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Abstract

The approximately 2 km thick Upper Zone of the Raburg Layered Suite represents a
series of differentiated rocks with the appearasfamagnetite, olivine and apatite in that
order, as cumulus phases in the stratigraphy. &dkge is the dominant cumulus mineral
throughout the sequence; hence its composition iggeva continuous record of
differentiation. 126 plagioclase mineral separdi@ge been obtained and analyzed from
bore core drilled through the Upper Zone. Anortlcibatent decreases from rtlose to
the base of the Upper Zone to At the top. Six reversals were identified in avjmes
study occurring over a vertical interval of 16 t® & and in which the An increases
upward by 3 to 6%. A detailed examination of onenpinent reversal in the present
study shows that the reversal is gradual. Sr irgiptdase concentrations increase
erratically upward from about 400 ppm to 800 ppra &ntents in plagioclase vary
irregularly between 200 and 500 ppm throughoutltiweer 1.5 km of stratigraphy and
only increase to about 700 ppm towards the tope@fsequence. The reversals which are
observed in the An content are not observed inBtheand Sr contents of plagioclase.
Data for Sr and Ba in plagioclase exist for theegaard intrusion and have not been
guantitatively modeled before. Hence, Rayleigh ticaation models are developed to
guantitatively model both intrusions. For the Skaard intrusion, Sr in plagioclase
increases slowly from 400 at the base to about ¥ at 80% crystallized. It then
increases rapidly to 1300 ppm at the end of criyatdilon. Ba varies erratically between
79 ppm and 200 ppm until 90% of crystallizationnfrevhere its concentration increases

to over 600 ppm at the end of crystallization.

The most simplistic model for the evolution of suckce elements in a layered intrusion
is to assume a homogenous magma chamber crystgllei mineral assemblage in
constant proportions, with constant partition cefhts and with a constant proportion
of trapped liquid so that bulk D is constant throogt crystallization. However, these
assumptions are totally inappropriate for naturtalasions because mineral assemblages,
their proportions, trapped liquid fractions andtp@n coefficients change as magmas

fractionate. It therefore becomes necessary toiguledthe crystallization into a very



large number of small Rayleigh fractionation stagesl change any or all of these four

variables at each stage.

For the Skaergaard intrusion, the following varsbare used. Values for F are estimated
from the percentage of crystallization of the entitrusion which is then subdivided into
100 small stages of fractionation. Observed pldgssmode and trapped liquid fractions
are set to change from 55 to 33% and 45 to 4% wsveespectively so that cumulus
plagioclase mode can be calculated. Utilizing tbaeventional Rayleigh modeling by
calculating a starting liquid content from D#(C_ and applying the Rayleigh Law to the
section does not fit typical parental magma contmss and observed data for
plagioclase. Consequently, a value for the Skaedgaarental magma within the range of
typical Ba contents of starting liquid is then usednodel the section and allowance is
made for the trapped liquid shift (TLS) effect. TiBa content of calculated re-
equilibrated plagioclase differs by a factor of r8nfi the calculated original cumulus
plagioclase content. Incorporation of the TLS dffpooduces the observed range of
values for Ba in plagioclase. In all the modelgoastant [, of 0.4 is used throughout
fractionation because the model is relatively isg#@re to changing B, in plagioclase.
Sr which is compatible into plagioclase has a sendlILS effect, thus the model is more
sensitive to variations in ) in plagioclase. The best fit with the observedadsst
obtained if I, in plagioclase is varied smoothly from 1.7 at #tat of fractionation to
1.9 at the end.

In the case of the Upper Zone of the Bushveld Cerplalues for F, B} in plagioclase,
plagioclase mode and TL fraction are used to setaupalculation similar to the
Skaergaard intrusion. A constang,Dn plagioclase of 0.4, §in plagioclase from 1.5 to
2.1, observed plagioclase mode from 65 to 45% awdrnstant proportion of trapped
liquid of 10% are used. Different starting liquidnepositions are then tried until values
are obtained for which Ba and Sr contents of catedl re-equilibrated plagioclase are in
agreement with analytical data. Based on modelinth@ Upper Zone of the Bushveld
Complex, Ba contents of calculated re-equilibrgpabioclase also differ significantly

from respective original cumulus contents due ®ThS effect. Therefore, applying the



model to the Upper Zone of the Bushveld Complexdasés the importance of allowing
for the TLS effect. The computed liquid contentshet base of the UZ are 273 and 325
ppm for Sr and Ba respectively. In view of the ms@ds in mineral composition and small
scale variations in the Sr and Ba contents of pldgse, various magmatic processes
such as magma addition and internal overturn whaeole been proposed to occur in the
Upper Zone are inferred to be possible. There aneimber of uncertainties with the

modeling, hence none of these processes can bkiswety ruled out.
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Chapter 1- Introduction

The study of layered intrusions provides vast imfation on the processes involved in
their formation. These intrusions generally encosspaumulate rocks, made up of
cumulus minerals which have equilibrated with iotenulus liquid. A common
characteristic of layered intrusions is intensetfoamation during crystallization, shown
by their rock and mineral assemblages and chamgesrieral compositions such as the
An content of plagioclase and Mg# of mafic minerdlsese parameters serve as useful
indicators of differentiation in layered intrusionsecause they generally decrease
significantly and systematically with crystallizarti.

Trace element contents of minerals can also be tsadfer magmatic processes in
various systems, including large layered intrusibks the Bushveld Complex and the
Skaergaard intrusion. Various experimental invesibgs have been carried out with
these elements, leading to many theories on thaviomhof trace elements during magma
evolution (e.g. Blundy and Wood, 1991; Blundy, 1p90r layered intrusions which are
commonly governed by fractional crystallizationade element concentrations of
minerals and whole rocks ought to change accordmgvariations in partition
coefficients, modal proportions and trapped liguattions. Based on these parameters, a
variety of models have been presented to illustitaecontrols on trace element behavior
during fractionation. However, certain assumpti@me usually incorporated in such
modeling, leading to misleading conclusions. Ir¢fiere becomes necessary to elucidate
the application of models in order to better untderd the evolution of these intrusions.



1.1. The Bushveld Complex

According to SACS (1980), the Bushveld Complex @mposed of the Rashoop
Granophyre suite, the Rooiberg Group volcanic preej the ultramafic to mafic layered
rocks of the Rustenburg Layered Suite (RLS), theokea Granite Suite and the mafic
sills that intruded the Transvaal Supergroup (Rid.). For the purpose of this study
however, the term “Bushveld Complex” will be used the ultramafic to mafic layered
rocks equivalent to RLS as it is the term most Widesed for this section of the complex

in the published literature.

The Bushveld Complex outcrops in three provincasoirthern South Africa (North-west,
Limpopo and Mpumalanga) and is the largest knowfionlayered intrusion emplaced
into a stable cratonic setting (Wager and Browrg8 awthorn and Walraven, 1998).
An age of 2.06 Ma has been reported (Walraven. 419810, Walraven,1997) even though
different ages have been suggested for particajears of the complex (e.g. 2054 _1-3 Ma
by Scoates and Friedman, 2008 for the Merensky )R&@éfe Bushveld Complex
encompasses a total areal extent of about 6600Dakwh thickness of about 9 km
(Willemse, 1969). Replenishment of the Bushveld @lex occurred intermittently for
about 65,000 years (Cawthorn and Walraven, 19983. Complex is comprised of four
exposed limbs; the Western, Eastern, Far WestednNorthern limbs (Fig.1.1); the
Southeastern Bethal lobe is concealed by young#imeats. The eastern and western

limbs are best exposed and dip towards each other.
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Fig. 1.1 Simplified Geological Map of the Bushvel€Complex showing the location of the Bierkraal
boreholes (based on Eales and Cawthorn, 1996)

Five major zones define the regional stratigraphthe Bushveld Complex (Fig. 1. 2);

the Marginal Zone, Lower Zone (LZ), Critical Zon€4) Main Zone (MZ) and Upper

Zone (UZ). These divisions were first proposed bsgét and Brown (1968) based on
the appearance and disappearance of cumulus phasesintrusion, geochemistry and
unconformities due to magma recharge; althoughetteet boundaries of the different
zones have been disputed (e.g. Kruger, 1990). Werlpart of the stratigraphy has been
subject to magma influxes whereas differentiatiomohated the upper part. The main
magma influxes at the Merensky Reef and below gfrexenite Marker represent major

unconformities and led to lateral expansion ofrttegma chamber (Kruger, 2005).

The Marginal zone forms the basal contact of thelBald Complex and lacks layering

(Eales and Cawthorn, 1996). It is composed of ecaitd pyroxenite and these rocks



show evidence of crustal assimilation from floock® (Cawthorn and Walraven, 1998).
The Lower Zone (up to about 1.3 km thick) is congmbsof harzburgite, dunite,

pyroxenite, peridotite and minor norite. It exhgbutarying scales of layering from about
1 m to hundreds of meters and is characterizedoblsr containingg 95% cumulus

orthopyroxene and olivine (Eales and Cawthorn, 19%6e Critical Zone, about 1 km
thick, consists of pyroxenite through norite to @hosite with distinctive chromitite

layers and a number of magmatic cycles (Eales agyhétds, 1986). Overlying the
Critical Zone is the Main Zone which is about 4 Kimck and is composed of
gabbronorite, anorthosite and rare pyroxenite. Bloiscession is followed by a highly
differentiated sequence of lithologies which malethe Upper Zone and consist of
norite, gabbronorite, ferro-gabbronorite, ferrod®mr anorthosite, troctolite and

titaniferous magnetite.
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Fig. 1.2Stratigraphy of the Eastern and Western limbs of tie Bushveld Complexshowing rock types and
appearance of cumulus minerals (Eales and Cawthorri,996)



The eastern and western limbs of the Bushveld Cexngle quite similar in stratigraphy,
exemplified by the occurrence of chromitite and neddite layers and the Merensky
Reef and Pyroxenite Marker (Px MK) in both limbsie$e similarities and exposure of
sections of the Bushveld rocks between the eastednwestern limbs have supported
lateral continuity of the Bushveld beneath the eeublimbs (Cawthorn et al., 1998;
Cawthorn and Webb, 2001)

1.2. Boundary between the Main and Upper Zones

At the level of the PxMk, there are changes inahft'Sr°Sr ratio (Sharpe, 1985; Kruger
et al., 1987; Cawthorn et al., 1991) and prolongaersals in Mg# and An content of
pyroxene and plagioclase respectively (von Grueildiwal970). Due to the
mineralogical, isotopic and chemical differencetMeen the rocks below and above the
PxMk and its continuity in both the eastern andtesgslimbs of the Bushveld Complex,
this layer was proposed as a boundary between pperUZone and the Main Zone
(Kruger et al., 1987; Kruger, 1990; Kruger, 2003pwever, this principle for delineating
the boundary between MZ and UZ has not been extelgsapplied.

