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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 particwadfulto unravel
magma chamber processes due to the exceptionally high crystal/liquid partition coefficients of
Cr in magnetite. By studying thield relationships andistribution of Cr withinand acrosthe
lowermostmassive magnetitite layeothe Complexnew insights are derived regarding some

of the most fundamental questions pertaining to our understanding of magmatic crystallization
and differentiation. These inclugéhere and howlo crystals accumulate/hatis the thickness

of crystal mushes in magachambersand 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 lsitu crystallization of this rock type

as indicated by the presence of-@ich, domeshaped growth nodes, the accumulation of
magnetite on subertical footwalls, and the outward growth of magnetitite on anorthositic
inclusions. Extremely steep Cr gradients, coupled with ac@stant V concerdtion, show

that the solidification front propagates as a rsadid 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 thengective removal of thin compositional
boundary layers surrounding magnetite crystals. Depressions in the anorthositic footwall
underneath massive magnetitite layers together with the preseamcentérconnected network

of anorthositenclusionssuggesthat 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 preced 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 bycrustal material, ensured the production of a relativelyic®r, superheateahelt
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 footwalleommonly associated with the massive magnetitite
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CHAPTER 1

INTRODUCTION

1.1 Background information

Through count | es s,themamlehsasundergoiepartialméltng th proglduce r y
basaltic meltsthatmayi se t o eventually i sdmelasbelylecséhe pl a
heat totheir surroundingsthey graduallycrystallize possibly producing layers that may in
some cases consist of valuable ore depo#iisen solidification is completeg fossilizd

magma chambes left behind, preserving important clues to the processes that occurred within
the magmatic systenThrough the processes of upheaval and erosion, the structure may
eventually become exposed thep | a nsarfad® snabling us to studys various intricate
features. Attempts to decipher the processes that occur within such layered intrusions have
preoccupied the minds of igneous petrologistsnfore than a centurguriously, everafter

all this time very few petrologists can agree on some oflestfundamental questions on the

topic. Thisthesis is an attempt to gain a better understandintagma chamber dynamics by
studying a extraordinary rock typeapable oproviding unique insightsnto this debate: the

massive magnetitite |l ayers. of South Africads

In our simplest understanding of the evolution of basaltic magma chambers, melts are supposed
to evolve primarily along cotectics and eutectics in temperatampositional spacas
different phases are incrementally added to the liquilbs. crystallization trend results in
rocks with welldefined proportions of mineral{owen, 1928; Roeder and Osborn, 1966;
Kushiro, 1969. A great challenge that petrologists fasethe occurence of stratiform
monomineralic rocks within layered intrusions that consist gppecific mineral thatis only
supposed t@in the liquidus assemblage after other minerals have already started crystallizing.
Examples of such rock types includeromitites, anorthosites, and magnetitite layers, all of
which can be found within the Bushveld Complex. The existence of such monomineralic rocks
indicatesthat some process occurs within magma chambers that we do not yet fully understand,
although manydiverse and conflicting hypotheses have been prop(eader and Brown,

1968; Cawthorn, 1996 Charlie et al, 2015).



The problem most likely persists because we cannot understand the formation of
monomineralic rocks in layered intrusions without underding the fundamentals of how
layered intrusions crystallizand differentiate For example, one of the most important
unresolved questions that stand in our wegls with the meartsy whichcrystals accumulate

in magma chamberBo they nucleate and @tallize within the interior of the magma chamber
then settle out under the influence of gravity? Or do they rather crysialkie, i.e. crystad
nucleate and grow directly on the outer margins of the chamber? A second important question
is how crystd/liquid fractionation occurgo 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 magméets are dominated

by crystaifree mel(Cashmaret al, 2017) In contrast to the classic idea that magma chambers
crystallizz from large volumes of crystilee melt, tis new paradigm suggests that magma
chambers are only composed of mixtures of crystal musheghat form large transrustal
magmatic systemslhe aimof this study is to vigorously test the above hypothessding

with the inner workings of magma chambeby 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 dealaldes/stery regarding &origin

of this rock type

1.2 Problem gatement

A brief discussion now followsf 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 basaltmagma chambers, thaye envisioned darge bodie®f liquid

that crystallize from the margins inwards in structwadked solidification front¢Marsh, 1996;

Marsh, 2013) Such structures have previouslgen observedybdrilling 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 magmarTherefore, ittonsists ba mixture ofbothsolids and melti.e. a crystal mush. The
thickness of the crystal mush within magma chambers has been the topic of much debate. Some
textural (Holneset al, 201'4) and field evidenceHess, 1960Thompson and Patrick 968



seem to gggest that crystal mushesay be nanore 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 convectiomnd magmatic differentiatiom magma chambers. Maiet al
(2013) proposed that the hydrodynamic sorting of thick (possibly several doizeretres)
crystal mushes am@sponsible for the origin of layering in the #weld Complex, including

the origin of massive magnetitit®n the extrene end of the arguent, Cashmaat al. (2017)
arguethat the classic view diquid-dominated magma chambeéssancorrect, andhatmagma
chambers are entirely composed of crysh mushes. The latter is based a lack of
geophysical data supportitige existence of a large magma chamber underneath Yellowstone
supervolcanan the United $ates as well as crystafsom volcanic rockgecording complex
zoning patterns suggesting complicated crystallization histovigthin the crystal mush,
lenses omeltrich areas may exist, but they are considered small andl|steatt

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 inflential papers on the subject was published by Bowen
(1915) when he observélde settling of olivine crystals within small platinum crucibl&nce

then, the concept of crystal settling became popular among igneous petrologistiewith t
processbeingheay | y f avoured to explain igneous | ay
famous publication on layered igneous rockise idea of crystal settling generally involves
thegrowth of crystals in areas where cooling is most significant (for example the flamcf or r

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-plvase conveain (Morse, 1988 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
(Bachmarand Bergantz, 2008Bea, 201}

In contrast to the above models, Jackson (1961) reasoned that crygséddlized and grew
close tothe bottom of the Stillwater Complex, a process referred bm#smcrystallization.
This was deemed possible because, although most heat is lost ttirewdfamber roafe.g.
Wager, 1963Morse, 1986p the density gradient may favour crystallization on the chamber
floor. Campbell (1978) later presented several lines of evidence far #ie crystallization

for the Jimberlana intrusion in Australia,daalso presented general arguments for iutgitu

crystallization may be more favourable in layered intrusiSingce then, several investigators

3



have accumulated additional geochemical and field data that may provide supportiffior the
situ crystallizaton model (McBirneyand Noyes1979; Cawthorn & McCarthy, 1980; Latypov
and Egovora2012; Latypovet al 2016 Latypov et al, 202Q. Nevertheless, the relative
degrees that crystal settling aimdsitu crystallization contributes tthe formation of layexd
intrusions is an ongoing debated. Cawthorn, 201%;atypovet al, 2020). Both models have

been invoked to explain ¢horigin of massive magnetitits discussed later on.

1.2.1.3 Mechanisms of differentiation of magma chambers

Layered intrusions shoagreat diversity of the rock types and chemamahposition 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 selidifiere is,
however,a lot of debaten the process that causes crybtplid fractionation.Once again,
crystal settling is a popular hypothesis (Wager and Brown, 1968). Alterndhaésare
compatible within situ crystallization modelsnclude compaction of crystal mushes.d.
McKenzie,2011; Nanur and Charlier, 2012;&hmaret al, 2017, diffusion (possibly with

the aid of thermal convection) (Cawthorn and McCarthy, 188f¥se, 19868, compositional
convection within large crystal mushes (Tait & JuapE®89, or the convective removal of
small compositional boundarayers surrounding individual crystals (Marta al, 1987;
Campbell, 1996; Seedhouse dhohaldson,1996). As Mors€1986b)rightly put it, it is up to

the petrologist to decipher whidtf theseprocesss (if any)is responsible for the formation of

a given suite of rock. Once the above fundamental issues regarding the inner working of
magma chambye have received attention claa shifted to the origin of Bushveld magnetitite.

1.2.2 Origin of massive magnetitite layers in the Bushveld Complex

The intrusiveand mafic part of the Paleoproterozoic Bushveld Complex, called the Rustenburg
Layered SuitgRLS), has garnered fame among petrologists due to its immense size, well
developed layering in some sections, and the presence ofelaskldeposits of PGE, @nd

V. Despite the fact that thRLS formed via multiple magma recharge events (€rgger,

1994; Eales, 2002), on a large scale it displays a sequence of cumulates that is broadly
consistent with a magmatic system that has undergone «gstan differatiation. On a
stratigraphic bases the RLS is subdivided into different zones based on the cumulus mineral

assemblagedbove a noritic Marginal Zone (the lowermost unit of the RLS) occurs the Lower



Zone that consists of ultramafic rocks containing cumuoliisne and orthopyroxene. The
appearance of cumulus chromite marks the base of thalleal Lower Critical Zone, while

the Upper Critical Zone is defined by the appearance of cumulus plagioclase. Above the Upper
Critical Zoneoccurs the Main Zone, a seance of mostly norite, gabbronorite, and gabbro that

is generally poorly layered compared to teeainderof the intrusionlt is within the Upper

Zone, marked by the appearance of cumulus magnetiere massive magnetitite layersur

that are the fags ofthis study.

Several featureare common to most magnetitite layers of the Bushveld Complex that any
model dealing with their petrogesis must be able to account for. These features include: (1)
the pure adcumulate nature of these layers that eseotinsist of puréitano-magnetiteAny
interstitial material is virtually absent anditivsome exceptions, other cumulus phases are
rare; (2) these layers are commonly underlain by an anorthosite layer with which it shares a
macroscopically sharp bodary. 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 modelsngly ignore its presece The occurrence obne
monomineralicock type already provides a sigedint challenge to petrologists so tha te
occurrence of magnetitite and anorthosite raises the bar of the challenge even(Bjgher;
magnetititelayershavegradational contacts into overlying magnetite anorteo$iyroxene is
notably absent from the cumulus assemblage surrounding many nitgriagers; (4)
magnetitite layers have extreme lateral extent, and some of them can be traced for hundreds of

kilometresNo model has thus far been proposed that can atelgexplain all these features.

