fragments 

could not remain suspended in the melt near to the floor; they would either settle or float 

depending on their density relationships with the resident melt. Even in the unlikely case that 

these fragments were initially neutrally buoyant, they would sink to the floor rapidly the 

moment magnetite started crystallizing on their outer surfaces. If this were the case a gradual 

increase in the Cr contents towards the bottom of the fragments would not be observed over a 

distance of a few cm (Figure. 4.2). To prevent their movement, the inclusions must somehow 

have been anchored in their current positions. The cryptic zone of magnetite enriched in Cr that 

connects two inclusions (Z and Y, Figure 4.1b) provides an important clue to this issue. The 

continuous nature of this zone as well as the fact that the reversal appears to be gradual (Figure 

4.1b and 4.2b) suggests that magnetite was growing on some septum that is now either hidden 

behind the current face of the outcrop or has already been removed by mining. This septum is 

most likely composed of a continuous anorthosite body that interconnects these two and likely 

many other obscured inclusion-like bodies. All the seemingly separate anorthositic inclusions 

in this outcrop are thus likely interlinked with each other and firmly attached to the footwall in 

three dimensions. We refer to this three-dimensional framework of spatially interconnected 

bodies at the bottom of the chamber as the óundercut-embayed floorô.  

4.4 Magmatic karstification of the floor cumulates  

The undercut-embayed floor can be best explained as a result of thermochemical erosion of the 

basal cumulates by highly reactive and likely superheated melts replenishing the evolving 

Bushveld chamber (Latypov et al., 2016; Latypov et al., 2017a; 2017b). Replenishing melts 

may possess high erosive power due to their chemical and thermal disequilibrium with the pre-

existing floor cumulates. Thermal disequilibrium results from melt superheating that can be up 
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to 90oC for basaltic melts rising near adiabatically from the deep-seated magmatic reservoir 

(Latypov et al., 2020). Even if some cooling of the ascending melt takes place so that it arrives 

into the chamber at a much lower degree of superheating (say, 10-15oC), a few tens of metresô 

thick column of such a melt can still erode a few metres of footwall rocks (Latypov et al., 

2017a; 2017b) (Methods). This is because a major agent of magmatic erosion is not the heat 

itself (causing melting) but rather chemical disequilibrium (causing dissolution) between the 

new melts and floor cumulates (Kerr, 1994; Latypov et al., 2020). Melt superheating is still, 

however, essential in preventing the onset of melt crystallization. The reason is that the 

formation of a new basal layer of rocks may immediately terminate the dissolution of the floor 

cumulates (Latypov et al., 2016). Geochemical evidence suggests that magmatic recharge of 

the chamber preceded the formation of massive magnetitite layers in the Bushveld Complex 

(Scoon and Mitchell, 2012). If these new pulses are not in chemical and thermal equilibrium 

with the floor rocks, the melt may cause their whole-sale thermochemical erosion. With time, 

the intensity of erosion will wane to become only partial ï mostly occurring along fractures 

and planes of weakness (Figure 4.3) ï and will result in the complex, undercut-embayed 

morphology of the floor cumulates. We suggest referring to this phenomenon as magmatic 

ókarstificationô of the chamber floor cumulates as it is similar in both morphology and origin 

to karst landforms in surface sedimentary rocks produced by infiltrating acidic water (Waele 

et al., 2011).  

4.5 Challenging the fundamentals of magma chamber dynamics  

The chemical patterns in the magnetitite layer (Figure 4.1) challenge the universal validity of 

several fundamental principles of magma chamber dynamics which are deeply entrenched, 

although not always explicitly formulated, in modern petrological concepts. The first postulate 

that requires attention is that the temporary floor of a magma chamber is planar so that the 

cumulate pile is always in direct contact with the overlying resident melt (Wager and Brown, 

1968; Campbell, 1978; 1996; McBirney and Noyes, 1979; Charlier et al., 2015; Cawthorn, 