Wager and Brown (1968) suggested the division gered intrusions based on the
appearance and disappearance of cumulus miner@sVidin Magnetitite Layer (MML)
has also been used as a boundary between the Kid@per Zones (Willemse, 19690)
and as a subzone boundary in the Upper Zone (varerwaldt, 1973). Molyneux
(1974) later subdivided UZ into four subzones basedhe distribution and composition
of magnetite layers, anorthosite and troctolitehéligh the stratigraphic markers such as
the PxMk and MML are excellent markers in the fidlte cumulus mineralogy is more
crucial in delineating boundaries in layered inioas as it is readily identifiable in the
field (Wager and Brown, 1968). The appearance ofudus magnetite is thus the favored
boundary between the Main and Upper Zones and tla@gzones have been

distinguished based on the appearance of cumulgmetite (UZa), olivine (UZb) and



apatite (UZc) respectively (SACS, 1980). This terohbgy is therefore used in the
present study to mark the base of the Upper Zome if®the stratigraphy)

1.3. The Geology of the Upper Zone

The Upper Zone, approximately 2 km thick, is lageaad is the most laterally extensive
of the Bushveld Complex (Kruger, 2005). Correlatodtithological units has shown that
the thickness and rock successions are not the samtbe different limbs (von
Gruenewaldt, 1973; Tegner et al., 2006). The Ugrésent in four of the five lobes of the
Bushveld complex and constitutes most of the rackbe southern lobe (Kruger, 2005).
It is characterized by a highly differentiated megsion of norite, gabbronorite, ferro-
gabbronorite, ferrodiorite, anorthosite, troctqliteaniferous magnetite and apatite-rich
rocks (Molyneux, 1974; Reynolds, 1985b; Kruger let ¥987). These lithological units
are dominated by plagioclase, titanomagnetite,i¢fe{pyroxenes, Fe-rich olivine, and
apatite, which are the main cumulus phases (WaggmBaown; 1968) and rare sulfides
(von Gruenewaldt, 1976). Biotite, hornblende, quad potassium feldspar occur as

intercumulus phases.

The dominant silicate mineral in UZ is plagioclagecording to investigations by

Roberts (2005), plagioclase mode decreases fromt &@86 at the bottom to 45% at the
top of the Upper Zone. Plagioclase grains form datgbular crystals and or larger
aggregates which are either not zoned or show sevepbning, constrained to the
outermost boundaries (Molyneux, 1974; Harney et B990; Harney et al., 1995).

Plagioclase An content decreases fairly regulagwards with a number of reversals
which coincide with other reversals in mineral casition in the sequence (Tegner et
al., 2006).

Magnetite occurs both as massive layers, disseadmgiains and as magnetitite pipes in
UZ and has high Ti content which increases withtgraphic height (Reynolds, 1985a).

The magnetite content of rocks ranges from 5% litase rocks up to 100% in



magnetitite layers (Molyneux, 1974). Cumulus mageetccurs in all the rocks except in
some anorthosite layers (Wager and Brown, 1968; Garenewaldt, 1976). About 25
separate magnetitite and nelsonite layers occun watrying thicknesses and alternate
with anorthosite layers. These magnetitite layergehvery sharp footwall contacts and

gradational hanging wall contacts with partings aroiuisions of silicate rocks.

Cumulus olivine appears in subzone B and changes Fq, to almost pure fayalite at
the top, with reversals that coincide with the reaés in plagioclase An content
(Molyneux, 1974; Tegner et al., 2006). Clinopyrogens the most abundant
ferromagnesian mineral present although it is Essndant compared to olivine where
both occur. Mg# of clinopyroxene evolves from 74het PxMk through 66 at the base of
UZa to 5 at the top of UZc and correlates posiyiveith An content of plagioclase
(Tegner et al., 2006). Close to the base of UZmary orthopyroxene is replaced by
inverted pigeonite and is present up to the row€ept in a pyroxenite above MML
(Molyneux, 1974). Orthopyroxene content varies ap35% of the rocks and evolves
from Eny, to En, from the bottom to the top of UZb (von Gruenewald®73; Molyneux,
1974).

Apatite appears in subzone C of the Bushveld Uppeme. Its modal abundance
generally varies between 4-6 % in the lower parsabizone C and decreases rapidly
upwards to 0.5% in the uppermost rocks (von Gruaiteiw1973). The average modal
abundance is between 2.2 % and 2.4 % (von Gruedgwi®73; Molyneux, 1974). The
appearance of apatite at this level (subzone Cthenstratigraphy indicates that the
magma had reached saturation yO$(Cawthorn and Walsh, 1988). Cumulus olivine
and apatite occur intermittently after apatite awpan the Upper Zone (Tegner et al.,
2006).

Sulfides are also present in the Upper Zone. Pfitehas most common whereas
chalcopyrite, cubanite and sphalerite are minory(iRkls, 1985a). The sulfides either

occur as interstitial to cumulus minerals in anosites and magnetite gabbros or as



minute drop-like bodies in the magnetite gabbrad alivine diorites (von Gruenewaldt,
1976).

1.4. Models for the Evolution of the Upper Zone

Various hypotheses have been put forward for tliduéen of UZ. The most popular of
these is its evolution as a single series withoajom magma recharge or crustal
assimilation. Investigations by von Gruenewaldt7/@Rand Molyneux (1974) imply that
after the addition of magma at the PxMk, the magdiféerentiated without any
interruption to form the Upper Main and Upper Zaooeks. Data presented by Kruger et
al. (1987) indicate that the UZ rocks crystallizedm an isotopically homogeneous
magma (Fig.1.3) and represent a single differezdiaeries.

The concentration of incompatible elements candael to infer the evolution of magmas
during fractional crystallization and estimate thapped liquid content (Cawthorn and
Mc Carthy, 1985; Cawthorn et al., 1991; Tegner ¢2809). In such a study undertaken
by Cawthorn and Mc Carthy (1985), incompatible edaimdata showed that the
uppermost 500 m of UZ were derived from a singlenbgeneous magma. A further
study of the entire UZ by Cawthorn and Walraven9@)9showed that incompatible

element concentrations (Zr) increased exponentmilyy height due to fractionation

without addition of magma. These findings imply tttedditional internal processes
possibly operated within the magma chamber to predine mineralogical diversity,

reversals in mineral composition, and the magmetiind anorthosite layers in UZ
(Kruger, 2005).
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The absence of rock types associated with quenchiBgishveld rocks and the increase
in An and En values in mineral compositions clas¢he PxMk indicate that addition of
magma at the PxMk took place before the residergnmaacooled and differentiated
considerably and the added magma was hotter asdliierentiated (von Gruenewaldt,
1973; Cawthorn et al., 1991). Cawthorn and Walra\i€®98) also proposed a model for
the crystallization of the entire Bushveld compl&ke model shows that even though UZ
is about 2.5 km thick, up to 4 km of magma wereseng in the chamber; signifying a
loss of about 1.5 km of magma. Moreover, since €egr al (2006) suggest that the
magma at the Pyroxenite Marker is a quartz norreake-rich tholeiite, one would
expect the most evolved UZ rocks to contain sigaift quartz. The absence of such
rocks in UZ suggests that some $1@h magma escaped from the chamber (Cawthorn

and Walraven, 1998). It is now established baseMBhTS modeling incorporating the



felsic roof rocks with Upper Zone compositions tR&06 of magma escaped from the

chamber (Vantongeren et al., 2010).

Different models have been developed for the foionabf magnetitite layers in UZ. A
review of these models is presented in Tegner et(2006) in which bottom
crystallization from a stratified magma chambeplisposed as a cause not only for the
formation of magnetitite layers but also for thelaity and mineralogical breaks in UZ
(Tegner et al., 2006). In layered intrusions, altation mostly occurs in the lowermost
convecting layer (Cawthorn and McCarthy, 1980; Kmuagnd Smart, 1987). Double
diffusive convection probably plays a part in sughprocess as crystallization of
magnetite which is considerably denser than thigluakliquid would lead to instability
in the magma chamber (Kruger and Smart, 1987).riibéel implies that the magma at
the PxMk underwent Fe enrichment by crystallizingblgronorite up to UZa.
Crystallization of magnetite- and olivine-bearingcks reduced the magma density
causing episodic mixing events in the magma charibegner et al., 2006). A similar
model has also been used to explain the revers&s content of magnetite at the level
of MML (Kruger and Smart, 1987). However, after imving the different models
developed to explain the origin of anorthosite amdgnetitite layers, Cawthorn and
Ashwal (2009) refuted this model due to the genexasence of reversals across
magnetitite layers. They proposed crystal setingmented by changes in pressure to be
more reasonable explanations for the Upper Zonadpgn and highlighted the fact that

no single mechanism seems to explain the featuesept in the Bushveld Upper Zone.

Various authors have alternatively suggested tieatXZ was recharged with injections of

magma during its evolution. This possibility wasposed by Harney et al. (1990) at the
level of the MML due to differences in Sr and Spfdd ratios below and above this layer.