The literature on mgnetitite layerseatlyillustrates the dilemmas we deal with in igneous
petrology.Petrogenetic imdels are generally polarized in two respeatsnely hownagnetite
crystals accumulate in magnehambers and if a magmatic recharge event is in some way
responsible for their formationn regards to the first issugsearch conducted in the 1980s
found evidenceo support then situ crystallization of these layers in the formadfapid but

very regularupwards depletion i€r contents in magnetite layers (Cawthorn and McCarthy,
1980; 1981; 1983yicCarthy and Cawthorn, 198B|cCarthyet al, 1985) Most importantly,
perhaps, is the discovery of Cawthorn (1984)ecade lateBy collecting samplealong the

base of the MML, he noticed extreme lateral variability in the Cr content of the layer. He
proposed that high &pots were areas where magnetite first started nucleating and growing
on the underlying anorthosite layer, by analogy similar to thgudwing 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 dorfike structures thahe called growth nodeglowever, 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; Metiexl., 2013;
Bilenkeret al, 2017; Yua et al, 2017; Knippinget al, 2019; Vukmanoviet 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 examptgoze

data aross the Upper Zone reveals a general consistency in the inff#b8rratios,
suggesting the entire 1.5 km thick sequence of rocks crystallized from a single pulse of magma
(Krugeret al,, 1987. This is supported by some geochemical evidence, suxlgaseral lack

in significant An reversals in plagioclase the hangingwall and footwall lithologies across
magnetitite layers (Cawthorn and Ashwal, 209 me 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, Baf@gver,
otherresearchers havecorded geochemical reversals in, for example, Cr in pyrex in the
Bushvel dos Tahpepeeal, 2024 vaeatioqs 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 then NMagnetite Layer
(Harney and Von Gruenewaldt, 1995r An reversals recorded in the anorthositic footwalls

of magnetitite layers (Yuamt al, 2017). Most of these authors thus opted for magmatic
recharge to explain these features. Shaneepointed ot, however, that reversals can also be
produced by the convective breakdown and mixing of melt layers in a density stratified magma
chamber [darney andVon Greundewaldtl995 Tegneret al, 2006). These models are
reviewed in more depth in Chapter

1.3 Aims and objectives
1.3.1 Data collection

Uncertainies regarding theynamics ofmagma chambersersist because most rock types in
layered intrusions cannot record the processes that occur in the solidification front in sufficient
chemical detailMagnetitite layers ara remarkableexception in thigespectbecause othe
extraordinarilyhigh crystal/liquid partition coefficiestof Cr in magnetiteCawthorn and
McCarthy (1980) first realized the potential of Cr in magnetite as a very powerfchiodbf
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 ealabguipment with the
advent of portable Xay fluorescence spectrometers (pXRH)is instrument allows for rapid
chemical analysis directly on field outcrops, enabling the acquisition of hundreds of chemical
analyssin just a few hoursA major aim ofthis study is tanalyseoutcrops of two prominent
magnetitite layergn two dimensionso construcgeochemical contour maps focussing on the
distribution of Cr. The first is the Main Magnetite Lay®ML) fromthe Bubv e | d6s East e
Limb, the same site ere 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 Bush@elshplexreferred to here as the
Bottom seamAdditional examples of thBottom seanand Main Magnetite Layewill alsobe
analysed in drill core provided lile Rhovan and Vametco vanadium mines, both located in
the Western Limb of the Comple$uch mapping may provide an unparallelesalization

of the stepwise propagation of a solidification frorih addition, Cr contents in magnetite
crystals acrosa 180 mthick sectionnear the basef the Upper Zone will also be analysed to
observe large scale variations in this trace elemeriss sections bearing several magnetitite

layers

Most previous studies that have focussed on the petrogenesis of massive magnetiite lay
focus on theirgeochemistry (e.g. Cawthorn and McCarthy, 1980; McCaethgl, 1985;
Kruger and Smart, 1987; Cévorn and Ashwal, 2009; Yuaet al, 2017) while a recent study

has been conducted to look for textural clues regarding their origin (Vukmagi@lic2019).

One aspect that hdargely 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 recentyearsa similar approacimas proven fruitful to betteunderstand the formation of
chromititite layers and the Merensky Reef of the Bushveld Com{hlatypov et al, 2016;
Latypovet al, 2017a; Pebane and Latypov, 2017; Chistyaletad, 2019.

1.3.2 Determining thehickness of the crystal mush durimggnetitite crystallization

As stated abovesomeresearchers 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 differerargpatibilities 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 bAngmuir 989 who derivedequationgdemonstratinghe



behaviour of trace ements with different compatibilities become more similar as the
efficiency of crystal/liquid fractionation decreasé&dfective crystal/liquid fractionation also
allows for effective crystallization of interstitial liquathd may result in a relativelyithcrystal

mush (Morse1986a; 2002; 201) In the case of magnetitite, two compatible elements are
compared with differing compatiltles, namely Cr with a crystal/liquid partition coefficient

in magnetite that varies from @DO0 in basaltic meltdr{ying, 1978; Toplis and Corgne, 2002;
Castle and Herd, 20),7and V that ranges from about 10 to @&ing, 1978; Toplis and
Corgne,2002) Effective crystal/liquid exchange would ensure maximum depletion of Cr and
V during magnetite fractionation. ¢irystal/liquid exchange is less effective, the depletion of
Cr and Vwill slow down as magnetite crystaldll 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 surounding liquid. The effect is more pronounced for Cr because of its higher partition
coefficient in magnetite compared to Yhe more dissimilar the behaviour of Cr and V, the
more effectivethe interstitial liquid crystallize due to effective liquid eshange providing a

qualitative indication of the thickness of the crystal mush

1.3.3 Determining the mans otheaccumulation of crystals in magnetitite layers

An attempt will be made ttest fort he exi stence of HAgrowth node
Cawthorn(1994 as explained abov8y reducing theninimumsample spacing employed by
Cawthorn(1994 of 50 cmto just 1.5 cm, and by geochemically mapping outcrops in two
dimensions, Grontour maps will be constructedttstif growth nodes can be visualized. If

so, thiscan serve apowerful evidence for tha situ crystallization of massive magnetitite.
Mapping will also be performed in sections whehe contact between magnetite and
anorthosite is sulertical.In situcrystallization would predict crystallization directly onto the
subvertical contact, while this would not be possible for crystal settlimgsome cases
magnetitite may also contain inclusions of anorthosite (e.g. Scoon & Mitchell, 2012). It can be
expeted that magnetite would nucleate and grow all over their audaces ifin situ
crystallization predominates, and should be indicated by higher Cr contents in the vicinity of

such inclusions.

1.3.4 Constraining the mchanisrs 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 crgtallization. For examplef the evidenceas in favour ofin situ crystallization,



crystal settling carbe disproven, the latter can be excluded as a means of magmatic
differentiation If the crystal mush within magnetitite is found to be thimon-existent, we

can exclude models like compaction or compositional convection with a thick drgstéll

pile. A prediction of the hypothesis that magmatic evolution occurs by the convective removal
of a thin (a few mm) compositional boundary las/&om 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 &qdid exchangestill occurin such confined

spacessuch as underneath inclussoor within small magnetitbearing veins.

1.3.5 Unravellingthe aigin of massive magnetitite layers

The answers provided to the above questions can already help resolve the first polarizing aspect
of magnetiite petrogenesis, namely whether or not magnetyj&tals accumulati situ, are
deposited on the chamber floor by grayity both Clues regarding whether or not magmatic
recharge occurred may be obtairmdstudying thevariation in Cr contents across sequences
containing bothmagnetitite layers andlisate rocks. Because Cr contents are rapidly depleted
during massive magnetitite crystallizati@awthorn and McCarthy, 198Ghis trace element

could prove mah more sensitive taletectany chemical reversals that may have occurred
compared to, say,contents in plagioclasEield 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 ittexpritte
products of thermochemical erosion followiagnagmatic rechargevent €.g. Campbell,

1986; Latypowt al, 2016; Latypowet al, 2017%; Pebane and Latypov, 2017

By combining all the above observations, an attempt will be madeni@ up with a model
that can potentiallgxplain how magnetitite layers formed in the Bushveld magma chamber,
why anorthositic footwalls arso common underneath this rock type, and wigssive

magnetititepossess gradational contacts into overlying &osite layers.

1.4 Thesis outline

Becausetiis thesis follows the article formate following chapters that form the body of the
thesis represent journal articles thavealreadybeen published, anal/ will soon be submitted

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

1.4.1 Chapter 2

An overview is provided of the methods emy®#d to accomplish the goatated above.



1.4.2 Chapter3

This chapter shows the results obtained by thedineensional geochemical mapping of the
MML in the MagnetHeights locality from the Eastern Limb of the Bushveld Cexpnd has

been published in Nature Communicatiohke results obtained allofwr the visualization of
fossilized solidification fronts and are used to constrain the mechanism by which crystals
accumulate within magma chambers (crystal settling versusitu 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 Chapger4

Results are presented following the tdimensional mapping of an outcrop of the lowermost
magnetitite layer from the Western Limb of the Bushveld Complex that contains several
curiousfield relationships, such as depressions in the footwall andetersd the presence of
various anorthositic inclusions within the magnetitite layer. By studyingptbpagation
pattern otthe solidification front, it is possible to finally unravel the origin of such anorthositic
inclusions in Bushveld magnetititA 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 umaercut
embayed chamber flooBy studyng the crystallization of magnetite within such an
environment provides unique insights indmd how, where, and why magma chambers

crystallize and differentiatd.his work has been submitted for publication.