1996a; Latypov et al., 2016). Our data show that this may not be true for magma chambers 

undergoing repeated replenishments. In this case, the solid floor may be separated from the 

overlying melt by a few metres thick undercut-embayed floor (Figs. 4.3-4). This transitional 

zone consists of a three-dimensional framework of in situ bodies (i.e. non-transported erosional 

remnants) that are spatially interconnected with each other and the floor rocks. Revisiting our 

field observations indicates that the undercut-embayed floor is, in fact, a quite common  
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Figure 4.3 Physical model for the origin of the undercut-embayed chamber floor and propagation of a 

solidification front therein. (a) Floor cumulates with an initial planar surface undergo thermochemical erosion 

along points/planes of weakness by a newly-emplaced reactive melt; (b) As erosion progresses, blocks that appear 

isolated in two dimensions but still connected with the floor in three dimensions may form, eventually resulting 

in the undercut-embayed chamber floor. (c) With time, thermochemical erosion comes to a halt and, after some 

degree of cooling, magnetite starts to nucleate and grow in areas where heat loss is most rapid, such as in 

depressions or underneath fragments partly attached to the floor. (d) Crystal nucleation and growth from the floor 

and fragments results in omnidirectional propagation patterns of the solidification front, with some converging 

solidification patterns in the vicinity of the chamber floor.   

 

phenomenon in the Bushveld Complex which has so far escaped our attention. Field evidence 

for such a floor is abundant at all stratigraphic levels of this complex in the form of erosional 

remnants that are still partly attached to their footwall (Figure 4.4b, c; Supplementary 

information Figure 4.2a-d). More commonly, the erosional remnants occur as isolated 

fragments that are seemingly ósuspendedô among host rocks (Figure 4.4d; Supplementary 

information Figure 4.1e-f). Regrettably, to prove the non-transported nature of these fragments 

using geochemical mapping does not seem possible because, unlike magnetite, all silicate 

minerals (e.g. plagioclase, olivine, pyroxenes) and chromite are not chemically sensitive 

enough to record the evolution and propagation of solidification fronts in magmatic systems in 

sufficient detail (Kruger and Latypov, 2020a).  

Another tenet to be reconsidered is that the resident melt in large basaltic chambers is only 

cooled by losing heat through the roof rocks once crystallization is underway (Irvine, 1970; 

Morse, 1988; Hess, 1972). This view stems from a well-known fact that in large layered 
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intrusions heat loss through the chamber floor becomes negligible once a thick cumulate pile 

has accumulated, insulating the resident melt from the cold country rock below (Morse, 1988; 

Hess, 1972). For this reason, after the formation of only ~100 m of floor cumulates, in situ 

nucleation and growth of crystals due to cooling through the chamber floor is considered to be 

impossible (Holness et al., 2020). However, our results suggest otherwise (Figure 3.1).  

 

 

 
Figure 4.4 Artistic impression of the undercut-embayed chamber floor in an evolving magma chamber 

along with interpretive sketches of relevant exposures. (a) When the undercut-embayed floor is observed in 

three dimensions, it becomes obvious that most seemingly isolated óinclusionsô in two dimensions are actually 

connected with each other to produce an intricate in three-dimensional framework of partially eroded floor 

cumulates. The process responsible for the formation of such a floor is referred to as here as magmatic 

ókarstificationô. The undercut-embayed floor is expected to be common in open magma chambers. The artistic 

design of the figure is by an artist Inna Laur (Finland). (b) Interpretive sketch of an erosional remnant of 

anorthosite that is hosted by the Main Magnetite Layer and is still attached to the footwall rocks. Vametco 

Vanadium Mine, Upper Zone of the Western Bushveld Complex (Supplementary information Figure 4.2a). (c) 

Interpretive sketch of an erosional remnant of orthopyroxenite that is hosted by the LG6 chromitite and is still 

attached to the footwall rocks. Jagdlust area, Lower Critical Zone of the Eastern Bushveld Complex 

(Supplementary information Figure 4.2b).  (d) Interpretive sketch of in situ erosional remnants of anorthosite that 

are hosted by the Merensky Reef orthopyroxenite and seemingly not attached to the footwall rocks in this section. 

Rustenburg Platinum Mine, Upper Critical Zone of the Western Bushveld Complex (Supplementary information 

Figure 4.2e). Black arrowed curves in (b-d) show compositional convection. Yellow arrowed curves indicate 

possible positions of these 2D exposures in the 3D space of the undercut-embayed chamber floor.  
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Magnetite growth nodes detected in the profile are not randomly distributed but rather tend to 

be concentrated in the vicinity the largest inclusion X and in a small depression (Figure 4.1b). 