Ashwal et al. (2005) also suggested small injestiohmagma to explain the reversals in
mineral composition, regardless of the fact thate8e more or less constant throughout
the sequence. The implication is that small ingextiof magma with Sidentical to that

in the UZ magma chamber occurred during UZ evolutidowever, the possibility of

such a process to have occurred is highly impldeisisualizing investigations by

10



Kruger et al. (1987) that UZ crystallized from antmgenized mixture of new and
resident magmas at the PxMk. Hence thedbrany magma added during UZ evolution
ought to be identical to that of the mixed magmewklver, Cawthorn and Ashwal (2009)
argued against various possibilities of magma trgacvhich might have occurred in UZ

using the An content of plagioclase and densitysueaments in the various successions.
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Chapter 2- Research Rationale and
Methodology

2.1. Fractionation in Layered Intrusions

Crucial to the formation of layered intrusions e tevolution of their liquids as well as
various magmatic processes involved in their ctlygdion. These processes have
generally been inferred with the use of mineral arble rock compositions. Mineral
compositions commonly record differentiation pree=ss e.g. compositional zoning,
reaction rims and mineral inclusions. These featucan either result from basic
variations within the system such as temperatucepgassure or open system processes
such as magma recharge or contamination. Abrupthgd®s in major element
compositions of minerals can be used to infer weakdifferentiation (e.g. the Mg# of
mafic minerals and the An# of plagioclase). Howeveace element compositions
provide more specific emphasis on the evolutiomaogesses in magma chambers, hence
their use in modeling the crystallization of magmRkagioclase is an important mineral
which has been employed to comprehend magma chaprbeesses because of its
common occurrence as a major crystallizing phaseast layered intrusions. Harney et
al. (1990) used plagioclase Sr and An content tavstihe possibility of a magma mixing
event at the level of the Main Magnetitite Layeithve Bushveld Upper Zone. Similarly,
Tegner et al. (2006) used plagioclase An contembimbination with other mineral and
whole rock compositions to model crystallizatiorgasses within the Bushveld Upper
Main Zone and Upper Zone magma chamber. These #ref studies have shown
plagioclase compositions to be a representative twawnfer trends in the evolution of

layered intrusions.
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Several authors have used the concept of traceeatepartitioning to model magmatic
systems (e.g. Henderson, 1970; Morse, 1982; Blud®@7). In such modeling, the
importance of trace element partitioning betweemusianeous phases cannot be
overemphasized. Likewise the assemblage of roakduged by any system depends on a
combination of factors; the rate of cooling whishaidirect consequence of the volume of
magma, the composition of the crystallizing magmal @ahe presence of volatile
components. These conditions vary for differenteays; hence care must be taken in
using partition coefficients from one system totaeo. Many experimental and modeling
studies have shown how trace element partitionficosits ought to behave with respect
to various parameters. Drake and Weill (1975) haexealed the dependence of D of
various elements in plagioclase on changing tentyreraMorse (1982) and Blundy and
Wood (1991) further depicted the effect of composdl changes on trace element
partitioning between plagioclase and silicate médlteeir investigations show that both Sr
and Ba partitioning between plagioclase feldspat arelt are chiefly controlled by
plagioclase An content, both being more compatilvle albitic than anorthositic

plagioclase.

The fact that intense fractionation is a commonuiieaof cumulate rocks implies that
original liquid compositions are not normally prasal. It has also been shown that the
formation of cumulates involves two stages; the wus stage in which crystals
fractionate and accumulate, followed by the postigus stage which is dominated by
the crystallization of intercumulus liquid and cohdation of the cumulus pile (Wager et
al.,, 1960). Therefore, analyses of bulk mineralsctwvhare generally thought to be
cumulus do not necessarily represent the cumulasebnly, but are a combination of
cumulus and intercumulus contributions. During ¢besolidation stage, modification of
initial cumulus compositions of minerals takes plathe Mg # of olivine and pyroxene
have been used to show the effect of this modiboabr situations in which the residual
interstitial liquid tends to migrate through therlgadormed cumulus crystals (Irvine,
1980) and those in which the liquid remains trap(i@aines, 1986). Barnes specifically
identified the change in composition between oagicumulus and final re-equilibrated

mineral compositions to be the trapped liquid sKifLS) effect. Investigations by

13



Cawthorn (1996) further proposed that residual raueulus liquid in the Bushveld
Ccmplex remained trapped during its crystallizationplying that the TLS effect is an

important parameter that needs to be consideredglorodeling.

Incompatible elements generally concentrate in ligaeid during fractionation and
crystallize at the consolidation stage, hence tbecentrations of original cumulus
minerals is enormously modified. The implicationtbfs post-cumulus modification is
that allowance needs to be made for the crystéthzaand equilibration of residual
intercumulus liquid in modeling the evolution of nculate rocks. For incompatible
elements especially, the difference between originmulus and re-equilibrated content
of minerals ought to be enormous (Cawthorn, 198@herefore becomes important to
use the principles in such modeling to infer crijigi@ion processes in the Upper Zone
for which there is plenty of ongoing debate abdsteavolution. Various attempts at
similar modeling have generally ignored the TLSeeff(e.g. Blundy, 1997; McBirney,
2002), and this could lead to misleading and ewaseconclusions especially for the

evolution of incompatible elements.

2.2. The Skaergaard Intrusion

In spite of the huge differences in age, size, simape between the Bushveld and the
Skaergaard intrusion, the cumulus mineralogy inrthipper sections is rather similar
(Fig. 2.1; Tegner and Cawthorn, 2009). Furthermdre, two intrusions both undergo
extreme iron enrichment with a comparatively sndajree of plagioclase fractionation,
evident from An contents of plagioclase which remalatively high whereas Mg#s of
pyroxenes and olivine change significantly duringstallization (Wager and Brown,
1968; Tegner et al., 2006). Similar to the Bushvéfiper Zone, each of the three series
of the Skaergaard intrusion (LS, UBS and MBS) askebed to have formed from a
single magma without major addition (Wager and Brp®968; Nielsen, 2004).

14



The similarities between the upper sections of éh@éso intrusions permit useful
judgments about the processes involved in the &wolwf their magmas. An extra
convenience to the present study is the fact tatSkaergaard intrusion has been well
documented in terms of mineral proportions andpeapliquid fractions (e.g. Wager and
Brown, 1968; Tegner et al., 2009). The startingiitigcomposition of the Skaergaard
intrusion can also be estimated accurately (e.goBs and Nielsen; 1978; Nielsen 2004).
Trace element data for plagioclase also existierentire Skaergaard intrusion (Jang and
Naslund, 2001), hence its crystallization can best@ined and the principles applied to
the Bushveld Upper Zone in order to infer the mebpswhich the magma evolved
including various cumulus and post-cumulus procesdence, in this thesis, the Sr and
Ba contents of plagioclase in the Skaergaard amueiJgone of the Bushveld Complex
will be compared and their evolution modeled.

Bushveld Skaergaard
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Fig. 2.1. Mineral compositions in the Bushveld Comipx, above the Pyroxenite Marker and the
Skaergaard Layered Series (Modified after Tegner ath Cawthorn, 2009). Data for the Bushveld from
Tegner et al. (2006) and for the Skaergaard from Thet al. (2009)
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2.3. Justification for selection of samples from tb Upper Zone of

the Bushveld Complex

In a bid to obtain a continuous section through W& the Council for Geosciences
undertook a drilling programme, in the north easthe Rustenburg Layered Suite in
1974 on the Bierkraal farm (Walravens and Wolmard®§9). Three boreholes; BK1,
BK2 and BK3 (Fig 2.2) were drilled intersecting fdifent lengths of UZ stratigraphy.
Correlation of these boreholes has been providedlr@¥en and Wolmarans, 1979;
Kruger et al., 1987; Tegner et al., 2006) and baleedepths and intersections have also
been presented (Walraven and Wolmarans, 1979; ©@awtand Walsh, 1988). The
combined Bierkraal boreholes provide a continuoestian through the entire Upper

Zone and material from BK1 and BK3 is used in thespnt study.

Samples from the Bierkraal cores have been sanfiptadrious projects.

The distribution of Cr in magnetite: Bierkraal samples were originally collected to
study the distribution of Cr in magnetite in orderunderstand crystallization processes
within the Upper Zone (Cawthorn and McCarthy, 198@nce, mainly magnetite-rich

intervals were sampled for the study.

The distribution of apatite: The same samples from the previous study werd tse
make a preliminary study of the distribution of @#gain UZ (Cawthorn and Walsh,
1988). The highest concentration of apatite ocouemn interval from 1620 m to 1700 m
above the base of the Upper Zone (between 1W5AK®67). Further detailed sampling
was then undertaken along this interval as a refudiscovering the most enriched part
of the bore core. Detailed sampling ought to prewithderstanding of the mechanism of
accumulation of super-cotectic proportions of dpatn the succession (using REE

abundances in plagioclase as a tracer).

Sr isotope ratios A study of the initial Sr isotope ratios was iaied, which required

sampling on a more equally spaced basis of theeesBction above the Pyroxenite
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Marker (Kruger et al., 1987). It was also foundttilae most dramatic changes in
fractionation (especially trace elements) occuthatvery end of differentiation (top of
Upper Zone). An intriguing aspect of the Sr isotgpgdies was that there did not appear
to be any contamination or assimilation of theifetsserlying roof rocks into the residual
evolved magma (Kruger et al., 1987; Tegner et2806). Hence a suite of samples near
the top of the mafic phase (IW403 to 1W452, withihm from the top) was collected.

Major Element Composition of Minerals: This study was initiated by Tegner et al.
(2006) and typical sample intervals were betweenaB@ 40 m, yielding about 60
samples throughout the entire 1800 m of the UppareZin the modeling by these
authors, it was suggested that there were occdsremarsals in the An content of
plagioclase, but the sample spacing in that study large, and so the nature of those
reversals (sharp or gradual) could not be resoliale closely spaced samples were
taken across the boundary of Unit IV to V of Tegeerl. where the largest reversal in
An content was recorded. This interval is from 846 884 m (IW1515-IW1473) above
the base of the Upper Zone.

Various aspects of these focused projects areostijbing. Where sufficient plagioclase
could be obtained, these samples were analyzeallfelements. Thus, the distribution of
the samples appears rather erratic (some large gjapsome closely spaced sections).
However, in many cases, there were only sufficgamhples to obtain the trace element
abundances for Ba and Sr, which is the main thoLitis thesis. Aspects of the ongoing

studies will be referred to here, where relevant.
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Fig. 2.2. Generalized stratigraphic section of thé8ushveld Complex and combined Bierkraal drill
cores. Subzones have been divided based on the agmaéce and disappearance of cumulus minerals
(Tegner et al., 2006). BK1 and BK3 samples = 1W ar8W respectively for sample numbers.

The method used in calculating the stratigraphsitmmn of samples assumes that the dip
of the layers is 24°N and the core is vertical flexget al., 2006). The uppermost sample
in this study (which represents the top of theusiton) occurs at 1W 403.4, and is 12 m
lower than that of Tegner et al. (2006). 12 m wiberefore added to the height of each
sample with the purpose of compensating for théeidihce between the observed roof
for this study and Tegner et al. In order to coraptite heights of samples, the first
appearance of cumulus magnetite was used as teeob&¥Z. The stratigraphic interval
investigated in this study encompasses samples therheights 9.2 m to 1863 m above
the base of UZ.
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2.4. Objectives of the Project

The evolution of the Upper Zone of the Bushveld @tax has been the subject of debate
for various reasons. Apart from its diverse minaggl it contains at least 25 magnetitite
layers which are continuous over the eastern andtewe limbs of the Bushveld
Complex. The sequence is also marked by revensatsrnieral compositions (Ashwal et
al., 2005; Tegner et al., 2006); hence signifiaaaigma addition and/or contamination
may be suggested. In spite of these aspects, @d@dagainst magma addition or
assimilation in the entire 2.1 km of rocks has bpmsented (Kruger et al., 1987; Tegner
et al., 2006); and they suggest internal mechanighish would explain the evolution of
the Upper Zone. Plagioclase is the dominant cumolireral throughout the sequence
and therefore its composition provides a continuegsrd of differentiation in the Upper

Zone.