1.4.4 Chapter5

This chapter presents variations @n contents in magnetite across a 180 m thick section
containing both théottom ®am 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 lierature dealing withmagnetitite petrogenesis that tssted against the new
findings made in this study, including those from Chaptand4. Aspectsof old modelghat

are not consistent with the dadee discarded, while potential strong points arerpcrated

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 disdusgaevious chapters (such as the
mechanisms by which magmatic evolution occurs during magnetitite crystallization) are

discussed in more depths of writing this work is yet to be submitted for publication.
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1.4.5 Chapter6

The main findings of the study asammarized.
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CHAPTER 2

METHODOLOGY

2.1 Chemical analysiswith the portable XRF and quantification of data.

We have analysed an exposure of the MML located in the Magnet Heights area, Eastern
Bushveld Compl ex ( 24A5d&ndthetbot®rd sadfrom tAeORNGVEN0 1 8 . 5 &
open pit mine, Western Bushvel donddpptlerasx ( 25 /
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 escef 2 cm (Cawthoret al, 1983),

but grains are originally thought to be extremely small (0.2 mm) and have grown to their
present size possibly due to poesimulus annealing. Therefore, a single analysis represents the
average Cr composition of poteriyathousands of magnetite grain8 grid spacing was

employed of 4 cm for the profiles Figure3.3a,3.4a,3.5a,4.1and 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 second§he instrument was calibrated after every few hours of its use by
means of its own buiin 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 ed. ddswever, 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 neaonstant for ifhouse XRFanalysis 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 cootir map. After calculation of the Cr/V ratios, the values are multiplied by
9.757for the MML and 20.29 for the bottom seamobtain a quantitative Cr concentration in

weight percenti-or the MML and the bottom searhid gives a fit with a linear functiof(x)=x

between the #house and portable XRF data and asdgRared correlation coefficient of 0.97
(Figure2.1 and2; Appendix A. Geochemical contour maps were then constructed using Surfer
Version 9.2.397. The aver gpgavithxhe higheshanayticalc al u
uncertainty being 2350 ppfar the MML. For thebottom seanthe average is 405 ppm with a

maximum recorded as 1073 ppiro account for this uncertainty, geochemical contours on

12



’
— o
B >
.
.
¥
J
#
.
.
’

12

1.0

0 8 g
. .
.
,
’
,
.
.
.
.
.
.

pXRF (Cr/V*9.757)

I I | I I T |
02 04 0.6 08 1.0 1.2 14
In-house XRF (wt. % Cr)

Figure 2.1 Calibration curve for the portable X-ray fluorescence spectrometetdand 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 npré@sesamples 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 repr e-hoeseXRFdatthe 20 a
(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.

0.8
0.7 I
0.4- =
. T

pXRF (Cr/V*20.29)

0.1+ | [

T T T | l T
0.1 02 03 04 05 06 0.7

In-house XRF (wt. % Cr)

Figure 2.2 Calibration curve for the portable XRF (pXRF) againstin-house XRF datafor the bottom seam
Hand samples collected from the bottom seam were analysed via the pXRF. The vertical spacing of the blue bars
represents the 2U anal yt i c athouserXRFe datwaré obtaiped &6dm pirdn e p X RF

magnetite separates.
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geochemical contour maps were spaced accordingly to ensure they are further apart than the
maxi mum 20 measured within ¢hisstidycan®efoundrin Al |
Appendix B CD, and F

2.2 Proceduresfor geochemical modeihg for the Main Magnetite Layer in Chapter 3.
2.2.1 Equations employed and tvdimensional modelling

A modified versionRollinson, 1993p f L a n @L988)equabos foin situcrystallisation
is employedo modelthe variation of both Cr and V in the MNIL

CL/Co = (ML/Mo)(f(®-1/D-+) 1)
WhereC_ is the concentration of a trace element in the ligQils the initial concentration of
the trace element in the liquity. is the amount of liquid in the chambdp 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, abdefers to the partition coefficient for the trace element
in question. This equation assumes thatehemo 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 moddllifngther
assumption of thequiation 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 removahé&om t
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 inwo dimensions, the amount of magnetite contained within each
contour on the geochemical contour map is measured. This measurement can then be used to
calculateM /Mo for equation (1) which is then used to determine the concentration at different

coordinaé 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/My)(Ci) + (Ma/My)(Ca) (2)
WhereC, is the liquid composition after melt additiod; is the amount of melt in the basal
layer before melt additiomMl; is the total amount of melt in the basal layer after melt addition,

Ci is the concentration of the liquid before melt additidajs the amount of melt added to the
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basal layer, an@. is the composition of the incoming melt. The latter value is calculated by
dividing the highest Cr concentration measu@aivthorn, 1994)n the MML (4.8 wt. %) by

the partition coefficient of Cr into magnetite. A spreadsheet used for the purpose of this
mocelling can be found in Supplementary Data 2vailable online at
https://www.nature.com/articles/s414620-167236#Secll

In the final modelling Figure3.6¢ and 7b), the initial thickness of the basal melt layer is 20
metres. After every 100 chof magnéite crystallized in this part of the profile, a certain
quantity of melt is added to the basal layer. For the first 16G00€mrystallization (or after

the deposition of 16 cm of magnetite considering the section is 100 cm wide), 1.0 metres of
melt is alded to the system, then 0.8 metres of melt for the next 88@fconystallization,
followed by 0.54 metres of melt for the next 80C¢*ahcrystallization, and finally 0.38 metres

of melt for the final 500 cAcentimetres of crystallization in the profile gradual decrease in

the amount of melt added is necessary to explain the inflections observed in the Cr content
(Figure3.7). At the top of the 40 cm high profile, the basal layer has grown to a thickihess o
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 oexperimental 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 80oplis and Corgne, 2002)Ve use a D value of 20
because it reproduces the neansistency of V as observed in vertical profiles through the
MML (Maila, 2015)more accurately compared to higher values. A D vali®domplies that

the melt had a V ewentration 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 foa@pears to be poorly constrained aades

from 100 to 620 in basaltic mdlrving, 1978) Finding further constrata 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 thewM rarely drops below 0.90 wt. % 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 raprate of Cr depletion around growth nodes (Supplemeifigtyre

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 reorded 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 incomindemest to a

more rapid depletion in V and a lower V concentration results at the top of the profile
(Supplementaryigure 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 highthit height, the Cr
concentration usually levels off at around 700 bpamd 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 isfpened 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, @r 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 modElnge@.6¢ and3.7b).

2.3 Properties of a compositional boundary layer.

In Chapter 3the conclusion is reached thatring thein 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 densityhascrystal 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 beldwartin et al, 1987)allow the calculation of the
compositionathange across and the thickness of the boundary layer, respectively, at the very

moment when the boundary layer becomes unstable and convection commences:

) n 74 _ J
Q = U 0O 3)
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Y'Y j 4 (4)

Where ds is the compositional change across the boundary layer in weight fia@®the
boundary layer thicknesp,is the density of the melt,is the kinematic viscosity of the melt,

ks is the diffusivity of the soluteC is a dimensionles constant with a value of 0.4,is
acceleration due to gravitf,is the compositional expansion coefficients the heat flux out

of the chambel, is the latent heat of crystallizatio@p refers to the specific heat capacity of

the melt, andiT/dSis the liquidus slope in temperattgelute space. Thg v, Cp, anddT/dS

were all calculated from using alphaMELTS software, version 1.4.1. Anckeliquid
composition that is considered to be parental for the Upper dagneret 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 magm@hanget al, 2010)(Ks) is taken as 16! m? s?

and the averag€p of gabbro(Lesher and Spera, 2015) (3880 Jkg?) is use&. The
compositional expansion coefficie(if) of magnetite is 0.3@weight fraction') (Koyaguchi,

1990) A value for the heat loss through the basal laypgrig taken so as to allow
crystallization rate of 1 cm pgear. The density change acrosstibendary 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 Dats3vell as the MELTS run in Supplementary Data

4 availableonline at https://www.nature.com/articles/s414620-167236#Sec11

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

Chapter 5generally focusses on the geochemical dietd 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 LimbF{gure5.1). Field observations regarding the nature of the
contact of massive magnetitite layers to their eaad underlying lithologies were conducted

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

and petrographiinvestigation were taken from two composite Rhovan drill cores that together
intercepts the lowermost magnetitite layer (henceforth referred to Bstioen seahand the

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

lowermost sample collected.
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Samples selected for butkck major and trace element analysis were sent to Genalysis Intertek
Laboratory in AustraliaSilicate rock samples were cut into approximately 8 by 4 by 2 cm large
blocks while smaller, 4 by 2 iy cm blocks were cut for magnetitite samples because of their
large Cr gradientsCompressed powder pellets were prepared for XRF analysis for major
elements using the AMIS0368 standards in addition-twounse controls for calibratiohess

than 16% pecent of deviation occurs from recommended val&es trace element analysis,
samples were prepared with four acid digests and analysed via inductively coupled plasma
mass spectrometry (IGMS) using control standardsTS-2a, AMIS0167, and AMIS0013
Seleced samplesvere doubly analysed to check for anomalous reantisstandard deviations

are found to be less than 10%4l 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, RFossilized solidification fronts in the Bushveld Complex argue for
liquid-dominated magmatic systemBlature Communications, DOL0.1038/s4146D020-
167236. Impact factorl12.1.
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Abstract

Chemical differentiation of magma on Earth occurs througlsiphlseparation of liquids and
crystals. The mechanisms of tisisparation still remain elusiwkie to the lack of information
on solidification fronts in plutonic magmatic systems. Here,present records of fossilized
solidification fronts from massive magnetitites of thesBweld Complex in South Africa,
obtainedby two-dimensional geochemical mapping on dielutcrops. The chemical zoning
patterns of solidification fronts indicate that nucleation agdtatlization occur directly dahe
chamber floor and result in neperfect fractionationdue to convective remal of a
compositional boundary layer from in situ growing crystalst @ata precludes the existence
of thick crystal mushes during the formation of maseagnetitites, thus providing rsoipport
for the recent paradigm that envisages onlstalyich and liquidpoor mushyreservoirs in

the Earthés 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 magrobambergWager and Brown, 196& awthorn and
McCarthy, B80; 1981; Jackson, Campbell, 1996; Cawthorn, 189larsh, 1996; Latypov
andEgorova, 2012; Charliest al, 2015) magma oceans/impact melt she@taughanret al.,

2013; Latypov et al, 201%) or planetary coregFearn and Loper, 1981; Morse, 200R)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
volcanolgy and igneous petrologyFigure 3.1). Three major physicamechanisms are
commonly considered for this role in magmatic systems: gravity settling/floating of crystals on
the chamber floor/roof that leaves behind an evolved liglaidkson, 1961; Wager and Brown,
1968; Cawthorn, 1996 Charlieretal., 2015)(Figure 3.1c), compaction of a mushy cumulate

pile that squeezes the evolved liquid into the overlying magma res¢gaiey, 1986; Tegner

et al., 2006; McKenzie, 2011: Cashmamn al., 2017) (Figure 3.1d), and compositional
convection in a mushy cumulate githat drives out the buoyant evolved liquid into the
overlying magma bodyTait et al, 1984; Namur and Charlier, 201@igure 3.1e). These
processes are watlstablished theoretically and experimentally, but what role they play in

driving chemical diffeentiation 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 thensiafgi
magmatic system@®larsh, 1996; 2013Drilling 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 environmer{tdelz, 1987 Marsh, 2013 However, the
solidification fronts in deegeated, slowcooling magma chambeisstill poorlyexplored, and

their physical and chemical dynamics are largely unknown because of their inaccessibility for
direct petrological observationmferring chemical and physical properties of solidification
fronts from fossilized magma chamberseiremely difficult, withonly a few prominent
attempts being undertaken to overcome this challé@Ggepbell, 1977; McBirney & Noyes,
1979;Cawthorn andMcCarthy, 1980; 1981A major problem is thadistribution coefficients