In our previous study (Kruger and Latypov, 2020a), the highest Cr concentration recorded in 

the Main Magnetite Layer from the Bushveld Complex was also located underneath an 

anorthositic inclusion. Growth nodes of a similar Cr content are never found directly on the 

surfaces of the inclusions. Such distribution of the growth nodes can be most logically 

explained by cooling directly through the floor, while the anorthositic inclusions serve as heat 

sinks that further aid cooling of the surrounding melt. Where anorthositic inclusions are located 

close to the floor cooling would be most efficient, explaining why nucleation and the formation 

of growth nodes are more favourable here. Cooling would also be more efficient within a 

depression, and magnetite nucleation is more probable here than on a flat surface. The reason 

why growth nodes with high Cr contents are not located directly on the outer surfaces of 

inclusions is likely because of their inability to cool the melt as effectively as the thick cumulate 

pile below. Cooling of melt through the floor in open magma chambers likely becomes 

important because magmatic karstification excavates the deep and already cold cumulates. It 

should be noted, however, that cooling through the floor provides only a partial solution to an 

in situ crystallization mechanism. A major reason why crystals prefer to form on the 3D 

framework of the undercut-embayed floor is because heterogeneous and self-nucleation on pre-

existing crystals is much more favourable due to energy considerations compared to 

homogenous nucleation in the main magma body (Campbell, 1978; 1996).  

Yet another dogma to be reassessed is that, with progressive cooling, basal solidification fronts 

in magma chambers invariably propagate unidirectionally upwards until the chamber is 

completely solidified (Wager and Brown, 1968; Irvine, 1970; Campbell, 1978; 1996; Morse, 

1988; Cawthorn, 1996a; Marsh, 2006; 2013; Charlier et al., 2015; Latypov et al., 2015; 2016; 

2019). This postulate is invalid for the undercut-embayed floor (Figs. 4.3-4) because its three-

dimensional framework has multiple cooling surfaces on which crystals may nucleate and 

grow. As a result, solidification fronts may simultaneously advance in nearly all directions 

(Figure 4.3) causing them to converge underneath some inclusions (Figure 4.3c-e). This 

realization provides a distinctly different interpretation for Cr reversals that are so common in 

Bushveld magnetitite layers (Cawthorn and McCarthy. 1980) (Figure 4.2). Because these 

reversals were found to be laterally discontinuous, they could not be explained by 

replenishment of the chamber by new Cr-undepleted melts. They also cannot be attributed to 

convective Cr-undepleted eddies descending from the interior of the magma chamber 



49 

 

(Cawthorn and McCarthy, 1980) because these can hardly penetrate through a three-

dimensional framework of the undercut-embayed floor. In contrast, we suggest that these 

reversals are due to the omnidirectional propagation of solidification fronts from the outer 

surfaces of anorthositic fragments (Figure 4.3). Although such fragments were not reported to 

be associated with Cr reversals (Cawthorn and McCarthy, 1980), the reversal in a cryptic zone 

of magnetite that connects inclusions (Z and Y in Figure 4.1b) clearly shows that the fragments 

may simply not be visible. It is also important to note that not all fragments may be associated 

with Cr reversals. The reversals may be absent if cooling through the floor is very efficient, so 

that an upward-propagating solidification front captures the lowermost inclusions before 

crystals start nucleating and growing on their outer surfaces (Figs. 4.1 & 4.2a). 

4.6 Most profound implications for magma chamber dynamics 

A key advantage of the undercut-embayed floor ï as a newly recognized petrological realm ï 

is that it provides clear-cut constraints on where, why and how magma crystallizes and 

differentiates in basaltic magma chambers. The following solutions to these fundamental 

questions can be proposed: (1) where: magma crystallizes in situ on the floor of the chamber, 

i.e. directly on all surfaces of three-dimensional framework of the undercut-embayed floor; (2) 

why: in situ crystallization occurs on these surfaces because heterogeneous and self-nucleation 

on pre-existing crystals of the floor cumulates has the lowest activation energy; in addition, 

cooling through these surfaces favours crystal nucleation on the undercut-embayed floor. This 

leaves the final question; (3) how do these processes occur within this environment? It is 

generally accepted that a planar chamber floor is crucial for magmatic differentiation because 

it allows effective mass transfer between the overlying resident liquid and floor cumulates, 

such as compaction compaction (McKenzie, 2011) or compositional convection within mushy 

cumulates (Tait and Jaupart, 1992). Following this logic, the three-dimensional framework of 

the undercut-embayed floor would serve as a serious obstacle for magmatic differentiation. In 