This project therefore aims to model the crystatiian of the Upper Zone and utilize data
from a similar but much better constrained intrasio develop the model. In doing so,
various processes which possibly operated in thpeU@one are evaluated based on
major and trace element contents of plagioclasgoMdement data are used to estimate
An contents of plagioclase. In order to model theceé element contents, Rayleigh
fractionation models are developed and suitableeminmelt partition coefficients
utilized to test different hypothetical evolutiaends of trace elements in plagioclase. In
estimating cumulus and final re-equilibrated conipass of plagioclase, trapped liquid
fractions become critical, hence they will be impmated in order to show the the
importance of allowing for the trapped liquid staffect. These calculations are crucial in
constructing the trace element contents of the naagmmpatible with cumulus and post-
cumulus processes in the magma chamber. They lagsblight on the possible processes
which operated in this part of the complex. Thifl frther test previous hypotheses that
have been proposed to understand such procesgebléeney et al., 1995; Tegner et al.,
2006; Cawthorn and Ashwal, 2009).
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2.5. Petrographic and Analytical Techniques

Each core sample was divided into two in order takenprovision for microscopic
examination and for geochemical investigations.nThections of 20 samples were
studied. Plagioclase separates were prepared lf@lahew samples of BK1 core, and
combined with 65 (BK1 and BK3 core samples) presipyrepared by Prof. Cawthorn.
Further details of the separation are presentedppendix A. Each sample was then
milled in an electric mortar to the consistencydakt. For each sample, the plagioclase
separate was preserved for XRF analyses on pfdtetréice element analyses), XRF on a
fusion disc (for major element analyses) and ICRyaes (for additional trace element
analyses). Preliminary analytical data indicatedeaous problem, namely that many
samples included apatite that were enclosed wiilagioclase grains and so could not be
separated by using dense liquids. Removing thisitap@quired the development of a
leaching method that is described in Appendix Be Tost crucial aspect of this leaching
process was that it should completely dissolve dpatite, not leaving any possible
residue containing of the rare earth elements (wiieecms part of another study). It
should also have no effect on the compositions hef plagioclase. Thereafter, the
powders were analyzed for major elements and cetriaie elements at the University of

the Witwatersrand and the instrument informatioal$® specified in appendix A.

ICP analyses were carried out on a number of sagil¢he University of Cape Town.
Also some duplicate samples were analyzed at SG&dtories to test for analytical
precision. The major elements analyzed for incl8d®, TiO,, Al,Os, F&O3, FeO MnO,
MgO, CaO, NgO, KO, P.Os and Loss on Ignition (LOI) while Co, Ni, Cu, S, A\b,
Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, ™h, Lu, Hf, Ta, Pb,Th and U were
analyzed as trace elements. Analytical technigmss;ument information and standards

used are presented in appendix A.
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Chapter 3- Petrography

3.1. Introduction

Detailed petrographic descriptions have been pealidr the rocks of the Upper Zone in
the eastern Bushveld Complex (Wager & Brown, 1968n Gruenewaldt, 1973;
Molyneux, 1974). In addition, various petrographgpects in the northern limb have
been presented by Ashwal et al. (2005). Due to padcrop exposure in the western
limb, most investigations have been carried outdah core material. Coertze (1970)
provided petrographic descriptions for the entirestern limb, likewise mineralogical
and petrographic aspects of the Bierkraal borehud®s been broadly studied by various
authors (e.g. Cawthorn and McCarthy, 1985; Reyndé85a; Roberts, 2005; Tegner et
al., 2006). Hence, only features of relevance ¢opttesent study are highlighted here.

3.2. Major Features of the Bierkraal Boreholes

Rock types intersected in the two boreholes ardomgabmagnetite gabbro, anorthosite,
and ferrodiorite. Most samples are relatively fregereas a few have suffered some
degree of alteration. Bushveld granite occurs fadsout 380 m (Cawthorn and Walsh,
1988) and above in the core. Anorthosite generhytains about 90% plagioclase with
the remaining 10% comprising one or more of thdéoWwihg phases; orthopyroxene,

clinopyroxene, magnetite and olivine. Magnetitiggydrs commonly contain more than
90% magnetite with the remaining portion comprisapgtite and plagioclase.

The main cumulus phases in the section are plageclorthopyroxene, clinopyroxene,
magnetite, olivine and apatite. Most rocks encaeatecontain between 60 to 45%

plagioclase, except in magnetitite layers in wiptdgioclase mode is much less. Clearly,
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the plagioclase content of anorthosite layers ghdr. Plagioclase grains range from
euhedral to subhedral and are locally altered twitee or saussurite (Fig. 3.1a). Olivine
appears in UZb and occurs intermittently in thetieac It varies from subhedral to

anhedral with grain sizes typically between 3 tondr{Fig.3.1b). Pyroxenes range in
grain shape from euhedral to subhedral and a nanmunt is anhedral. Clinopyroxene
grains are generally subhedral to anhedral (Fig)3DRisseminated magnetite grains are
quite variable in shape and size. They range fraobhedral to anhedral (Figs. 3.1d and
3.3d) and occur as composite grains and inclusigtiisother phases.

The appearance of apatite as a cumulus phase ia tdetected in samples from the BK1
and the upper part of BK3 (Cawthorn and Walsh, 1988e occurrence of apatite is
important to the present study as it occurs asigighs in other mineral phases including

plagioclase.
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Fig. 3.1.Microphotographs showing the major cumulus phase# the Upper Zone. a.) -1W443.8; Plagioclase
grains, some altered to sericite. b.)-1W636.2; Oline altered along the rims and cracks to bowlingite c.)-
1W1473 Subhedral cpx with anhedral magnetite d.)-W1498.7; Cumulus and interstitial magnetite as inalsions
and composite grains. All views are taken with a x#ens under crossed polars, field of view is 3 mm.

The intercumulus phases including alkali feldspaiartz and hornblende only appear in
the uppermost part of BK1, whereas biotite occim®ughout. Hornblende forms a
pokilitic texture with plagioclase and clinopyroxen(Fig. 3.2a). Alkali feldspar

commonly forms a pokilitic texture, enclosing plagjase and other minerals (Fig. 3.2b).

Quartz is quite minor and is intergranular (3.2w) &iotite is anhedral (Fig. 3.2d)
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Fig. 3.2. Intercumulus minerals a.)- 1W443.8; Hornblende poikitic to cpx, plagioclase and magnetite. b.)-
1W443.8; Alkali feldspar pokilitic to plagioclase ad apatite c.)-1W443.8; Intergranular quartz. d.)-1W636.2;
Intercumulus biotite. All views are taken with a x4lens under crossed polars, field of view is 3 mm.
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3. 3. Inclusions and Composite Grains

3.3.1. Apatite

Apatite grains commonly occur as inclusions in otnéeral phases (Fig. 3.3a, b and d).
The inclusions vary in abundance from sample toptamnd are randomly distributed in

the cumulus and intercumulus phases. They occlr ibdhe cores and close to the rims
of grains, signifying their entrapment at an eatgge. Most are unaltered and range in
shape from purely hexagonal to elongate but ramipded. It was impossible to separate

the plagioclase from apatite because apatite geasften present as inclusions.

3.3.2. Plagioclase

Plagioclase also occurs along the grain boundafiesafic phases such as olivine and
hornblende (Figs 3.3c). The smaller size of pldg®e inclusions compared to the
normal sizes which generally occur suggest thdusiens represent plagioclase grains

which were not subjected to post-cumulus processethey formed earlier.

3.3.4. Magnetite

Magnetite was also encountered occurring as conggsains with and/or inclusions in
other phases. In situations in which plagioclaseini#olved (Fig. 3.3d), magnetic
separation was difficult. This shows that magnetémained a major cumulus phase

throughout the crystallization of UZ.
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APATITE &

MAGNETITE

Fig. 3.3.Inclusions and composite grains a.)-1W604.5; ap#iincluded in cpx b.)-1W545.7 apatite included in
plagioclase c.)-1W545.7 plagioclase on grain bouay of olivine d.) Subhedral plagioclase and disseinated
magnetite grains.
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Chapter 4- Geochemistry

4.1. Introduction

This chapter presents major and trace elementfdatalagioclase separates from BK1
and BK3 together with trace element data for thgeked Series of the Skaergaard
intrusion. It is emphasized here that the plagselaompositions presented are bulk
analyses of the mineral hence they represent samiitzution from both cumulus and
intercumulus compositions. The chemical compositbmplagioclase is reflected in the
Si0,, Ca0, NaO, KO and AbOs. These components have been used to calculate
anorthite content using the mineral structural folan(An = Ca / (Ca + Na) * 100). Major
element data are presented in appendix C and shatvsbme portions within the
stratigraphy (hundreds of meters) were not analyZddbrefore, microprobe data for
plagioclase for the entire UZ available from a poeg study (Tegner et al., 2006) have
been integrated with the current data. Tegner etuaéd a JEOL 8600 electron
microprobe at the University of Aarhus, Denmarlobtain the plagioclase compositions
and analytical techniques are presented in theystlile stratigraphic section from
Tegner et al. (2006) is composed of the intervalvben 20 m and 1855.4 m. All height
in meters are quoted relative to the base of theetUgone. Some samples are common to

both studies and comparisons have been made basedudts of these samples.

XRF analyses on pellets were initially employedhtain trace elements of plagioclase
for samples in the present study. Results for &, BBand Rvere obtained from these
analyses and the,R and BOs contents were computed. These results servedjagla

in identifying samples that required leaching andselecting samples for further XRF
and ICP analyses and for various corrections whrehdiscussed later in this chapter. In
order to evaluate the representativeness and negimlity of the data, multiple pellets
were prepared from the powdered plagioclase of sample (1W649). The results for
these XRF analyses on pellets are presented imdpp€ and show little variation in the
Sr, Ba, KO and BOs contents of plagioclase. This is shown by a meah standard
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deviation of 538 + 2.2, 608 + 7.2 0.84 + 0 and 1£28.2 respectively on the 3 powders
from sample 1W649. The minute variation indicates the crushing and milling process
employed to make XRF pellets adequately homogenimesnaterial. From these results,
samples were leached where necessary and thennctaysERF analyses on a fusion
disc and ICP analyses, presented in appendix Clidatg samples which were analyzed
for major elements at SGS laboratories as a furthst of reproducibility are also

presented in appendix C.