(D) for compatible trace elements, such as Ni, Cr, and Sr, are not particularly tgly
normally range from 2 to 1%r most rockforming mineralfGERM 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 geometes and mechanisms for their evolutiora, The classical view

of a meltdominated, londived magmatic chamber situated underneath a volcano (Cawthorn and McCarthy,
1980; Jackson, 1961; Wager and Brown, 1968; Campbell, 1996; Cawthorrg;, M@8h, 1996; Latypov &
Egorova, 2012; Charlier et al., 2015, comparel, Bonew concept that considers tramgstal magmatic systems

as composed of crystach mushes with only small, shdited melt lenses (Cashmann et al., 2017).
Differentiation d the magma can occur in several different waysrystal settling (Jackson, 1961; Wager &
Brown, 1968; Cawthorn, 1986Charlier, 2015) whereby crystals grow in the interior of the magma chamber and
settle towards the flood, compaction of the cumulapile (Shirley, 1986; Tegner et al., 2009; McKenzie, 2011;
Cashmann et al., 2017), angl compositional convection within the cumulate pile (Tait et al., 1984; Tait and
Juapart, 1992; Namur and Charlier, 2012) which forces a light evolved liquid outsbiyrsolidification fronts

into the main magma body.

In addition, the minerals are susceptible t@qeilibration with trapped liqui§Barnes, 1986;
Cawthorn, 1998 Lundgaardet al, 2006)which tends to obliterate the primary chemical

patterns in solification fronts of plutonic complexes.

Fortunately, there is one notable exception from this rule: the partitioning of Cr into magnetite,
a rockforming mineral that is common in the uppermost parts of mafic layered intrusions. A
compilation of D valuefor Cr in magnetite in silicate liquids shows that they may range from
20 to 30QDareet al, 2012) A few experimentastudies indicate that even higher values, from

69 to 620(Irving, 1978;Toplis and Corgne, 2002; Castad Herd,2017) are possibleni
basaltic systems. In more evolved melts, D values may rise up t¢B2&8@manretal., 2004)
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In addition, geochemical modelling shows thavd&ues need to be at leas high as 275 to

400 to reproduce the vertical variations in Cr across massiveetiiitgs of the Bushveld
Complex(Cawthorn and McCarthy, 1980; Wrigatal., 1983; Kruger and Smart, 1987The
crystallization of magnetite is thus expected to cause a rapid depletion of basaltic melt in Cr
which mustbe recorded in decreasing Cr abundance in massive magnetitites at the scale of
solidification fronts.This principlewasfirst used byCawthornand McCarthy (1980;1981)

and resulted in a discovery of steep gradients in Cr concentrations in verticaspaaofibss
magnetitite layers and evendividual magnetite crystal@Cawthorn and McCarthy, 1983)
from the Bushveld Complei South Africa This finding led to an important realization that
these layers are likely formed bysitucrystallization direcif at the chamber flodqCawthorn

and McCarthy, 1980; 1981; Wrigbkt al., 1983; Cawthoretal., 1983) Here, we build upon

this pioneering work by undertaking a geochemical study of magnetitite layers in two
dimensions usinga handheld Xay fluorescencespectrometer (pXRE)The study was
motivated by an idea thatetwo-dimensionakontours of te Crdecrease can be interpreted

as Crisopleths that depict successive steps in the development of Hgwawthg
solidification fronts in magma chamberff. so, the chemical patterns in magnetitite
solidification fronts mayprovide a clue to the physical mechanisms that cause chemical
differentiation of magmas in plutonic systen@ur two-dimensional geochemical study has
confirmed a remarkable prediction by Gaarn (1994 that layers ofnagnetititestart forming

viain situgrowth nodegmerging at the contact with the footwall roc®&e show that during

the growth of these nodesll rejected liquid components are effectively removed by
compositional convection from the situ growing crystals and transported into the main
magma body. This results in effective adcumulus growth and inhibits the formation of-crystal
rich mushesWe hypothesize that such compositional convection is induced by the instability
of a chemical boundary layer arouimdsitu 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 haveexplored the locascale variations i€r distribution in massive magnetitite layers of
the Bushveld Complex, he | argest basaltic ma@awhoro,hamber
2015) by two-dimensional geochemical mappirigppendix 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-meaomineralic
nature of this layerHigure 3.2) implies that itschemical composition has been practically
unaffected by a reaction with trapped lig(@hwthorret al, 1983;Barnes, 1986)This implies

that primary chemical patterns are likely preserved in solidification fronts of the MML. The
layer was analysed irofir separate areas, two of which wha planar basal contadtigure

3.3), one that contains a swbunded anorthosite autolithF{gure 3.4), and another with a
subvertical basal contadtifure3.5). The irregularities in the floor (Fig8.4-5) are thoupt

to result from thermachemical erosion of the anorthositic footwall during magma
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Figure 3.2 The Main Magnetite Layer at Magnet Heights from the Eastern Bushveld Complexa) 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 reflectethdividual titanemagnetite

grains reveal the large gmnasize (typically more than 1 cm in size) and generally planar to slightly curved grain
boundaries. Grains are typically polygonal with 120° tripéént grain boundary junctions, typical of
monomineralic rocks in which textural equilibrium has been abthi 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 neaperfect adcumulate and massive nature of the magnetite with virtually ncuimaus
phases present.
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replenishmenof the chamber by basal flows as has been documented for other layers of the
Bushveld ComplexXLatypovet al, 2016; 2013), including magnetitite (Scoon and Mitchell,
2012) A key result of our study is th@ocumentabn of fine-scaledomical structures with

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

of the MML and are characterized Aylanar bottom witlthe highesCr-content (up to 1.8

03 04 05 06 07 08 09 10 11 13 15 18 21
Cr (wt. %)

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(#p and (c) are supplemented with their corresponding
geochemical contour maps (h) 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 prdifieatiaa.

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. Thevertical dotted line irfb) indicates the section used for modellingrigure 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 theMiain Magnetite Layer that contains a subrounded
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. Goeop is located at Magnet Heights, Eastern Bushveld
Complex.

2.1 wt.%) that passesoutwardsin a concentric manner towards much low&rcontents
(down to 1.0 wt.%Hpncross adistance of only a few cm Figure3.3b and d). Importantly, the
structures with high Grontent even occur below the anorthesautolith (Figure 3.4b).
Moving upwards from the nodes,-Contours in magnetite turn into continuous sublayers with
roughly planar contours. These sublayers tend to drape over the aufiglitte 3.4b) and
develop roughly parallel to subvertical portions of a basal corfagirg3.5b).
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Figure 3.5 Geochemical map of basal part of the Main Magnetite Layewith a sub-vertical footwall contact.

Field photograph of the section and the corresponding geochemical contour map are sfemandh(b),
respectively Black crosses indicate the positions of individual data points. Geochemical contours remain
subparallel with the footwall contadtdicating 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 {@ghstructures (Figs2.3-5) are primary
magmatic featxes, or products of some secondary,-nmagmatic processes superimposed on
earlyformed, internally homogeneous magnetitites. One of the most common secondary
processes is the action of lage 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, 199X owever, such fluids or melts are expected to

be highly depleted in Cr because of its partitioning into pyroxenes and titlagnethe
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 higbr structuresCr gradient m a single magnetite crystal also
excludes the possible influence from fatage interstitial fluid¢Cawthornet 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 problematiecause it would require a very peculiar flow pattern to form
thedomicalhigh-Cr structures. It is also worth pointing out that a detailed geochemical study
performed at our localityCawthorn and Street, 199fgiled to detect my change in Cr in
magneitite that could be ascribed the activity of fluids coming from the underlying cumulate

pile.

It seems, therefore, much more likely that the discovered@igtructures (Fig2.3-5) are

of primary magmatic origin. The simplest explanation appedbg 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 Cawtlit®94 who prediceéd the
existence osuch highCr structures itheBus hvel dds massive magnet.i
them asn situ growth nodes. With further cooling) situ growth nodes continue to spread
laterally to cover the entire floor and eventually coalesce to form a layer with a planar surface
(SupplementaryMovie 1 available athttps://www.nature.com/articles/s414620-16723
6#Secl) Our results suggest that a planar solidification front may form after je@® tén of
crystallization, which explains why all magnetitite layers, including the thinnest-eb@esin),

show planar top contacts. This tendency for the solidification front to become planar is also
easily observed above the autoliffigure 3.4b). If our interpretation is correct, then these
chemical structures (Fig2.3-5) are arguably the firstver records of the morphology of
fossilized solidification fronts in deegeated plutonic systems on Earth. The successive stages
in in situ generation and subsequent upward propagation of these fronts are clearly indicated

by Crisdlines

The internal sucture of the solidification fronts in the MML (Fig3.3-5) provides a unique
opportunity to rigorously test the competing concepts of magma differenti&iigurd 3.1).

In situgrowth nodes are clearly not compatible with gravity settlkigyre3.1c) 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 localizedc@rnodes. The gravity
concept is also at odds with the occurrence of thedGrgrowth nodes below an autolith
(Figure3.4) as well as the development of layers along the subvertical sidekiglsg3.5).