this respect, it is noteworthy that even in extremely confined spaces, such as those below the 

largest fragment X or where solidification fronts converge (Figure 4.1), the mass exchange still 

occurs extremely effectively to produce a pure magnetite adcumulate. This means that the 

undercut-embayed floor presents no physical barriers whatsoever for the chemical exchange 

between the resident melt and the melt in a three-dimensional framework. We can envisage 

only one mechanism of magma differentiation that is able to operate in such extremely confined 

spaces. This is compositional convection governed by a gravitational instability of a thin liquid 
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boundary layer around in situ growing magnetite crystals (Martin et al., 1987; Campbell, 1996; 

Seedhouse and  Donaldson, 1996; Kruger and Latypov, 2020a). During magnetite 

crystallization, the boundary layer obtains sufficient buoyancy to be released upwards into the 

main magma body (Kruger and Latypov, 2020a), either as a constant stream of melt or as a 

series of plumes (Campbell, 1996). Their mixing with the overlying resident melt causes its 

chemical differentiation which is recorded in subsequently forming magnetite nodes and layers 

(Kruger and Latypov, 2020a).   

Magma chamber evolution via in situ crystallization and differentiation in the undercut-

embayed floor may be quite common in nature because almost all large plutonic complexes 

grow by multiple magma replenishments (Wager and Brown, 1968; Jackson, 1970; Irvine, 

1970; Campbell, 1996; Cawthorn, 1996a; Kruger, 2005; Charlier et al., 2015;) which are prone 

to induce karstification of the floor cumulates (Latypov et al., 2016; 2017a; 2017b; 2020). We 

predict that many more examples of the undercut-embayed floor will be documented with time 

in intrusions that show large scale erosional unconformities (Stillwater, Penikat, Windimurra, 

etc.) such as circular excavations in the chamber floor in which parts of cumulate rocks are 

missing. However, in between karstification events, the growth of the magma chamber would 

still likely occur predominantly by a planar solidification front, and a pertinent question is 

whether a physical mechanism of crystallization and differentiation would be different from 

that inferred from the undercut-embayed floor. At present, we see no obvious reason as to why 

a transition from the undercut-embayed floor to the planar floor and vice versa may somehow 

change the magma chamber dynamics (e.g. replace in situ growth by crystal settling or crystal 

mush formation). We argue, therefore, that the evolution of magma in the chamber would likely 

be governed by convective removal of a compositional boundary layer from in situ growing 

crystals irrespective of whether they form along the planar or undercut-embayed chamber floor. 

Whether or not in situ crystallization via a planar floor or the undercut-embayed floor will have 

a different effect on the chemical evolution of a resident melt remains an open question to be 

addressed in future research. However, as of now it is clear that the undercut-embayed floor is 

an extremely promising environment for unravelling new fundamentals of igneous petrology 

which may bring us closer to the ultimate goal of geosciences ï understanding how our home 

planet was formed.   
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4.8 Supplementary material 

 

Supplementary information Figure 4.1 The morphology of the undercut-embayed chamber floor from 

different localities of the Bushveld Complex, South Africa. (a1, a2, a3), Photo, sketch and reconstruction of an 

erosional remnant of anorthosite that is hosted by the Main Magnetite Layer and is still attached to the footwall 

rocks. Vametco Vanadium Mine, Upper Zone of the Western Bushveld Complex. Photo courtesy of Dirk Venter; 

(b1, b2, c3), Photo, sketch and reconstruction of an erosional remnant of orthopyroxenite that is hosted by the 

LG6 chromitite and is still attached to the footwall rocks. Jagdlust area, Lower Critical Zone of the Eastern 

Bushveld Complex.   
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Supplementary information Fig ure 4.1 (continued). The morphology of the undercut-embayed chamber 

floor from different localities of the Bushveld Complex, South Africa. (c1, c2, c3), Photo, sketch and 

reconstruction of erosional remnants of anorthosite that are hosted by the Merensky Reef orthopyroxenite and are 

still attached to the footwall rocks. Karee Platinum Mine, Upper Critical Zone of the Western Bushveld Complex. 

Photo courtesy of Colleen Meissner; (d1, d2, d3), Photo, sketch and reconstruction of an erosional remnant of 

orthopyroxenite that is hosted by the overlying norite/anorthosite and is still attached to the footwall rocks. 