4.2. Removal of effects of included minerals

Results of analyses show that some separates rovaaious proportions of apatite
and/or alkali feldspar as well as quartz and mafioerals. The non-magnetic minerals
report with the non-magnetic fraction during magneteparation because it is not
possible to separate them magnetically from pldgss; hence their presence affects
analytical data. The presence of mafic mineralsicatd inclusions or unseparated
fragments of these minerlals with the non-magnétaction. It therefore becomes
important to correct for the effects of these matereither by developing suitable
calculations to correct for their presence, usiagching techniques to dissolve the
fractions of these minerals or excluding data fdriolv corrections are too large or

unconstrained.

4.2.1. Apatite

Apatite occurs within plagioclase grains in minesaparates taken from the interval in
which apatite is present. Apatite is present asmautus phase at 777 m in UZ based on
the increase in s and REE contents and it then occurs irregulardmfrthis level
upwards (Cawthorn and Walsh, 1988). Samples arersi appendix C that, based on
their high P content, contain apatite which introeian error in the calculation of the An
content (Fig. 4.1). The analyses reported for So abpresent Sr contents for plagioclase
with variable proportions of apatite. Ba does mnmiaentrate apatite, but the presence of
apatite would dilute the Ba contents from analybesice a correction needs to be made

for this effect.
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The problem of the presence of apatite was addidssénvo means; leaching samples in
citric acid in order for the apatite fraction tessolve and calculating out the fraction of
apatite. Samples which reporteglOB contents >0.1% in XRF analyses (on pellet) were
selected for correction. The remaining samples Witilo 0.1% KOs obviously have no

apatite and did not need correction.

A dissolution technique had to be developed in otdecompletely dissolve the apatite

out of the separates, not leaving any residue efdine earth elements and not affecting
the compositions of plagioclase. Hence prelimirdisgolution experiments were carried

out (reported in Appendix B) to ensure completetima@aemoval and that there was no
effect on plagioclase compositions before sampleeweached in citric acid. A number

of samples were then leached in citric acid in otdedissolve the apatite present. After
leaching, the residual powders of samples werenagaalyzed with their unleached

counterparts to ascertain the success of apatiteova. Results of major element

analyses indicated that apatite was totally leachgwf the separates. This was indicated
by the absence of,®s and reduction in CaO in leached separates. Howewarparison

of trace element data for leached and unleacheg@lsarshow that the Sr and Ba contents
of plagioclase were dissolved alongside the apatioportion. Thus this method could

not be used as a quantitative means of removingt@par Sr and Ba.

The calculation technique was developed to estirttegeamount of apatite present in
samples which were not selected for leaching inccécid. For samples that had been
leached, their compositions were compared withréiselts of the removal by calculation
to confirm that both methods gave the same resultife An, Sr and Ba contents. It is
emphasized that because the leaching method dissdhe Sr and Ba contents of
plagioclase, only the calculation method was usetbtrect for these elements. The data
presented and interpreted for Sr and Ba thereftilized the calculation technique. The

calculation procedures developed are presentedvbelo
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4.2.1. a. Calculation for the An content

Fig. 4.1 shows An contents calculated from raw @il data and the samples which
contain apatite. The technique involves calculating the effect of apatite based on
stoichiometry of apatite and analyses. The proaeduras follows. The CaO and@
contents of apatite are taken to be 56% and 44@ectsely. Hence in order to remove
apatite from the plagioclase analyses, an amounalep % BOs in the analyses *
(55/44) is subtracted from the CaO content of thalyses. The resultant amount then
needs to be renormalized to the original total leetbe removal of apatite, as it affects

the absolute concentrations of the major oxides.

Table 4.1 shows selected samples and their conpusibefore apatite removal (by
leaching or calculation), after samples were leddheitric acid and after calculating out
the fraction of apatite based on apatite stoichtoynand the original analyses. The
similarity in CaO and An% from the two techniquesplies that using both methods to

correct for the presence of apatite is accurate.

Table 4.1. Leached and unleached pairs of samplasgisg the effect of apatite on the
anorthite content of plagioclase

Height (m)[Sample # [Ca0® [P,0,* [An%" [Ca0” [P0, [An%’ [ca0® [P0 |An%°
1827.7]1W440.5P 7.2 0.6 39.3 6.5 0.0 36.7 6.5 0.0 36.7
1823.5|1W445.15P 8.6 0.4 42.4 8.2 0.0 41.1 8.3 0.0 41.2
1654.7|1W629.9P 15.0 4.5 61.0 10.2 0.0 48.8 10.0 0.0 49.8

884.6|1W1473P 11.0 0.2 53.3 10.7 0.0 52.7 10.4 0.0 52.5

& compositions from analyses of plagioclase separates
b compositions after the effect of apatite has been calculated out
¢ compositions from analyses after apatite has been leached out of plagioclase
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Fig. 4.1 Plot of An content vs. stratigraphic heigh An contents are uncorrected for the presence @apatite and
show samples that contain apatite.
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4.2.1. b. Calculation for strontium

The Sr contents plotted in Fig. 4.2 show the samplich contain apatite; hence a
correction has to be made for its presence. Theuledion is done as follows. Fig. 4.3
shows the Sr and,Bs of the composite samples from 1400 m upward, wincludes
the apatite-bearing interval. A best fit line isagn through all the sample data points
with more than 0.1% J#s. Extrapolation to 44% J®s (composition of apatite) yields a
value of 400 ppm Sr and is assumed to be constant

The amount of Sr that will contribute to the compmsample = (%}0s from analyses*
400)/44. This amount is subtracted from the contpaample.

Then the % plagioclase in the composite sample H- 1Wwt% BROs from
analyses*100)/44.

Sr in pure plagioclase = (Sr left after apatite ogatl * 100)/ % plagioclase in the
composite sample. This calculation was appliecheogamples containing apatite in the

sequence in order to obtain the Sr content of plagioclase (Appendix C).
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Fig. 4.3 Sr vs. BOs contents for samples from 1400 m upward (which iade the apatite-bearing
interval) showing how a calculation can be made toorrect for the presence of apatite.

4.2.1. c. Calculation for barium

Barium does not concentrate in apatite; hencenecessary to correct for the amount of
barium that is decreased by the presence of apatitee separate. Fig. 4.4 shows the Ba
and BOs contents of samples within the apatite bearingrial. A best fit line drawn
through all data points approximating to the conitpms of apatite (44% §Os) leads to O
ppm Ba. Thus the presence of apatite in the pléagecseparates within the apatite
bearing interval would dilute the amount of Ba framalyses, thereby reporting values
which are low. This problem was resolved by adpgstBa contents as follows. Fig 4.4

shows that pure apatite should have Oppm Ba. Rat#@also contains 44%®s
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Therefore, the % plagioclase in the composite sampl (100- %PBPOs from
analyses*44)/100)

Hence Ba in pure plagioclase = Ba from analyse®®(% plagioclase in the composite
sample).

This calculation leads to a small increase in thieected Ba content of pure plagioclase

compared to the analytical data for composites eythtite inclusions (Appendix C).

Comparison of the data in appendix C (for uncoe®ats. corrected Sr and Ba) shows
that the calculations make a trivial differencehe data, but is included to demonstrate
the principle which can be applied to any othemeet (e.g. REE) in apatite. For the
reason that the effect of apatite on the Sr andnBplagioclase is small, there is no
significant difference in concentrations in thetg®st with abundant apatite (1620 m to

1700 m) which was studied in detail.

4.2.2. Alkali feldspar

Alkali feldspar is present in rocks from 1693 nttie top of the borehole. For the reason
that alkali feldspar cannot be magnetically segardtom plagioclase, it reports with the
plagioclase fraction during separation. Plagioclesemonly contains about 0.4%®
and alkali feldspar typically contains about 8%0K Most samples in the present study
contain less than 0.5%,R (similar to probe data of Tegner et al., 2006]) #rerefore
have no alkali feldspar. However,® contents increase up to 1.1% from 1693 m upward
(Appendix C) indicating the presence of significaalkali feldspar in the feldspar
separates. It is therefore necessary to infer fiieetats presence will have on the Sr and

Ba contents from analyses.
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4.2.2. a. Strontium

Sr concentrates in alkali feldspar which is presensamples from 1693 m upward.

Therefore, it is necessary to investigate the efédkali feldspar would have on the Sr
contents from analyses. However, D for Sr into lalleddspar is about the same as into
plagioclase (Rollinson, 1993). Therefore, the pneseof alkali feldspar will not affect the

Sr contents of plagioclase.

4.2.2. b. Barium

Fig. 4.5 illustrates the plot of Ba vs. height, witg the samples which contain alkali
feldspar. The plot of Ba vs..,® for samples with O contents > 0.4 (Fig. 4.6 ) shows
that samples with high Ba contents also have high kKontents indicating that these
samples contain alkali feldspar with high Ba cotdeD for Ba into alkali feldspar ranges
between 4 and 11 and varies between 0.2-0.5 fgiqukse (Rollinson, 1993). Hence Ba
has a higher affinity for alkali feldspar than folagioclase. Therefore, the Ba contents
reported from this level upwards represent Ba custef plagioclase with varying
proportions of alkali feldspar. An attempt was maalealculate Ba in alkali feldspar as
follows:

The correlation in Fig. 4.6 shows that pure alkalilspar ought to have about 11000 ppm
Ba. If plagioclase contains 0.4%® and the composite sample reports 1.13@ Krom
analyses, therefore, alkali feldspar would con@it? KO.

Ba in the composite sample = (0.7 * 11000)/8 = pph

Ba left after alkali feldspar removal = 1342-96379 ppm

% plagioclase in the composite sample = 100-(0.0/8)0= 91%%

Ba in pure plagioclase = (379*100)/91 = 416 ppm.

Therefore, out of 1342 ppm Ba from analyses of dbparate, 926 ppm represents the
amount that concentrates in alkali feldspar ang dd6 concentrates in pure plagioclase.
The calculation shows that the effect of alkaldfglar on the Ba contents is enormous and
would lead to huge reduction in the Ba content®nep from analyses. Hence the effect
is too big to calculate out. For this reason, miodefor Ba is stopped at the level where

alkali feldspar appears, at 1693 m.
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4.2.3. Quartz

Six samples contain quartz based on their high 8t@tents (Fig. 4.7a). An increase of 3
to 5% SiQ for five samples would indicate 9-12% quartz. Tdree sample with 20%
excess SiQwould contain 33% quartz. However, the presenapaftz will not affect the
An content. For the five samples, Ba and Sr arecased to allow for this dilution of

guartz. The other sample is excluded from all sgipest modeling.