These places are not appropriate for graedptrolled accumulation of settling crystals.
Similarly, in situgrowth nodes are not nsistent with compactiori-{gure3.1d). 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 tharejected solute from every mtmh i ¢ k  drsshuagdowing nooles must

have been almost instantaneously transferred into the overlying melt to ensure its chemical
evolution. Because compaction requires at l@afw dozens to hundreds of metres okmu

to operatgShirley, 1986; Taiet al, 1984; Boudreau and McCallum, 199®)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 nbhedbw the magnetitite layer.
However, recent work suggests that crystal mushes in layered intrusions are less than 4 metres
thick (Holnesset 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 ligfrimn below. The above objections can be
equally well applied to aopositional convection within a mushkigure3.1e) becausé has

been estimated to require at lea€®0 m thick mushy layer on the chamber fltworthe onset

of its operation(Tait and Juapart, 1989yhe conventional model§igure3.1c-e) thus failto

explainthe 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 updegidtion in Cr,
previous studie@Cawthorn and McCarthy, 1980; Kruger and Smart, 188vE indicated that

the magnetitite could not have crystallized from the entire, ~1fhkrh column of resident

melt in the chambe(Cawthorn and McCarthy, 1980)nstead, 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, 19&f)issue is to
understand which process is responsibletlier formation of this basal layer of melt. In a
closed system, it can be potentially produced by dediffiesive convectior{Kruger & Smart,

1987; Tegneet al, 2006) liquid immiscibility (VanTongeren and Mathez, 2012; Fischer

al., 2016; Scoomrt al, 2017) in situ fractionation of abundant plagioclag@®eynolds, 1985a)

or melt stagnation at the chamber fl¢Gawthorn and McCarthy, 1980; Jaupart and Brandeis,
1986) In an open system, it can be most easily formed by a new pulse of i@phetishing

the chamber as a basal flgWuppert and Sparks, 1980; Snyder and Tait, 198%9 dilemma

can be addressed by referring to tbeent work on the Upper Zone of the Bushveld Complex
that revealed a few prominent reversals in terms of Cr comemagnetitgYuanet al, 2017)

and pyroxendTanneret al, 2014)as well as in Arcontent in plagioclase and magnesium
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number of mafic silicates in the proximity of magnetite lay8oon and Mitchell, 201 Xuan

et al, 2017. It has also been eatireported that the basal part of the MML contains up to 240
times more Cr than pure magnetite separates from the underlying (©alghorn and
McCarthy, 1980) These reversals in composition of cumulus minerals are clearly not
consistent with the aboveaentioned 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 magnefifiesnet al, 2017; Tanner

et al, 2014; Scoon and Mitchell, 2012Jollowing 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 matgmetiie
meltneeddo be saturated in magnetionefor some period of its crystallization histo@ne
possible way to produce such a melt is to allow a deep staging chamber to fractionate silicates,
causingFe-enrichment andorcing the melt towardsnagnetite 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 reslitip in pressure

shifting phase boundarieis such a manner that magnetite may be the sole crystallizing phase
upon entry in the shallow levehamber(Latypov, et al, 2018) A more indepth description

of this model is given in sectiofs5.12 andb.6.5 of this thesis.

Upon emplacement into the amber, 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 dimensiGme studyCawthorn 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
crystatliquid interface. In addition, occasional convective cotseare involved to assist in
supplying Cr to the growing magnetitite to prevent Cr from being depleted too rapidly
(Cawthorn and McCarthy, 198®owever, later theoretica(Martin et al, 1987) and
experimenta(Seedhouse and Donaldson, 1986)dieshave shown that such a stagnant layer
will experience vigorous convection from the very onset of crystallization, and the above
process maytherefore be physically unrealistic. Another studfKruger and Smart,
1987)envisages the crystallization of magneiitea magma chamber stratified by double
diffusive convection. In this case, magnetite crystallinesituon the chamber floor, rapidly
depleting the lowermost layer in terms of its Cr content. This causes Cr to diffuse from the

overlying layers into therystallizing 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 edenensional approach inaccurate. Our geochemical maps
(Figure 2.3-5) provide an opportunity to improve on these previous atte(@at&thorn and
McCarthy, 1980; Kruger & Smart, 1983y performing modelling in two dimensions. We base
our modelling on the twalimensional distribution of Cr on the geochemical map of2E30.

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 abhodek (Cawthorn

and McCarthy, 1980; Kruger & Smart, 198¥)by the Rayleigh lavalone. 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 upwardsKigure3.6a). In contrast, whiletis 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 nbidgesg3.6b). This issue

can be resolvedjowever, if the basal melt layer is treated as an open system that develops
incrementally via multiple magma additiotieat effectively mix with a melt in a basal layer

The incoming melt supplies Cr to the crystallizing layer, and, as it grows in tekte
depletion rate of Cr gradually slows down. In contrastiat has been done befdiruger

and Smart, 1987}his model accurately reproduces the-fumensional distribution of Cr in

magnetitite Figure3.6¢).

Yet another important outcome of tlaove modelling is that a combination of a steep
chemical gradient of Cr depletion with much more constant V confielaita, 2015)(Figure

3.7) is only reproducible if all rejected liquid from situ growth nodes is returned into the
overlying melt Figure3.7; Methods). If this is not the case, then the rate at which the magma
differentiates slows down dramaticaflyangmuir, 1989)The effect is much more pronounced

on trace elements with very large partition coefficieRigyre3.8). If only as litle as 3% of

melt fails to return fronin situgrowth 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 perfecEigure3.7). Imperfect factionation also causes trace elements
with different compatibilities to behave more similarlysbrch a thin boundary layer, V would
also be rapidly depletedrigure3.7a), while data from the MML shows no consistent increase
or decrease in terms of the concentrationLangmuir, 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 woulde able to develop at the chamber floor.
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Figure 3.6 Two-dimensional geochemical modelling of Cr inthe Main Magnetite Layer. The two
dimensional modelling is based on the results showfigare4.3b 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 relativelyin 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 compligaredb. In

(b) a thicker basal layer (130 metres) more accuratgyoduces 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 systenhich the

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

can the Citoncentration accurately be reproduced in-tiimensions (Methods). Because undulations observed

in the solidification front in the chemical maBigure2.3b) are not statistically significant after about 20 cm of
crydallization, a planar solidification front is assumed above this point in our modelling.
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Figure 3.7 One dimensionalgeochemical 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 iB.8tg 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 incrementallgue 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 amilsir 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 NWHila, 2015). Thisapproach is
clearly not compatible with what is observed in reality.I(b}his 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 posible 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 magnetititgentegnt crystaliquid
fractionation must ccur (Methods). V concentiah data plotted on this diagram are from M#&#815) as it was
not possible to

properly quantify

V concentrations f
analytical uncertainty and are calculated by the instrument during analysisvétobecause the Cr concentration
is calculated from a Cr/V ratio (Methods), the Cr and V analytical uncertainties are compounded to obtain the
final 20d analytical

uncertainty shown
deviation following the analysis of several samples are approximately 0.01M&i%a, 2015).

on the figure.

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 (SuppitangFigure3.2). Our

final modelling Figure3.6¢ and3.7b) 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 vfee replenishmenby Cr and V undepletedmelt
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(Supplementary Figure 3.1; Supplementary Data 2 available online at
https://www.nature.com/articles/s414620-167236#Secl). In the modelling, we assume

that a new pulse of melt enters the chamber after every centimetre of crystallization. Because
the deposition of a centimettkick layer of crystals from a basal layer would barely affect its
major element composition, it m&ains 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 processwill 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 largedglected petrological process that can be
reconciled with our geochemical datgigs. 3.3-5) and modelling (Fig 3.6-8). This is
compositional convectiocaused by thgravitational instability of a thin liquid boundary layer
around in situ growing crysals (Martin et al, 1987; Campbell, 1996; Seedhouse and
Donaldson, 1996jFigure3.9).Not e t hat this process differs
crystal musho model p r o pmestiendd ebrlier a3 thigqtiiressan d  J u a
very thick crytal mushbefore the onset of convectioduring 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 thicknedscagases 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 reaétcgant buoyancy to convect away close to

the very beginning of crystallization. To validate this inference, we performed calculations
based on equations derived by Masiral.(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 adkmess 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 kgfn(Methods Supplementary Data 3 and dvailable at
https://www.nature.com/articlesl1467020-167236#Secl). 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 pl@kt@din et al, 1987;Campbel] 1996;
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Seedhouse anbDonaldson, 1996)Their mixing with the overlying melt of the basal layer
causes its chemical differentiation which is recorded in subsequently formirthickishells

of magnetite. When growth nodes eventually coalesce to form a planar solidificatign fron
multiple plumes are released from random points on the front. Intermingling of the plumes
results in vigorous convection and chemical differentiation of the basallayegmuir, 1961)

(Figure3.9). This rejection of unwanted chemical components causdseffective adcumulus
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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 decrea&df perfect crystaliquid occurs, the rate at which trace
elements are depleted are most rapid, and magmatic differemtiatimost effective. The varying rates of
depletion is shown for three trace elements with varying values of D (5, 10, and(d)0®).this case, the
fractionation of crystals and liquid is imperfect and 10% of the rejected liquid remains within thficatitieh

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 similailhus, to best describe the more constant V concentration compared to the extremely rapid
depletion of Cr in magnetitite from the Bushveld Complex W), the crystaliquid fractionation needs to be
nearperfect (Methods). C Concentration of a partitar trace element in the liquid.oClnitial 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 -digysial
interface Crystal growth is likely to be relativelyapid 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 magnetdturated melt due to effective

composition convection.

High Relative magma density Low

. Solidification front
of a magnetite fayer

Figure 3.9 A physical model for chemical differentiation of the Main Magnetite Layer in the Bushveld
Complex(not to scale)(a) A magnetitealonesaturated melt is emplaced as a basal layer along the chamber floor
causing erosion of prexisting footwall rocks. (b) On cooling, magnetite starts nucleating on the irregular surface
of the anorthositic footwall. (¢) Selfucleation and crystal growth result in the formation of growth nodes. A
residual, buoyant layer diquid 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 gadgressive step, the basal layer increases in thickness
due to further addition of magnetitdonesaturated melt into the chamber as indicated by geochemical modelling
(Methods).
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We thusconclude that three conventional processes of maguiffiécentiation Figure2.1)

are not necessarily the dominant mechanisms of chemical differentiation in magmatic systems
as deeply entrenched in most petrogenetic con¢éatkson, 1961; Wager and Brown, 1968;
Cawthorn, 1996a; Charliest al, 2015) A viable alternative is compositional convection
caused by an unstable chemical boundary layer anowsitl growing crystals at the chamber
floor (Martin et al, 1987; Campbell, 1996; Seedhouse and Donaldson, .IB86)process is
unlikely to be unique to @gnetitite layers. For example, fieddidencefor other cumulates

of the Bushveld Complex, such as development of chromitite and orthopyroxenite layers along
overturnedoortions of the chamber floor, attests to thewitu crystallization as wellLatypov

et al, 2016; 2017a2017h Chistyakoveet al, 2019) Similar to magnetitite, any other oxide

rich or maficultramafic lithologies are expected to produce a buoyant boundary layer around
the crystal liquid interface as has been demonstrated experimentatisitorgrowing olivine
(Seedhouse and Donaldsd®96) In situgrowth nodes may occur in these lithologies as well
but cannot be detected due to the lack of sufficiently sensitive-eétaoeent indicators of
chemical differentiation in their minerals. We speculate therefore that this type of
compositonal convectiormay represent a very effectimeechanism 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 ockde ro
while it may only be a few metres thick in silicate rofkatypovet al, 2014, Holnesset al,

201D; Hess, 1960; Irvinet al, 1998) A lack of a thick mushy zone provides strong support
for a classical 0 nRaggre2da) thathasrbéea underpmrang matieélsgom  (
t he Eart ho6s macgnuayflackson, 1064;WagenvaedrBroan, 1968wthorn

and McCarthy, 1980; Campbell, 1996; Cawthorn, E®arsh, 1996; Latypov & Egorova,
2012; Charlieet al, 2015) magma oceans/impaatelt sheet§Vaugharet al, 2013;Latypov

et al, 201D).