Modikwa Platinum Mine, Upper Critical Zone of the Eastern Bushveld Complex.  
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Supplementary information Figure 4.1 (continued) The morphology of the undercut-embayed chamber 

floor from different localities of the Bushveld Complex, South Africa. (e1, e2, e3), Photo, sketch and 

reconstruction of in situ erosional remnants of anorthosite that are hosted by the Merensky Reef orthopyroxenite 

and seemingly not attached to the footwall rocks in this section. Remnants appear to have retained their original 

positions and orientations. Brakspruit Pothole, Rustenburg Platinum Mine, Upper Critical Zone of the Western 

Bushveld Complex. Modified from Figure 7a from Latypov et al. (2016); (f1, f2, f3), Photo, sketch and 

reconstruction of in situ erosional remnants of orthopyroxenite that are hosted by the MG2 chromitite and 

seemingly not attached to the footwall rocks in this section. Remnants appear to have retained their original 

positions and orientations. Hoggenoeg Chrome Mine, Upper Critical Zone of the Eastern Bushveld Complex. In 

all the above examples, the morphology of the undercut-embayed floor is attributed to magmatic karstification 

(i.e. erosion by dissolution) of the chamber floor cumulates by new magma pulses that replenish the chamber.   
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CHAPTER 5 

FIELD AND GEOCHEMICA L CONSTRAINTS ON THE  ORIGIN OF 

THE LOWERMOST MASSIV E MAGNETITITE LAYERS  OF THE 

BUSHVELD COMPLEX, SO UTH AFRICA  

Reference to paper: 

Kruger, W. and Latypov, R. Field and geochemical constraints on the origin of the lowermost 

massive magnetitite layers of the Bushveld Complex, South Africa. To be submitted to Ore 

Geology Reviews. Impact factor: 3.86. 

Author contributions  

Kruger: 75% (Geochemically analysed field outcrops, performed quantification of 

geochemical data, wrote the first draft of the manuscript, and contributed to ideas presented in 

the paper); 

Latypov: 25% (Supervisor, contributed to ideas presented in the manuscript, assisted with 

editing and reviewing the manuscript). 

Abstract 

Massive magnetitite layers of the Busvheld Complex in South Africa remains a petrological 

enigma even after many decades of research. Here an attempt is made to vigorously constrain 

the origin of the lowermost massive magnetitite layers by studying their field and geochemical 

characterstics in detail. Rock samples are collected from drill core that covers a 174 m interval 

of stratigraphy from the lowermost portion of the Upper Zone of the Western Bushveld 

Complex. Whole-rock geochemistry was obtained via XRF and ICP-MS analysis. Special 

attention is given to the variation in Cr in magnetite across these layers and intervening silicate-

rich rocks due to the extreme sensitivity of this trace element to magmatic differentation and 

recharge events. Several intersections of two prominent magnetitite layers, called the Main 

Magnetite Layer and the bottom seam, were analyzed in great detail using a portable XRF 

spectrometer from several drill cores from the Rhovan and Vametco vanadium mines. Our 

results reveal intricate depressions in the typically anorthositic footwalls of magnetitite layers, 

interconnected fragments of anorthositic inclusions, and prominent Cr reversals at their bases 

that strongly suggest that magmatic recharge occurred prior to the formation of massive 

magnetitite layers. Extreme lateral variations in the Cr contents along the bases of magnetitite 
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layers indicate their in situ crystallization, implying the incoming melt was free of crystals and, 

after a period of thermochemical erosion and cooling, saturated in magnetite-alone. The latter 

is possibly due to a reduction in pressure associated with magmatic ascent from depth and 

assimilation of crustal material. Gradual magmatic recharge allowed for intermittent mixing, 

cooling, and crystallization, producing a layer of anorthosite prior to the crystallization of 

magnetitite. During magnetitite crystallization, magmatic differentiation occurred by the 

convective removal of a thin compositional boundary layer surrounding magnetite crystals. 

Random nucleation of plagioclase within this boundary layer that becomes increasingly more 

probable as magmatic differentiation proceeds is responsible for the in situ production of non-

cotectic magnetite-plagioclase cumulates that led to the formation of a gradational contact with 

the overlying magnetite anorthosite as observed atop massive magnetitite layers. 