4.2.4. Mafic minerals

The FeO (total) contents of mineral separates arennly 0.1 to 0.3% greater than
values yielded by electron microprobe (Tegner et 2006). Six samples had higher
values and suggest that the mineral separates iomieusions of, or unseparated
fragments of mafic minerals. The FeO (total) cotdesf clinopyroxene, orthopyroxene,
olivine and magnetite are 30%, 50%, 70% and 80%hae may be a few mafics in these
separates. The presence of clinopyroxene may haadl effect on the calculated An
content, but other minerals will not affect the éantent. The presence of mafic minerals
will also not affect the Sr and Ba contents fronalgses because these elements are
essentially being excluded from the mafic phases.
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4.3. Major Element Trends

Results of major elements are presented in app&hdix

SiO, contents are generally between 53-60% (Fig. 4Hayvever, six samples at the top
of the sequence have anomalous SiGntents, signifying the presence of quartz irs¢he
samples which again could not be separated.

K>0O contents commonly vary between 0.2% and 0.6% &:ifp) from the bottom up to
about 1693 m where intercumulus alkali feldsparaases significantly in abundance. As
a result, the KO contents of the analyses are affected becay®eida major constituent
of alkali feldspar which cannot be separated frdagipclase magnetically. Thus,®

contents from this level upwards are higher (up.i®0).

P,Os contents are generally below 0.01 % (Fig. 4.7@weler, in samples taken from

intervals in which apatite is present(B8 and CaO contents may be considerably higher.
Leaching and calculation techniques were developddndle all these complications.

CaO and AJO; decrease from 12 % to 3.9% and from 28.7 % to ¥br@spectively from
the base to the top of UZ. p@ contents vary slightly irregularly from 4.4 %the base to
7.3 % at the top of UZc.

The SiQ contents plotted in Fig. 4.7a are from XRF anayse a fusion disc and the
K20 and BOs contents from XRF on pellet. It was felt that gezgorecision could be
obtained, especially for,Bs, if analyzed on pressed pellets. Other oxides ssscMnO,
TiO,, Cr,O3 and NiO have been excluded from the database becthey do not

concentrate in plagioclase; hence they report kemvalues.
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4.3.1. Anorthite Content of Plagioclase

After corrections have been made for the presericapatite either by leaching or
calculation or both, variation in An content is s@erably reduced and samples plot

within the general trends (Fig 4.8).

Plagioclase An contents of Upper Bushveld rockehasen shown to vary between 2 and
7% (Ashwal et al, 2005), 9% and up to 18 % in ekoepl instances (Harney et al., 1995)

within single thin sections. The large variatiorthin grains suggests that abrupt sample
to sample variations in the current dataset arétagle. The average An contents of most
samples have been shown to have a standard devaitabout 2% (Harney et al., 1990;

Ashwal et al., 2005), hence only sample to sampinges >2% have been considered
significant (Cawthorn and Ashwal, 2009) and the egmnciple is applied to the present

study. Therefore, an analytical uncertainty of 82 ko be accepted for these data.

Comparing An contents in this study with those efgiier et al. (2006), the latter are
slightly different from those reported here (Tadl@). Such variations certainly result
from a difference in microprobe (Tegner et al., @08nd XRF (this study) methods used.
Whereas the microprobe analyses were only of QGaglagioclase cores, XRF analyses
are a combination of cores and rims which coullezibe Na-rich or Ca-rich depending
on the presence of normal or reverse zones (Cawtoad Ashwal, 2009). If normal zones
are present, the XRF method reduces the An cohteimicorporating a sodic rim. In cases
where reverse zones occur, the rim will be Ca-rictuould be worthwhile to investigate

zoning patterns in the entire UZ in order to tés$ postulate. Furthermore, considering
the general variability in UZ plagioclase compasis, only variations in An > 2% can be
regarded as being actually different in the two hods used. Two out of 6 samples
compared exceed this difference. In most casegjdtee of Tegner et al. are greater than

this study which may suggest that most grains dispbrmal zoning.
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Table 4.2.Comparison of anorthite content betwemnpdes common to this study and
Tegner et al. (2006)

UZ height(m) |sample # This study, An(%) Tegner et al. (2006), An(%) Difference (%)
9.2|1W1550P 60.0 60.7 0.7
558.4(3W540P 54.6 57.7 3.1
593.1{3W590P 54.0 55.4 1.4
732.0|3W742P 50.2 535 3.3
777.7(3W780P 49.5 49.8 0.3
814.2|3W1381.25P 49.9 48.5 -1.4

The An content changes abruptly between closelgespaamples in various sections
within the stratigraphic section. For example, kew 1672.5 and 1673.8 m, An contents
vary by 2.3% (Fig. 4.8; appendix C). However, suahation is expected because of the
large variation in An within single thin sectionBhis variation has been shown to result
from the occurrence of reverse zones in plagiocrisens and the existence of low

anorthite patches within plagioclase cores (Cawilaod Ashwal, 2009).

Plagioclase changes in composition fromy#atose to the base of UZ to Ayat the top of
UZc (Fig. 4.8). The general up-section decreasAnnn the Bushveld Upper Zone has
previously been depicted (e.g. Wager and Brown,819on Gruenewaldt, 1973;
Molyneux, 1974; Ashwal et al., 2005; Tegner et 2006). However, reversals to higher
An contents were detected by Tegner et al. (2068)veere used in conjunction with the
intermittent occurrence of apatite to subdivide di cycles. One aspect of the present
study was focused on investigating the nature ef ltigest reversal identified in the
former study. A total of 9 reversals can be idesdifoy incorporating data from Tegner et
al. (2006) with this study. Cycles 1 to 6 on Fig depresent the cycles identified based
on reversals to higher An content of plagioclasensbs the top three were identified
based on the occurrence of apatite. The lowestsalveccurs at the Pyroxenite Marker

and is not included in the section investigatethis study.
Close to the base of UZ at 9.3m, the An contented=es from 60.0 to 54.2% at 235 m,

and decreases rapidly from this level to 46.4%?2dt . The change in An of 7.8% over

this 86 m interval is large and indicates that ttosld be an anomalous sample. The An
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content then increases to 55.9% at 448.8 m anctdses fairly regularly to 48.2 at 846.2
m. This level marks the start of the biggest realevghich is later described in detail.
Within the reversal (846.2 and 875m), the An coniecreases irregularly to 55.1. It then
decreases regularly from 875 m to 46.5 at 1520.Fmm this level to the top of the
borehole (1861.6), then decreases rather erratittaB0%.

The biggest reversal in plagioclase An content entared by Tegner et al. (2006) was
also evident in this study. However, due to the faat the reversals identified by Tegner
et al. were on points analyzed in the stratigraghg, detailed nature of this reversal
(gradual or abrupt) could not be documented insghady. Out of the 6 reversals identified
by Tegner et al., this reversal seemed to be tigesaand most abrupt as it was perceived
to occur only over 16.6 m (853.5 to 870.1 m) wiik tighest An change at 5.8%, unlike
the others which were gradual (with changes in AB ¢0 4%), occurring over vertical
distances of 28 to 69 m. However, more detailedpiagnover this interval in the present
study shows this reversal to occur over about 36f stratigraphy (between 846 and 875
m) and involving 11 samples (Fig 4.9). It is empbed here that the precise start and end
of the reversal are only approximate as the neaseaple just below the reversal (at 823
m) occurs 23 m below and that above the reversalre&d m above. Hence, it is possible
that the reversal could start below the level aiciviit is observed to begin or terminate

above the level at which it is observed to do so.
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The An content increases from 47.3% to 55.1% withenreversal hence showing a total
variation of 7.6% (Fig. 4.9a and b). From 846 t6.85m, the An increases from 47.3% to
55.1% and then deceases to 48% at 859.3 m wheaeiés erratically to 53.7% at 879.6
m. The An content at 856.7 m is high as the chamgen% between the sample at this
level and the nearest sample (6 m below) is 6%Fg. 4.9b shows the 820 to 880 m
interval. The An varies within the +2% uncertainiiygicating a slow reversal over the
section. One sample plots outside the uncertaimyice it is probably an anomalous

sample.

The second biggest reversal in the data of Tegnal @as also investigated at 1710 m.
The section is shown in Fig. 4.10 and depicts apaoatively short vertical interval of 84
m over which certain remarkable features can bergbd with the An variation. Twenty
samples were analyzed from this section and shoteta variation of 9.5% An.
Considering a total change in An content over 1800f 30% An, this change is quite
dramatic for a 30 m section. Therefore, the seciiostrates a fairly rapid change in
plagioclase An over a short vertical interval. TAR contents plot within the £2%
uncertainty apart from the odd sample at 1663.7 m

Data from Tegner et al. (2006) show that the Anteoinat 1711 m is 50.0%. This value
leads to anticipation that there ought to be arsalat this level since the An content has
increased by 3.7% relative to the underlying samgtavever, more detailed sampling in
the present study suggests that this sample casldbe an odd sample because the
change in An is not sustained in the overlying dasipvhich occur only within 21 m

above it. Hence the reality of this reversal of f@get al. could be questioned.
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4.3.2. Summary

Generally, plagioclase An content in the Bushvelgb&l Zone display the following

features:

An overall upward decrease from &rclose to the base to Apat the top of the

section.

Reversals in the sequence which can be abruptaslugt. The biggest reversal
identified by Tegner et al. was perceived to beupbmith a change in An of
5.8% between adjacent samples which were 16.6 . &p@vever more detailed
sampling in this study indicates that the reveilsabradual and the vertical
intervals of reversals identified are only approaien The reality of one more
reversal in the data of Tegner et al. may be questi.

Sections showing little upward change in An. Foaraple, within the interval

450 to 600 m, the An only changes by 2% (from 55t8%3.9%).

Sections showing rapid upward decrease in An sacth@ugh the depth range
1640 to 1740 m in which the An changes by 9.5%mn({f&1.9% to 42.4%)

Isolated anomalously high or low An values alsoundn the stratigraphy. Three
such samples were identified in the stratigraphy3gd m, 856.7 m and 1663.7
m). Trace element contents of these samples willnestigated for possible

reasons for the anomalous An values.
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4.4. Trace Element Geochemistry

This section presents trace element data for ptéage separates for the Layered Series
of the Skaergaard Intrusion and the Upper Zoné®Bushveld Complex. Trace element
data for the Skaergaard intrusion were obtainedh feo study by Jang and Naslund
(2001). For the reason that the Skaergaard inmnusidelieved to have crystallized from
a single magma injection, it ought to be compaedyivsimple and straight forward to
model. Hence trace element data for this intruai@utilized to develop and demonstrate
the applicability of various fractionation modelModels can then be applied to the more
complicated Bushveld Upper Zone in which parentaggma compositions are harder to

estimate.