One important implication of our study is that it casts doubt on the universal validity of a
recently advanced mushy reservoir paradig@ashmanret al, 2017; Jacksoet al, 2018)
(Figure2.1b) that denies the existence of large anddongv ed magma chamber s
crust and suggests that all magmatic systems, including layered intrusions, are predominantly
composed of crystaich mushes. This concept is at odds with our data odiscdition 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 thoughta® dominated by compactig@ashmaret

al., 2017; Jacksoet 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 (Hasset al, 2017b). This is perfectly reasonable since a
very thin to nearlyabsent crystal mush in this (Hesset al., 2017a)and other layered
complexes(Hess, 1960; Irvineet al, 1998)implies essentially nothing to compact. We
hypothesize, therefor¢hat the mere existence of the Bushveld Complex with its spectacular
phase, modal and cryptic layering and giant mineral dep@Sasvthorn, 2015)such as
magnetitite layers up to hundreds of kilometres in length, is evidence that largkyéohand
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
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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-axis. Trace a line directly upwards until the bline is intercepted. From this point the

initial basal layer thickness before crystallization can be read off ondhesyn the left. Trace the line further
upwards until in intercepts the purple line. This allows the final thickness of the basalyeetbl 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 prefered 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 onakis gn the right (Methods). By using the entire

range of experimentally determinedvalues for Cr in magnetite in basaltic mg@iing, 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 crystallizat, 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 magh&t#d wt. %
compared to the typical lowermost V concentration recorded in this(ldgdla, 2015)the typical lowermost V
concentration is indicated by the black horizontal stippled line). To prevent the V concentration from dropping
below the typicalowermost 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 useigure3.6¢c and7b) (Methods).
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CHAPTER 4

MAGMATIC KARST REVEA LS DYNAMICS OF CRYST ALLIZATION AND
DIFFERENTIATIONINE ARTHO6 S MAGMA CHAMBER

Reference to paper:

Kruger, W. and Latypov, R. Magmatic karst reveals dynamics of crystallization and
di fferenti at imachanmbers. Zubmittechtd Nat@easgencelmpact factor:
13.6

Author contributions

Kruger: 65% (Geochemically analysed field outcrops, performed quantification of
geochemical data, wrote the first draft of the manuscript, and contributed to ideaseurase

the paper);

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

editing and reviewing the manuscript).
Abstract

A deep understanding of magma chamber dynamics is the key to many natural phenomena,
from chemicapatterns in crystals to an internal structureeafestrial planets. Were, why and

how magma crystallizes and differentiates in crustal magma chambers are three fundamental
guestions, all highly controversial. ere we report on our discovery of a new natural
phenomenoii theundercutembayed chamber floan the Bushveld Complek which allows

us to address these questions. The undemitayed floor is produced by magmatic
karstification (i.eerosion by dissokion) of the basal cumulates by replenishing magmas. This
results in a few metres thick thrdanensional framework of spatially interconnected erosional
remnants that separate the floor cumulates from the overlying resident melt. The resident melt
in thisenvironmenis effectively cooled through tHor inducing heterogeneous nucleation
andin situ growth against much of its threlfmensionaframework The solidification front

thus propagates in multiple directions from the surfaces of erosional resnReactional
crystallization occurs there lmpnvective removal of a compositional boundary layer from

situ growing crystals and it isemarkablyefficient even in very confined spaces. We propose

that the way magma crystallizes and differentiatethénundercuembayed chamber floor is

l' i kely common for the evolution of most magn
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4.1 Introduction

Gaining deeper insights into how natural magmas crystallize and differentiate in crustal magma
chambers is crucial for scientificvestigations in almost all fields of volcanology and igneous
petrology, from highly detailed studies at the scale of individual cry@taisiphreys, 2009;

Namur and Humphreys, 2018) global tectonic reconstructions concerning the evolution of
Earth and other terrestrial plané&olomon, 1980fearn and Loper, 1981; Latyp@i al,

201%). A complete understanding of the inner workings of magma chambers relies on
answering three fudamental question®Vhere do crystallization and differentiation occur?
Why do crystallization and differentiation occur within this particular environment? What
processes are responsible for crystallization and differentiafigpi@thora of opinions ext

on each of these questions. For instanteegards to the first question, models may portray
magma chambers as melt pools in which crystals either grow exstéeng crystals along the
chamber margin€Campbell, 1978; Martiet al, 1987; Campbelll996) form within the melt

and then settle on the chamber fl§@Wager, 1963Wager and Brown, 1968; Irvine, 1970;
Morse, 1986; 2015) or are kept suspended in a convecting melt untiidimeation ofcrystal

rich mush that is unable to flofBachmann amh Bergantz, 2004; Bea, 2010ritical
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 byuslying the internal structure of solidification fronts in mafic
ultramafic layered intrusions 6 f ossi | i zed®d natur al | abor at
fundamental principles of igneous petrolo@/ager and Brown, 1968 awthorn, 1998
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, modoratkg minerals are not
chemically able to record and/or preserve the properties of a solidifi¢edintr(Kruger and
Latypov, 202@). Here we report on intricate chemical patterns in massive magnetitites of the
Bushveld Complein South Africa(Cawthorn, 2015)hat enables theecognition of a new
petrological phenomenon in magma chamberhe undercutting and embayment of the
temporary chamber-embaped ffTheorod niddefinitivet qu e |
constraints on magma crystallization and differentiation prosefisereby providing explicit

solutions to the aboviendamental 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 Comglégkel ar gest preserved | ayere
crust (Cawthorn, 2015) This layer shows peculiar field relationships witle thinderlying
anorthosite Kigure4.1a) such as depressions and undulations, while its most striking feature

is the presence afeveral 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 magi&sarkset al, 1977)or fallen fran the

roof sequence onto the chamber fl¢lovine, 1987; Irvineet al, 1998; Namuet al, 2015;
Latypovet al, 201%).They may also be interpretediasituremnants of originally continuous

layers that werepartially dissolved by thermochemical erosi associated with magma
chamber replenishme(itatypovet al, 2016; Pebane and Latypov, 201&)commonality for

these interpretations is thdtey imply thatafter mechanical depositio(Sparkset al, 1977,

Irvine, 1987; Irvineet al,, 1998; Namuetal., 2015 Latypovet al, 201%) or in situformation
(Latypovet al, 2016; Pebane and Latypov, 201¥g fragments are supposed to lie directly on

the chamber floor, with no open space filled with resident melt below them.

We have examined this outcréglowing a procedure from our recent study of trace element

(e.g. Cr) distributions in magnetitites in two dimensions by a handhehdy Xluorescence
spectrometer (pXRHRKruger and Latypov, 202) (Appendix C) Special attention has been

given to Crdue to its exceptionally high magnetliguid partition coefficients in basaltic melts

that may range from 300 to beyond 0®ing, 1978; Cawthorn and McCarthy, 1980; Toplis

and Corgne, 2002; Dast al, 2012) This, along with inferences that massmagnetitites 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 Latypoy), 208@'s

for a rapid depletion of the basal melt layerin Cr. Dgrinc r yst al | i zat i on, th
in Cr is recorded in decreasing-iSolinesin massive magnetitites at the scale of solidification

fronts (Cawthorn and McCarthy, 1980; Kruger and Latypov, 20Z0his feature makes Cr in
magnetite a very powerfulracer of magmatic differentiation processgawthorn and

McCarthy, 1980)with two-dimensional Cr geochemical maps of field outcrops allowing an
unparalleled visuali zat i owse propagationgrugsrcahd di f i ¢

Latypov, 202@). Results of our geochemical mapping of the bottom seam (MetAqendix
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Figure 4.1 Massive magnetitite with twadimensional 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 deeases 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 convergitgemical pattern is observed between this cryptic zone and the
floor. Several domshaped high Cr growth nodes on the bottom contact of the layer indicate inaipstot
nucleation and growth of magnetit§€awthorn,1994 Kruger and Latypov, 2020aBlack crosses indicate
positions of individual data point§he outcrop is located at the Rhovan Mine, Western Bushveld Complex, South
Africa.

C, Supplementary informatiofrigure 4.1) reveals the twalimensional distribution of Cr
within the layer Figure4.1b). 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 alsdiscovereda 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 (YY) towards the centre of the outcrop. In selectedliomnsional profiles,

three distinct compositional trends are observed: a continuousrdmepletion in Cr across
fragments Figure4.2a), a gradual reversal in Cr where no fragments are présguatg4.2b),

and an inward decrease in Cr away from the footwall and a fragFignt€4.2c). Two more
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Figure 4.2 One-dimensional vertical profiles in Cr content across a massive magnetitit€osition of these

three profiles across the bottom seam of massive magnetitite is indicateduondFid. a, A rapid continuous
decrease in Crantent upwards with no chemical changes/breaks at anorthositic inclusiéngradual reversal

in Cr content in a level where no anorthositic inclusions are vigibken initially rapid decrease in Cr content
followed by its gradual increase towardsarorthositic inclusion. Cr content again declines upwards from the
top of the anorthositic inclusion. d and e, Additional examples of vertical profiles in Cr caatess the bottom
seam that contains anorthosite inclusions from drill cores in a difflereality (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).

examplesvith aninward decrease in Cr through the bottom seam are additionally shown from
other areasHigure4.2d, e)(Appendix D)

4.3 The phenomenon of the undercuembayed floor

In line with some previous studié€awthorn, 19994; Kruger and Latypov, 202@e have
recorded high Cr structures (purple in colokigure 4.1b) that indicate sites of incipient
nucleation of magnetitite at the very base of the profile. This was followed byusddfation

on the preexisting nuclei, causing outward concentric grovith produce domshaped
structures that are referred toiasitugrowth 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 surfaoésnorthositic 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 irCr 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
surrourded by the melt prior to onset of its crystallizatidhis finding precludes the models

that imply that fragments had to be resting directly on a solid (®oarkset al, 1977; Irvine,