5.1 Introduction  

Layered intrusions are the ancient fossilized remains of magma chambers and their study has 

proven invaluable for our understanding of magmatic systems (Wager and Brown, 1968; 

Parson, 1987; Cawthorn, 1996a; Charlier et al., 2015; OôDriscoll and VanTongeren, 2017). 

However, one aspect of layered intrusions has provided igneous petrologists with one of their 

greatest challenges: explaining the origin of stratiform monomineralic rocks within these 

geological features. Many experimental studies have shown that basaltic magmas originating 

from the mantle will predominantly evolve along multi-phase cotectics to produce igneous 

rocks with well-defined mineral proportions (e.g. Bowen, 1928; Roeder and Osborn, 1966; 

Kushiro, 1969; Latypov and Chistyakova, 2001). The occasional occurrence of monomineralic 

layers clearly indicates that some event occurs within the magma chamber that causes a 

deviation from this expected crystallization trend. Exactly what this process (or processes) may 

be has eluded igneous petrologists for decades with very little consensus among experts on the 

subject (Charlier et al., 2015).  

This study aims to focus on a particularly puzzling monomineralic rock type: the massive 

magnetitite layers of the Bushveld Complex, South Africa. In the case of magmas that follow 

a tholeiitic differentiation trend, like those responsible for the formation of the Bushveld, the 

magma needs to undergo a significant amount of Fe-enrichment and/or an increase in oxygen 

fugacity by fractional crystallization before magnetite will start to crystallize (Hunter and 

Sparks, 1987; Berndt and Koepke, 2005; Tatsumi and Suzuki, 2009). By that time, magnetite 

should crystallize with several silicate mineral phases that have reached saturation in the 
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magma long before. For example, in the Skaergaard intrusion in Greenland, plagioclase appears 

as the first primocryst followed by clinopyroxene after a stratigraphic thickness of 200 m of 

crystals have formed. Only after an additional ±500 m thick pile of crystals have formed does 

magnetite appear as a primocryst, crystallizing in conjunction with the former two minerals in 

proportions that rarely exceed 25 vol.% (Namur and Humphreys, 2018). Some process must 

have been able to concentrate magnetite into the monomineralic reefs we observe today in the 

crystallized remnants of the Bushveld Complex.  

Attempts by previous investigators to discover the nature of the above process has proven to 

be highly contentious. In particular, there exists two polarizing aspects when it comes to 

unravelling the petrogenesis of this rock type. The first deals with the manner of accumulation 

of the magnetite crystals in the chamber. While some researchers argue for in situ 

crystallization (e.g. Cawthorn and McCarthy, 1980; McCarthy et al., 1985; Reynolds, 1985a; 

Cawthorn, 1994), many others favour a model that involves crystal settling or sorting (e.g. 

Scoon and Mitchell, 2012; Maier et al., 2013; Bilenker et al., 2017; Yuan et al., 2017; Knipping 

et al., 2019; Vukmanovic et al., 2019). The second issue considers whether massive magnetitite 

formed by some mechanism involving magmatic recharge (e.g. Maier et al. 2013; Yuan et al., 

2017; Lesher et al., 2019), or whether it came about in a closed magmatic system (e.g. 

Cawthorn, 1980; Tegner et al., 2006).  

In an attempt to resolve these issues, we document the geochemical and field characteristics of 

Bushveld magnetitite layers from three different localities; Magnet Heights from the Eastern 

Bushveld Complex, and the Rhovan and Vametco vanadium mines from the Western Bushveld 

Complex (Figure 5.1). The field characteristics of magnetitite layers have mostly been 

neglected by models that attempt to resolve their petrogenesis. An approach that relies 

predominantly on field characteristics have successfully been applied in several recent studies 

to gain deeper insights into the origin of the Bushveldôs chromitite layers and the Merensky 

Reef (Latypov et al., 2016; Latypov et al., 2017a; Mukherjee et al., 2017; Pebane and Latypov, 

2017; Hunt, et al., 2018; Chistyakova et al., 2019). Based on our results we test multiple 

hypotheses from the literature that addressed the petrogenesis of massive magnetitite. By 

extracting and building on the strengths of previous models, whilst discarding potentially 

weaker points, we construct a new petrogenetic model to explain their formation. Thereafter, 

we address several questions that are fundamental to arrive at a complete understanding of the 

formation of this rock type, such as how magmatic differentiation occurs and what factors 

affect the propagation of the solidification front during magnetitite crystallization. These, in 
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turn, might provide an understanding of some other characteristics of magnetitite layers, such 

as the gradational contacts into overlying magnetite anorthosite. Finally, we attempt to provide 

a unique solution to one of the most puzzling features of magnetitite layers, namely that they 

commonly contain anorthositic footwalls. 