Trace element studies were generally focused ocan8rBa. Sr is strongly included in
plagioclase. Even though Ba does not have a hifjhitgffor plagioclase, it is more
compatible into plagioclase compared to the othgstallizing phases. Plots comparing
the Ba and Sr contents from the two methods (XRFI&#) are presented in appendix
A. Absolute values differ but it is more crucial tompare the relative changes. The
linear correlation shows that relative changeshim $r and Ba contents from the two
methods are identical, hence the variation is fElaé contents used in modeling are of
the XRF because these analyses involved all samplethe stratigraphic section.
Extensive use of the Rayleigh Law is made herechvhicludes the term F - fraction of

liquid remaining, and so the graphs include vafoe$ on the vertical axes.

4.4.1. The Skaergaard Intrusion

Sr and Ba trends for plagioclase are plotted in4igl (Jang and Naslund, 2001). The
fraction of magma remaining was calculated basetherpercent crystallized which has
been estimated by several authors (Wager and Br@@63; Jang and Naslund, 2001;
Nielsen, 2004) from the stratigraphic height of ptes. The chilled margin is assumed to
represent 0% of crystallization, LZa 30% and thedsach Horizon 100%. The lowest

sample of Jang and Naslund was collected from ghheén LZa which corresponds to
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36% of crystallization and the highest sample at $andwich Horizon. As the present
study exploits Rayleigh fractionation models to stoain crystallization processes, this
sample defines the base for these calculationssagiven the value for F = 1, and the
Sandwich Horizon a value of F=0. Multiple samplesravtaken along strike; these
include 6 samples from the lower part of the Middlene (at 54% crystallized) and 3

samples from the upper part (at 72% crystallized).

Sr in plagioclase increases slowly from 400 ppri at 1 to about 600 ppm at F=0.1. It
then increases rapidly to about 1300 ppm at thecénatystallization (Fig. 4.11a). Ba
varies erratically between 79 ppm and 200 ppm tjnout the sequence until 90% of
crystallization (F= 0.1) where its concentrationrgmases to 384 ppm and finally over 600
ppm at the end of crystallization (Fig 4.11b). Hig 4.11, two y-axes values are shown,
one for the entire intrusion (referred to as perceystallized) and the section that can be

modeled (referred to as F).

The general trend in plagioclase Sr and Ba isrnpéed by some lateral variation in the
contents. At the same stratigraphic heights, ptdgge trace element contents vary
widely, e.g. at 54% crystallized, the Ba contenplaigioclase varies from 78 to 149 ppm

and the Sr content varies from 540 to 590 ppm.
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4.4.2. The Upper Zone, Bushveld Complex

Analytical data for trace elements are presenteppendix C. These results are arranged
in stratigraphic order. Once all corrections haeerbapplied to the data and all data for
which such corrections are too large or unconstchimave been excluded, the variations
in Sr and Ba contents of plagioclase can now beented. Figures 4.12 and 4.13 show
these trends and these will be used for subsequeaéling.

4.4.2a. Strontium in plagioclase

About 400 ppm of Sr is present in plagioclase & tlase of UZ, and it increases
erratically till it attains a two fold increase tawls the end of crystallization (Fig. 4.12a);

a similar trend portrayed by Sr in plagioclaseha Skaergaard intrusion.

The general trend of plagioclase Sr seems to lerugted by smaller fractionation
cycles (Fig 4.12b). Six of these cycles seem tmade with the ones identified by
Tegner et al. (2006). Sample spacing in their stwdg however large (average 40 m)
compared to the more closely spaced intervals énpitesent study, hence exact cycle
boundaries differ. Smaller sample spacing allowsafmore detailed assessment of cycle
boundaries. Therefore, vertical intervals over Whige cycles occur may differ slightly
from those for Tegner et al. (2006). The possipitf these observed “breaks” to be
fractionation cycles is further discussed in chapgig in terms of the magma chamber

model proposed by Tegner et al.
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4.4.2b. Barium in Plagioclase

Ba contents of plagioclase in the Upper Zone areegdly higher than the Skaergaard
intrusion. However, they also vary irregularly, ween 200 ppm to 500 ppm through
most of the crystallization interval and only inase markedly after 90% of

crystallization, that is at F= 0.15 (Fig. 4.13).efé is large variation in the Ba contents of
plagioclase between 1600 and 1700 m. Within thisrial of 100 m, Ba varies between
300 and 600 ppm. For the reason that alkali feldepaurs from 1693 m to the top and
because its occurrence affects analytical resatig; the lower 1693 m of the section

were modeled.

The Sr and Ba concentrations of the three sampleshwreported anomalous An
contents were investigated. The sample at 1663witmanomalous An content reports
very low Sr values and very high Ba content, heihagas excluded from subsequent
models. The other two samples at 856.7 and 321 @dd An contents) do not report
anomalous Sr and Ba contents, hence they werededlin the models. One sample
containing anomalous Ba contents is present ai79%0and does not follow the normal
fractionation trend. This sample also has low Stteots at 426 ppm and was therefore

excluded from our dataset as some contaminatiorsussected to have occurred.
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Chapter 5- Development of a
Fractionation Model

5.1. Introduction

This section presents the steps involved in bugdip a model to infer crystallization
processes including magma evolution, cumulus arst-@amulus processes within the
Upper Zone of the Bushveld Complex . Sr and Ba tatalagioclase in the Skaergaard
intrusion are therefore used to test various hygsxh for its evolution. The Skaergaard
intrusion crystallized as a single differentiatediss and is much more constrained; hence

a model can be developed for its evolution and tie&ated to the Bushveld Upper Zone.

5.1.1. Rayleigh Fractional Crystallization

Based on the processes occurring in a particulate sof rocks (e.g. fractional
crystallization), trace elements behave in paréicyredictive ways (Cox et al., 1979).
This behavior has been widely explored in igneoesrgbogy and the most popular
technique which has been developed to demonstnatevays in which trace element
concentrations are expected to change during draaiticrystallization is the Rayleigh
Fractionation Equation.

Over the years, the Rayleigh law (Equation 5.1) pesven useful in modeling the
behavior of trace elements during fractional criigktion, therefore it ought to be
capable of testing whether chemical analyses frauite of rocks are consistent with the

process of fractional crystallization.

Co= concentration of a trace element in the staittongd

C_= concentration of a trace element in the residumima

F= Fraction of magma remaining. F begins at 1,e®gmting the start of crystallization
and decreases with increasing crystallization utntdaches zero.

D= The partition Coefficient of a trace element,(Biven by Henry's Law

58



D= Concentration in Mineral

Concentration in Liquid  ..........ccccoieiiiiiiiiii e e 0.0(2)

Layered intrusions are generally believed to requatesses of fractionation and their
residual liquids follow specific fractionation lisefor which information is generally
obliterated. Hence, the fundamental problem in feggecomplexes is that,Gs poorly
constrained and Cvalues are totally unknowable. All crystallizingngses need to be
considered in modeling the evolution of magmatistems. Therefore, partitioning is
calculated by the bulk partition coefficient. Herfoe a mineral assemblage containing
three minerals, A, B and C, the bulk D is given by;

Bulk D = (DMi”era'A* Percent of Mineral 9 + (DMi”era' B« Percent of Mineral 9 +
100 (0110}

(DMi”era' % percent of Mineral a b e e, (5.3)
100

An additional essential phase which affects bulkdtulations in cumulate rocks is the
Trapped Liquid (TL). This phase represents thetivacf residual liquid trapped between
the interstices of early formed (cumulus) crystalgh concentration equal to that of the
residual instantaneous liquid, hencg B1. The trapped liquid later crystallizes and @ith
forms overgrowths on cumulus minerals, therebyoshicing an intercumulus component
to the original cumulus mineral and/or crystalliresv intercumulus minerals (Cawthorn,
1996). It is therefore emphasized here that thegmeages of minerals used in the bulk D
calculation ought to be those of the cumulus corepbnly, not the whole rock modal
data. The whole rock modal proportions represemt ¢thmulus proportion plus a
proportion that might crystallize from the trappeplid.

For the purpose of the present study, the cumulugens estimated for a mineral such as

plagioclase as shown below:
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A rock may report modal proportions of 60% plagasd and 40% mafic minerals. It is
assumed in this calculation that 20% of liquid waepped between the interstices of
cumulus minerals during crystallization.
Cumulus plagioclase mode = Modal percent obsermebiék — fraction of plagioclase
formed from the trapped liquid.
If it is assumed that the trapped liquid crystaiZ/~ plagioclase and % other minerals,
then % cumulus plagioclase = 60- (20 * ¥2)

=50%
Bulk D therefore becomes:

Bulk D= {{ ObservedPercent of plagioclase(¢TL/2)/100)} *D P""‘gioc""‘s} + {{ Percent

of all other Minerals {the fraction that crystallizes from the trappedJId)}* D Al other

minerals . L TLOBILO0M D™} ..o oo (5.4)

For mafic minerals, the fraction that crystallizeem the trapped liquid can also be
estimated. For example, in an assemblage consistiptagioclase, cpx, opx, olivine and
magnetite, the TL makes 50% plagioclase. The rem@if0% TL may make 25% cpx,

5% opx, 10% olivine and 10% magnetite.

The bulk D is of high importance in magmatic evamintsince it establishes how strongly
a particular element is removed from the liquidittie accumulating rock. If the bulk D
is >1, the trace element gets depleted in the @wplmagma, and hence also in the
crystals forming with crystallization and vice varsThe most simplistic model for the
evolution of a layered intrusion is to assume a dgamous magma chamber crystallizing
a mineral assemblage of constant proportions, eatistant partition coefficients and with
a constant proportion of trapped liquid so thatkbw) is constant throughout
crystallization. However, these assumptions arallyotinvalid for natural situations
because mineral assemblages, their proportiorgpecaliquid fractions and partitioning
change as magmas fractionate. It therefore beconmexessary to subdivide the
crystallization into a very large number of smadlyfieigh fractionation stages, and change

any or all of these four variables at each stage.
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5.1.2. The trapped liquid shift (TLS) effect

Subsequent to the accumulation of crystal graimsxgdractionation, and as post-cumulus
processes occur, the composition of minerals isifieod This change in composition is
quite significant for incompatible elements whiabncentrate in melts as crystallization
progresses. Previous attempts have been made mtifgube extent of original cumulus
modification, stipulating that the liquid remaimsped (e.g. Barnes, 1986; Cawthorn,
1996) and have identified it as the trapped lighdt effect (Barnes, 1986). However, the
TLS effect has been ignored by various authordtemgting to model the crystallization
of layered intrusions (e.g. McBirney, 2002) and ntesgd to erroneous modeling and

interpretations especially for incompatible elensent

It has been disputed whether the liquid does nacgssemain “trapped” (Irvine, 1980)
particularly in the Merensky Reef of the Bushveldngplex (Mathez 1994) and might
tend to migrate upwards making the assumptionagfped liquid crystallization invalid.
However, the TLS effect was totally ignored in Mathstudy. Subsequently Cawthorn
(1996) showed that incorporating the TLS effect tecchanges in mineral composition

which were previously attributed to migration oferstitial liquid.