1987; Irvineet al, 1998; Namuet al, 2015 Latypovet al, 201%). Clearly, these fragments

could not remain suspended in the melt near to the floor; they vediler settle or float
depending on their density relationships with the resident Ee#n in the unlikely case that
these fragments were initiallyeutrally 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
distane of a few cn(Figure. 42). 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 ¥igure4.1b) provides an important clue this issue. The
continuous nature of this zone as well as the fact that the reversal appears to befjoaotaal (

4.1b and4.2b) suggests that magnetite was growing on some septum that is now either hidden
behind the current face of the outcrop or Hesaaly been removed by mining. This septigm

most likely composed of a continuous anorthosite body that interconnects these two and likely
many other obscured inclusitike bodies. All the seemingly separate anorthositic inclusions

in this outcrop are s likely interlinked with each other and firmly attached to the footwall in
three dimensions. We refer to this thidimensional framework of spatially interconnected

bodies at the bottom efmbtahyee dc fd mboaré.as t he
4.4 Magmatic karstification of the floor cumulates

The undercuembayed 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 chambeflLatypov et al, 2016; Latypovet 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 9C°C for basaltic melts rising near adiabatically from the dsegted magmatic reservoir
(Latypovet 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 (sag’@paf ew t ens of me
thick column of such a melt can still erode a few metres of footwall riickypov et al,

2017a; 2017bjMethods). This is because a major agent of magmatic erosion is not the heat
itself (causing melting) but rather chemical diseiguilm (causing dissolution) between the

new melts and floor cumulatékerr, 1994;Latypov et al, 202Q. Melt superheating is still,

however, essential in preventing the onset of melt crystallization. The reason is that the
formation of a new basal layef rocks may immediately terminate the dissolution of the floor
cumulategLatypov 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 Mchell, 2012) If these new pulses are not in chemical and thermal equilibrium

with the floor rocks, the melt may cause their whsdée thermochemical erosion. With time,

the intensity of erosion will wane to become only paitiahostly occurring alondractures

and planes of weaknesBigure 4.3) 1 and will result in the complex, underestnbayed
morphology of the floor cumulates. We suggest referring to this phenomenon as magmatic
Okarstificationdé of the ¢ hambnerpholdgy andariginc u mul &
to karst landforms in surface sedimentary rocks produced by infiltrating acidic (Wdete

et al, 2011)

4.5 Challenging the fundamentals of magma chamber dynamics

The chemical patterns in the magnetitite layegre4.1) 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 thenm@orary floor of a magma chamber is planar so that the
cumulate pile is always in direct contact with the overlying resident(Welger and Brown,

1968; Campbell, 1978; 199aylcBirney and Noyes, 1979; Charliet al, 2015; Cawthorn,

1996 Latypovet 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 underambayed floor (Figs4.3-4). This transitional

zore consists of a thre#@imensional framework of situbodies (i.e. nottransported erosional
remnants) that are spatially interconnected with each other and the floor rocks. Revisiting our
field observations indicates that the undemmuibayed floor isn fact, a quite common
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Figure 4.3 Physical model for the origin of the undercutembayed 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 nesriyplaced reactive me()) As erosion progresses, blocks that appear
isolated in two dimensions but still connected with the flodhiee dimensions may form, eventually resulting

in the undercuembayed chamber floor. (BYith 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(@ipGrystal nuckation 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 ithe Bushveld Complex which has farescaped our attentioRield 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 footwgigyre 4.4b, c; Supplementary

information Figure 4.2a-d). More commonly, the erosional remnants occur as isolated

fragments that ar e

informationFigure4.le-f). Regrettably, to prove the ndransported nature of these fragments
using geochemical mappirgpes not seerpossible because, unlike magnetite, all silicate
minerals (e.g. plagioclase, olivine, pyroxenes) and chromite are not chemically sensitive
enaugh to record the evolution and propagation of solidification fronts in magmatic systems in

sufficient detailKruger and Latypov, 2020).

Another tenet to be censidereds that the resident melt in large basaltic chamizmly
cooled by losing heahrough the roof rocks once crystallization is undenfiayine, 1970;

Morse, 1988; Hess, 1972This view stems from a welinown fact that in large layered

s e e mi n gHgyre 44d Supptementiryg d 6
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intrusions heat loss through the chamber floor becomes negligible once a thick cumulate pile
has @cumulated, insulating the resident melt from the cold country rock &lovse, 1988;

Hess, 1972)For this reason, after the formation of only ~100 m of floor cumulatesi{u
nucleation and growth of crystals due to cooling through the chambersloonsidered to be

impossible(Holnesset al., 2020) However, our results suggest otherwisgre3.1).

Figure 4.4 Artistic impression of the undercutembayed chamber floor in an evolving magmahamber

along with interpretive sketches of relevant exposurega) When the undercegmbayed floor is observed in
three di mensions, it becomes obvious that most seemi
connected with each other to produce an intricate in dfireensional framework of partially erodiéloor
cumulates. The process responsible for the formation of such a floor is referred to as here as magmatic
Okarstifi cat iembayed floor Is expestaddaebe common in open magma chambers. The artistic
design of the figure is by an artibtna 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 (SupplementamnatfonFigure 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 fiormationFigure4.2b). (d) Interpretive sketch ah situerosional 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 i of the Western Bushveld Complex (Supplementary information
Figure 4.2e). Black arrowed curves in-(f show compositional convection. Yellow arrowed curves indicate
possible positions of these 2D exposures in the 3D space of the ureletaed chambdioor.

47



Magnetitegrowthnodes 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 depreSgjared.1b).

In our previous studyKruger and Latypov, 2020 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 distitibn 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 théloor 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 sugaeasdh

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 floon open mgma chamberdikely becomes
importantbecause magmatic karstificatiexcavateshe 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 n@j reason why crystals prefer to form on the 3D
framework of the underctembayed floor is because heterogeneous andgeléation on pre
existing crystalsis much more favourable due to energy considerations compared to
homogenous nucleation in the mamagma bodyCampbell, 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 solidifiedWager and Brown, 1968; Irvine, 1970; Campbell, 1978; 1996; Morse,
1988; Cawthorn, 19%6 Marsh,2006;2013; Charlieet al, 2015; Latypowt al, 2015; 2016;

2019. This postulate is invalid for the under@armbayed floor (Figsl.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 inclusiigsiré 4.3c-e). This
realization provides a distinctly different interpretationCr reversals that are so common in
Bushveld magnetitite layer&Cawthorn and McCarthy. 198@Jigure 4.2). Because these
reversals were found to be laterally discontinyoirey codd not be explained by
replenishment of the chamber by n@wrundepletednelts. They also cannot be attributed to

convective CGiundepletededdies descending from the interior of the magma chamber
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(Cawthorn and McCarthy, 198Mecause these can hardly penetrate throughree
dimensionalframework of theundercutembayed floor.In contrast, we suggest that these
reversals are due to the omnidirectional propagation of solidification fronts from the outer
surfaces of anorthositifragmentsKigure4.3). Although such fragmentgere not reported to

be associated with Cr reversé@@awthorn and McCarthy, 198@he reversal in a cryptic zone

of magnetite that connects inclusions (Z and ¥igure4.1b) clearly shows that tHeagments

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 upwargbropagating solidification front céyres the lowermost inclusions before

crystals start nucleating and growing on their outer surfaces @&-1g&.4.2a).
4.6 Most profound implications for magma chamber dynamics

A key advantage of the underezmbayed flooi as a newly recognized petrologicablmi

is that it provides cleatut constraints on where, why and how magma crystallizes and
differentiates in basaltic magma chambéfke following solutions to these fundamental
guestioncan be proposedl) where:magma crystallizes situ on thefloor of the chamber

i.e. directly on all surfaces of threimensional framework of the underarmbayed floor; (2)
why:in situcrystallization occurs on these surfaces because heterogeneous-andleation

on preexisting crystals of the floor cufates has the lowest activation energy; in addition,
cooling through these surfaces favours crystal nucleation on the unéetoayed floor. This
leaves the final question; (3jow do these processes occur within this environfhdnts
generally acceptetthat 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 compactia@ompactionfMcKenzie, 2011pr compositional convection within mushy
cumulate (Tait and Jaupart, 199 ollowing this logic, the thredimensional framework of

the undercuembayed floor would serve as a seriobstacle for magmatic differentiation. In

this respect, it is notewthry that even in extremely confined spaces, such as those below the
largest fragment X or where solidification fronts convefggyre4.1), the mass exchange sitill
occurs extremely effectively to produce a pure magnetite adcumulate. This means that the
undercutembayed floor presents no physical barriers whatsoever for the chemical exchange
between the resident melt and the melt in a tdreeensional frameworkWVe can envisage

only one mechanism of magma differentiatibat is able to operate in suchrexhely confined
spaces. This is compositional convection governed by a gravitational instability of a thin liquid
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boundary layer around situgrowing magnetite crysta({®artin et al., 1987; Campbell, 1996;
Seedhouseand Donaldson 1996; Kruger and Latgov, 202@). During magnetite
crystallization, the boundary layer obtains sufficient buoyancy to be released upwards into the
main magma bodyKruger and Latypov, 202), either as a constant stream of melt or as a
series of plumegCampbell, 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, 202).