Without a doubt the mere existence of massive magnetitite layers holds an important clue to 

some of the processes that operate within magma chambers. Not only that, but these layers also 

serve as economically important reserves of V in South Africa (Cawthorn and Molyneux, 1986;  

 

Figure 5.1 Geological map of the Bushveld Complex. Study sites for this project are indicated by red stars for 

the Rhovan and Vametco vanadium mines in the Western Limb and Magnet Heights in the Eastern Limb. 
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Viljoen, 2016). It is up to us as petrologists to figure out what their origin might be. In turn, we 

will gain a better perspective of magma chamber dynamics, while potentially improving our 

capabilities to find and extract the valuable metals bounded within this enigmatic rock type in 

the future. 

5.2 Regional geology 

There are many well-constructed reviews on the Bushveld Complex of South Africa 

(Cawthorn, 1996a; Cawthorn, 2015; Viljoen, 2016). A short overview is given here. The 

layered, primarily ultramafic to dioritic part of the complex (called the Rustenburg Layered 

Suite) originated when an enormous amount of basaltic magma (in excess of 1,000,000 km3) 

(Cawthorn and Walvaren, 1998) was emplaced in multiple pulses (Kruger, 1994; Eales, 2002) 

between about 2060-2055 Ma ago (Scoates and Friedman, 2008; Scoates et al., 2021) over a 

time period of 75,000 (Cawthorn and Walraven, 1998) to 106 (Zeh et al., 2015) years, to form 

what is today known as the largest layered intrusion on Earth. Subsequent erosion (and later 

deposition of younger sedimentary rocks) created an outcrop pattern of four different limbs of 

the Bushveld Complex. The larger limbs are called the Western and Eastern Limbs (Figure 5.1) 

which may (Cawthorn et al., 1998; Webb et al., 2011) or may not (Cousins, 1959; Du Plessis 

and Kleywegt, 1987) be connected at depth.  

In total, the Rustenburg Layered Suite (RLS) ranges from 7-9 km in thickness (Cawthorn, 

2015). At its lowermost section it contains ultramafic cumulates referred to as the Basal 

Ultramafic Sequence (Wilson, 2015) which is overlain by a noritic Marginal Zone. This is 

followed by a sequence of ultramafic rocks (mostly harzburgite and orthopyroxenite) called 

the Lower Zone which is in turn overlain by the Critical Zone (consisting of chromitite, 

orthopyroxenite, norite, and anorthosite). Above the Critical Zone occurs the Main Zone, a 

sequence of mostly norite, gabbronorite, and gabbro that is generally poorly layered compared 

to the rest of the intrusion. About 200 m metres below the top of the Main Zone occurs an 

orthopyroxenite layer that is referred to as the Pyroxenite Marker. The Pyroxenite Marker is 

thought by many to represent the final influx of magma into the RLS magma chamber (Kruger 

et al., 1987; Cawthorn, 1991; Tegner et al., 2006; VanTongeren et al., 2010; VanTongeren and 

Mathez, 2013). Differentiation of this magma is thought to have eventually led to the 

appearance of cumulus magnetite that represents the base of the Upper Zone (Molyneux, 1974). 

Relative thicknesses of the different zones are indicated on Figure 5.1. Shortly after the 

appearance of cumulus magnetite, the first massive magnetitite layers appear. The Bushveldôs 
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Upper Zone is further subdivided into several subzones, with the base of Subzone A being 

marked by the first appearance of cumulus magnetite, Subzone B the appearance of cumulus 

olivine, and Subzone C by the appearance of cumulus apatite (Tegner et al., 2006).  

In total, 26 magnetitite layers have been identified in the Bierkraal drill cores from the Western 

Limb of the Bushveld Complex, along with 6 nelsonite layers towards the very top of the 

intrusion (Tegner et al., 2006). Layers may range from just 10 cm in thickness, while the so-

called Main Magnetite Layer (MML) measures up to 2 m in thickness. The uppermost 

magnetitite layer in the Eastern Limb of the complex, referred to as magnetite layer 21, is the 

thickest oxide layer within the complex with an average thickness of about 10 meters 

(Molyneux, 1974) and a maximum thickness of up to 22 meters (Scoon and Mitchell, 2012). A 

remarkable feature of these magnetitite layers are their extreme lateral extent. For example, the 

MML can be found in all three major limbs (Western, Eastern, and Northern) of the complex 

and can be traced for hundreds of kilometres. 