Magma chamber evolution vien 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 replenishmer{i&ager and Brown, 1968; Jackson, 19%®ine,
1970;Campbell, 1996; Cawthori996x, Kruger, 2005Charlieret al, 2015) which are prone

to induce karstification of the floor cumulatgsitypovet al, 2016; 2017a; 2017b; 2020)/e

predict that many more examples of the undeecabayed floor will be documentedth 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 melgamaber would

still likely occur predominantiypy a planar solidification fronand a pertinent question is
whether a physical mechanism of crystallization and differentiation would be different from
that inferred from the undercembayed floor. At present, we see no obvious reason as to why
a transition from the undercembayed fhor to the planar floor and vice versa may somehow
change the magma chamber dynamics (e.g. repiagiti growth by crystal settling arystal

mush formatioh We argue, therefore, that the evolution of magma in the chamber would likely
be governed by ewective removal of a compositional boundary layer fiansitu growing
crystals irrespective of whether they form along the planar or uneemdogyed chamber floor.
Whether or noin situcrystallization via a planar floor or the underembayed floor W 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 cleahéhahtlercuembayed floor is

an extremely promising environment for unravelling newdamentals of igneous petrology
which may bring us closer to the ultimate goal of geosciehceslerstanding he our home

planet was formed.
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4.8 Supplementary material

LG6 chromitite

Orthopyroxenite remnant

Footwall orthopyroxenite

Resident melt

Orthopyroxenite remnant

Footwall orthopyroxenite

Supplementary information Figure 4.1 The morphology of the undercutembayed chamber floor from
different localities of the Bushveld Complex, South Africa(al, 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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otwall anorthosit :
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Orthopyroxenite remnant
Norite/leuconorite

Footwall orthopyroxenite

Orthopyroxenite remnant
Resident melt

Footwall orthopyroxenite

Supplementry information Fig ure 4.1 (continued). The morphology of the undercutembayed chamber

floor from different localities of the Bushveld Complex, South Africa.(cl, c2, ¢3) 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 courtes 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 dfd Eastern Bushveld Complex.
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Supplementary information Figure 4.1 (continued) The morphology of the undercutembayed chamber

floor from different localities of the Bushveld Complex, South Africa.(el, e2, e3)Photo, sketch and
reconstruction oin 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 Potholest®aburg Platinum Mine, Upper Critical Zone of the Western
Bushvetl Complex. Modified fromFigure 7a from Latypov et al. (2016)f1, f2, f3), Photo, sketch and
reconstruction ofin 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 Ciztiama of the Eastern Bushveld Complex. In

all the above examples, the morphology of the undeiayed floor is attributed to magmatic karstification

(i.e. erosion by dissolution) of the chamber floor cumulates by new magma pulses that replenish tee chamb
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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, SOUTH AFRICA

Reference to paper:

Kruger, W. and Latypov, Reield and geochemical constraints on the origin of the lowstrmo
massive magnetitite layers of the Bushveld Complex, South Afficde submitted to Ore

Geology Reviews. Impact factor: 3.86.
Author contributions

Kruger. 75% (Geochemically analysed field outcrops, performed quantification of
geochemical data, wrotke 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 ofthe lowermosmassive magnetitite layers by studying theld and geochemical
characterstics in detalRock samples are collecté@dm drill core that covers a 174 m interval

of stratigraphy from the lowermost portion of the Upper Zone of\WresternBushveld
Complex. Wholerock geochemistryvas obtained viaXRF and ICPMS analysis.Special
attention is given to the variation in Cr in magnetite across these layers and intervening silicate
rich rocks due to & extreme sensitivity dhis trace elemernb magmatic differentation and
recharge events. Several irgections oftwo prominent magnetitite layers, called the Main
Magnetite Layer and the bottom seam, wanalyzed ingreatdetail using a portable XRF
spectrometer from several drill cores from the Rhovan and Vametco vanadium mines. Our
resuts reveal inticate depressions in thgpically anorthositic footwallef magnetitite layers
interconnected fragments of anorthositic inclusions, and prominent Cr reversals at their bases
that strongly suggesthat magmatic recharge occurred prior to the formation afsive

magnetitite layers. Extreme lateral variations in the Cr contents along the bases of magnetitite
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layers indicate thein situcrystallization, implying the incoming melt waee of crystaland

after a period of thermochemical erosion and cooladurated in magnetisdone.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 crystallizatiorproducing 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 nudation of plagioclase within this boundary layer that becanweasinglymore
probable as magmatic differentii proceeds is respsible for then situ production of non

cotectic magnetitplagioclase cumulates that led to the formation of a graddtomtact 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 magmatistems (Wager and Brown, 1968;
Parson, 1987; Cawthara996; Charlieret al 2015 ; an@® VanTongsrer017).
However, one aspect of layered intrusions pravided igneous petrologists with one of their
greatest challenges: explaining the arigif stratiform monomineralic rocks within these
geological features. Many experimental studies have shown that basaltic magmas originating
from the mantle will predominantly evolve along mydhase cotectics to produce igneous
rocks with welldefined mireral proportions (e.g. Bowen, 1928peder and Osborn, 1966;
Kushiro, 1969} atypov and Chistyakova, 2001). The occasional occurrence of monomineralic
layers clearly indicatethat some event occurs within the magma chamber that causes a
deviation from thé 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 (Charlieet al, 2015).

This study aims to focus on a particularly puzglmonomineralic 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 undergaignificant amount of Fenrichment 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 aftestratigraphic thiakess o200 mof

crystals have formednly 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 Bluehphreys, 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 discotre nature othe above procedsas 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 somsearchers argue fdn situ
crystallization (e.g. Cawthorn and McCarthy, 1980; McCaghgl, 1985; Reynolds, 1985a;
Cawthorn,1994), many others favour a model that involves crystal settling or sorting (e.g.
Scoon and Mitchell, 2012; Maiet al, 2013 Bilenkeret al, 2017; Yuaret al, 2017; Knipping

et al, 2019; Vukmanoviet al, 2019). The second issue consideingthemrmassive magnetitite
formed by some mechanism involving magmatic rechage Maieret al 2013; Yuaret al,

2017; Lesheret al., 2019) or whetherit came about in a closed magmatic systenm.
Cawthorn, 1980; Tegnetal., 2006).

In an attempt to resolve these issues, we document the geochemical and field characteristics of
Bushveld magnetitite layers from three differestdlities; 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 hesotheir 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
Reef (Latypowet al, 2016; Latypowet al, 2017aMukherjeeet al, 2017;Pebane and Latypov,

2017; Hunt, et al., 2018;Chistyakovaet 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 fundamerdaite ata complée 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 understandiafjsomeother 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 contan 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 emomically important reserves of V in South Africa (Cawthorn and Molyneux, 1986;
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Figure 5.1 Geological map of the Bushveld ComplexStudy sites for this project are indicated by red stars for
the Rhovan ani¥ametco 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, wbikntally 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 wellonstructed reviews on the Bushveld Complex of South Africa
(Cawthorn, 1996aCawthorn, 20%; Viljoen, 2016). A short overview is given here. The
layered, primarilyultramafic to dioritic part of the complex (called the Rustenburg Layered
Suite) originated when an enormous amount of basaltic magma (in excess of 1,00)000 km
(Cawthorn and Walvan, 1998) was emplaced in multiple pulses (Kruger, 1994; Eales, 2002)
between about 206B055Ma ago (Scoates and Friedman, 2088oatest al, 202) over a

time period of 75,000 (Cawthorn and Walraven, 1998) fqZénet al, 2015) yeargto 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 \Weatel Eastern Limb${gure5.1)

which may (Cawthormt al, 1998; Weblet al, 2011) or may not (Cousins, 1959; Du Plessis
and Kleywegt, 1987) be connected at depth.

In total, the Rustenburg Layered Suite (Rlt&pges from ®© 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 orthapyte) called

the Lower Zone which is in turn overlain by the Critical Zone (consisting of chromitite,
orthopyroxenite, norite, and anorthositdpove the Critical Zoneccurs the Main Zone, a
sequence of mostly norite, gabbronorite, and gabbro theherally 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 finglux of magma into the RLS magma chamb&uger

et al, 1987; Cawthorn, 1991; Tegnetral, 2006; VanTongereet al, 2010; VanTongereand
Mathez 2013). Differentiation of this magma is thought to have eventually led to the
appearance of cumulus magjitesthat represents the base of the Upper Zone (Molyneu#).197
Relative thicknesses of the different zones are indicate&igure 5.1. Shortly after the

appearance of cumulus magnetite, the first
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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 (TetgtheP006).

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 (Tegneet al, 2006). Layers may range from just 10 cnthickness, 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 averabekness of about 10 meters
(Molyneux, 1974and a maximum thickness of up to 22 meters (Scoon and Mitchell,.2012)
remarkable feature of these magnetitite layers are their extreme lateral extent. For example, the
MML can be found in all three ajor 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 issexbin 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 LimbF{gure5.1). More details are provided in the Methodology

chapter.

5.4 Results
5.4.1 Field relations

In terms offield relations, magnetitite layers of the Bushveld Complex are chasactdyy
three commorfeatures they contain a massive part of nearly pure titaragnetite Figure
5.2a and b), a sharp basal contact with underlying anorthdsgeré 5.2a and c)and a
gradational contact into the overlying rock type, typically magnetite anorthbajier¢5.2 ¢
and d; Figh.3a anc).

On closer expection, the contact between the magnetitite and anorthosite is characterized by
many intricacies. Small depressiorgcasionally no more than a centimetre across, is
commonly observed within the anorthositgégure5.4a). Less commonly, such depressions

also occur on a much larger scale, from a few Eigufe5.4b) to more than a metre wide (Fig

5.4c). Several othernegularities 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 Upp&one from the Western Limb, Rhovan vanadium miirie.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 titamgneite 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 thid) A
magnetitite layer from the Western Bushveld Complex obtained fidlincore. It also displays ampper
gradationakontact to magnetite anorthosite and an intricate bottom contact with anorthosite. The formation of
these three features (anorthosit®ssive magnetitite, and the upper gradational contact) is central to this study.
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anorthosite, such as eshoots and fingers of magnetite penetrating the footwajue5.4a
andb5.5e), andnterconnectedrameworks of plagioclase grains that appedrg@onnected to
each other and the floor in cressction Figure5.4b).

Another common feature of magnetitite layers is that they contain numerous inclusions of
anorthosite Figure5.3b and5.5). These inclusions are typically oval in shape and taper out
towards their marginsF{gure 5.5a, c). Some angular inclusions are also observeglire

4.5b), while some may be highly irregular in shap&re 5.5d). These inclusions vary
significantly in size, from more than a metre wiBlgy(ire5.5c) to only a fex cm acrossKigure

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 manneFigure5.5e and f).
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Fig 5.3 Appearance of the upper portion of theBottom seamfrom the Western Bushveld Complex.(a)
Massive magnetitite contains a gradational contact into magnetite anortfimditelusions of anorthosite present
within the magnetitite layer(c) The appearance of the magnetite anorthosite containing cumulates of both
magnetite anglagioclase 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 anorthositga) Main
Magnetite Layer from Magnet Heights, Eastern Bushveld Complex.Various intricate features are observed when
examining the contachidetail, such as a small depression, arsbffot 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 footwallpdessions observed in the anorthosite underlying the Main Magnetite
Layer from the Rhovan vanadium mine, Western Bushveld Complex.
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