5.3 Methods 

This study generally focusses on the geochemical and field characteristics of massive 

magnetitite layers from a section of Subzone A and B that is exposed in the open pits of the 

Rhovan and Vametco mines and drill cores, as well as field outcrops in the Magnet Heights 

locality from the Eastern Limb (Figure 5.1). More details are provided in the Methodology 

chapter.  

5.4 Results  

5.4.1 Field relations 

In terms of field relations, magnetitite layers of the Bushveld Complex are characterised by 

three common features: they contain a massive part of nearly pure titano-magnetite (Figure 

5.2a and b), a sharp basal contact with underlying anorthosite (Figure 5.2a and c), and a 

gradational contact into the overlying rock type, typically magnetite anorthosite (Figure 5.2 c 

and d; Fig 5.3a and c).  

On closer expection, the contact between the magnetitite and anorthosite is characterized by 

many intricacies. Small depressions, occasionally no more than a centimetre across, is 

commonly observed within the anorthosite (Figure 5.4a). Less commonly, such depressions 

also occur on a much larger scale, from a few cm (Figure 5.4b) to more than a metre wide (Fig 

5.4c). Several other irregularities are detected at the boundary between the magnetitite and the  
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Figure 5.2 Typical appearance of magnetitite from the Bushveld Complex. (a) The lowermost massive 

magnetitite layer of the Upper Zone from the Western Limb, Rhovan vanadium mine. It is underlain by anorthosite 

and overlain by magnetite anorthosite. (b) Photomicrograph of the MML from the Western Bushveld Complex in 

reflected light. The layer consists almost entirely of titano-magnetite with little to no interstitial phases. (c) 

Magnetite Layer 1 from Magnet Heights, Eastern Bushveld Complex. Notice the gradational upper contact into 

the overlying magnetite anorthosite and the sharp basal contact with its anorthositic footwall. (d) A thin 

magnetitite layer from the Western Bushveld Complex obtained from drill core. It also displays an upper 

gradational contact to magnetite anorthosite and an intricate bottom contact with anorthosite. The formation of 

these three features (anorthosite, massive magnetitite, and the upper gradational contact) is central to this study.  
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anorthosite, such as off-shoots and fingers of magnetite penetrating the footwall (Figure 5.4a 

and 5.5e), and interconnected frameworks of plagioclase grains that appear to be connected to 

each other and the floor in cross-section (Figure 5.4b).  

Another common feature of magnetitite layers is that they contain numerous inclusions of 

anorthosite (Figure 5.3b and 5.5). These inclusions are typically oval in shape and taper out 

towards their margins (Figure 5.5a, c). Some angular inclusions are also observed (Figure 

4.5b), while some may be highly irregular in shape (Figure 5.5d). These inclusions vary 

significantly in size, from more than a metre wide (Figure 5.5c) to only a few cm across (Figure 

5.4a). Larger inclusions appear to be more common closer to the bottom of the layer. An 

interesting observation is that, in some instances, the inclusions may appear to be connected to 

the footwall in some manner (Figure 5.5e and f).  

 

Fig 5.3 Appearance of the upper portion of the Bottom seam from the Western Bushveld Complex. (a) 

Massive magnetitite contains a gradational contact into magnetite anorthosite. (b) Inclusions of anorthosite present 

within the magnetitite layer. (c) The appearance of the magnetite anorthosite containing cumulates of both 

magnetite and plagioclase. Hammer for scale is about 40 cm in length.  
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Figure 5.4 Irregularities observed in the footwall contact between magnetitite and anorthosite. (a) Main 

Magnetite Layer from Magnet Heights, Eastern Bushveld Complex.Various intricate features are observed when 

examining the contact in detail, such as a small depression, an off-shoot of magnetitite, and a small anorthositic 

inclusion. (b) A slightly larger footwall depression that is partially filled by a delicate interconnected framework 

of plagioclase crystals. (c) Larger footwall depressions observed in the anorthosite underlying the Main Magnetite 

Layer from the Rhovan vanadium mine, Western Bushveld Complex. 
































































































































































































































































































































