The extent of the TLS effect is dependent on cuswahedes and trapped liquid fractions
(Cawthorn, 1996). For example, consider a very Bgtip and general situation in which

a liquid contains 400 ppm Ba. There may be 50%iptdase, 20% mafic minerals and
30% trapped liquid at the cumulus stage of cryigttibn(Ds, into plagioclase is taken as

0.4, Ds, into mafic minerals is taken as 0 ang >1).

The original cumulus plagioclase will have (0.47046:160 ppm Ba

In the rock, plagioclase would contribute (160* 5ptagioclase) = 80 ppm Ba

The trapped liquid will contribute (400ppm *30%ppeed liquid) = 120 ppm Ba

The mafic minerals contribute O ppm Ba

Total Ba in rock = 80+120 =200 ppm
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It is assumed that the trapped liquid crystallizé%o plagioclase and 50% other minerals
(with Dgy = 0). Hence, the solidified rock will contain 65ptagioclase in total. It is
assumed that diffusion homogenizes the Ba in thgiptlase.

The Ba in the rock must finally be incorporatedittie 65% plagioclase. Hence Ba in the

re-equilibrated plagioclase =200/.65 = 308 ppm

However, if the cumulus assemblage is 80% plagsectnd only 10% mafic minerals and
10% of trapped liquid, the calculation will yieldd#ferent result.

In the rock, plagioclase would contribute (160* 8@fagioclase) = 128 ppm

The trapped liquid will only contribute (400 ppm®% trapped liquid) = 40 ppm

Total Ba in rock = 128 + 40 = 168 ppm

At the consolidation stage, in which trapped liqargistallizes, another 5% of plagioclase
is formed increasing plagioclase mode to 85%

Ba in final re-equilibrated plagioclase = 168/.8297 ppm

The above calculation shows that the trapped liahidt effect is tremendous for an
incompatible element such as Ba in plagioclases Thievident from the significant
difference in original cumulus (160 ppm) and reiblgated (308 and 197 ppm
respectively) plagioclase contents depending on Bidthmode. This is because Ba, being
incompatible into plagioclase tends to accumulatéhe liquid and only crystallize during
the consolidation stage and increase the re-ecatéid concentration. In the initial
situation with less plagioclase and more trappeqdidi, the enrichment of Ba in the final
re-equilibrated plagioclase is much higher than shbsequent situation with a higher

proportion of plagioclase and a comparatively miamount of trapped liquid.

However, the TLS effect is minor for a compatibleneent such as Sr in plagioclase. In
the following example, the effect of trapped liqenystallization is shown. The Sr content
of the liquid is taken as 300 ppm and the TLS effeenodeled for identical conditions as
above, that is, 50% plagioclase, 20% mafic minefaith Ds=0), 30% trapped liquid;

and 80% plagioclase, 10% mafics, 10% TLs, ih plagioclase is taken as 1.8 in the

calculations.
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In the first instance with 50% plagioclase, 20% issaénd 30% TL,

The original cumulus plagioclase will have (1.8*036:540 ppm Sr

In the rock, plagioclase would contribute (540* 5p%agioclase) = 270 ppm Sr

The trapped liquid will contribute (300ppm *30%ppeed liquid) = 90 ppm Sr

Total Srin rock = 270+90 =360 ppm

It is assumed that the trapped liquid crystalliz@%o plagioclase and 50% other minerals.
Hence, the solidified rock will contain 65% pladese in total.

The Sr in the rock must finally be incorporateaittie 65% plagioclase. Hence Sr in final

re-equilibrated plagioclase =360/.65 = 554 ppm

However, if there is 80% plagioclase and only 10&icnminerals and 10% of trapped
liquid at the cumulus stage, in the rock, plagiselavould contribute up to (540* 80%
plagioclase) = 432 ppm

The trapped liquid will only contribute (300 ppm®% trapped liquid) = 30 ppm

Total Srin rock = 432 + 30 = 462 ppm. At the cditadion stage, in which trapped liquid
crystallizes, another 5% of plagioclase is formecteasing plagioclase mode to 85%. Sr
in final re-equilibrated plagioclase = 462/.85 Z5pbm

The original cumulus plagioclase contains 540 ppmagd the final re-equilibrated
contents are 554ppm and 544 ppm Sr in the twatiditiens. This difference is extremely
small compared to the huge variation between algimmulus and final re-equilibrated

in Ba contents of plagioclase.

The change in plagioclase mode initiated during ¢besolidation stage suggests that
trapped liquid crystallization not only changes emal compositions but also increases
mineral proportions. This implies that the mingpabportions observed in a rock are a
combination of cumulus and intercumulus contribegi@nd the TLS effect needs to be
allowed for in calculating the proportion of plagiase which actually accumulates during
the cumulus stage and the concentration of plaggecht the cumulus stage.This change

in mineral proportion is further depicted in Figl5
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5.2. Modeling barium in plagioclase in the Skaergad Intrusion

In this section, a fractionation model is developedich can be generally applied to
layered intrusions. This is done by using plagiselaeparate data in conjunction with
suitable starting liquid compositions, partitiorefficients, modal proportions and trapped

liquid fractions.

The Ba and Sr concentrations presented by Jan@jasidnd (2001) for trace elements in
plagioclase in the Skaergaard intrusion and platidéig. 4.11 were not modeled in their
study. Data for trace elements in plagioclase vase presented by McBirney (2002) and
were modeled but required some unusual D valugg (@tween 0.3- 0.08 andsp
between 1.2 and 0.5). The purpose of the steprtikdels presented in this section is to
develop a model for the crystallization of the Skaard intrusion. The effects of varying
Ds, mineral proportions and trapped liquid fractioduring fractionation are also
explored. Sr and Ba are utilized in modeling beeaBs partitions relatively largely into
plagioclase, the most abundant cumulus mineralhm $kaergaard intrusion and is
essentially excluded from all other minerals (exdep Sr into apatite). Ba does not have
a high affinity for plagioclase but is least incaatiple into plagioclase compared to the

other crystallizing phases in the intrusion.

For the purpose of modeling, plagioclase proposgtiand TL fractions were taken from
Tegner et al. (2009). Their study showed plagiaclasodes and TL fractions in
Skaergaard rocks to change from 55% to 33% and 45486 from bottom to top of the
intrusion. However, in order to successfully mothe crystallization of the intrusion, the
cumulus mode must be estimated.

For example, the rock from the bottom (LZa) hasnbgleown to contain 55% observed
plagioclase and to have crystallized with 45% teapfquid. A reasonable cumulus mode
can be estimated from these modal data as follows.

During consolidation which involves the crystallibm and equilibration of trapped
liquid, the trapped liquid crystallizes 50% pladase and 50% other minerals. Therefore,
45% TL would crystallize about 22% plagioclase 2868 mafic minerals.

Thus, the amount of cumulus plagioclase is only 8% = 33% cumulus plagioclase.
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For simplicity, a smooth change is assumed for garlameter. As it will be shown in
section 5.3, varying B in plagioclase within the range of published valdees not have
a huge effect on Bulk Ds and modeled concentratibhsrefore a constant D for Ba in
plagioclase of 0.4 is used in the first models tigltoout crystallization. It is emphasized
that modeling by means of simplistic Rayleigh fracation cannot be used for the
Skaergaard intrusion because trapped liquid frastichange with crystallization hence

bulk D changes as well..

The fraction of magma remaining (F) was calculdtech the percentage of crystallization
for the entire intrusion, thus providing a meanstfe intrusion to be divided into small
Rayleigh fractionation steps (with F=1 and F= Orespnting the start and the end of
crystallization respectively). However, it should hoted that this fraction (F) records
progressive changes over considerable distanceshanel is no proof that samples were
collected right up to the extreme differentiatestloé intrusion. It is not possible to
determine what rocks represent the extreme endiftdrehtiation (that is, when F
approaches zero). Also, all Rayleigh fractionatioodels become asymptotic towards the
end and extreme concentrations result, whereasaplpbother minerals begin to
crystallize, changing the bulk D dramatically. Henthe calculations are terminated at F=
0.09. The magma composition ought to change wiststalization; hence the starting
liquid composition of each subsequent step) @uld equal the calculated residual liquid
composition of the previous step JCAt each increment of crystallization, new valfes
plagioclase mode and TL fraction are incorporaiéte results of these calculations are
shown in the ensuing tables. No fractionation oshetween the samples taken from the
same level of fractionation (e.g. 54% crystallized@nce Eis shown as 1 and,Gind Ba

in plagioclase (calculated) do not change.

5.2.1. Rayleigh Fractionation of Ba contents in plgioclase

Based on the Rayleigh model (equation 5.1), Baerustof plagioclase can be modeled

with the following steps.
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5.2.1.a Modeling with the starting liquid content C,) from the equation
D:CM/CL

Step 1: Ba concentration of the starting Liquid)(C

Trace element contents of minerals can be usedltulate the contents of the magma
from which the minerals crystallized with the udepartition coefficients. Therefore, if
the Ba content of plagioclase at 36% crystallizattgn as F=1 for these calculations) is
104 ppm, the use of equation (5.2) with a partiboefficient of 0.4 (Rollinson, 1993)
will result in 260 ppm Ba in the liquid.

Step 2: Bulk partition coefficient:

If plagioclase mode 55% and trapped liquid 45% at this level (Tegrealg 2009), this
will lead to 33% cumulus plagioclase (for whick,Dn plagioclasex 0.4), 22% mafic
minerals ([, in mafics = zero) and 45% TL. Since the trappqditl is assumed equal to
the instantaneous magma composition, it is consttlas another phase with B 1.

That is, Bulk D = ((33/100) * 0.4) + ((22/100)* &)(45/100 *1) = 0.58

Modeling in the present study was commenced atiéliesl, hence F=1. Progressive steps
are modeled usingRfor each individual step of fractionation), a ctamg D of 0.4 and
variable cumulus plagioclase mode from 33 to 31% tapped liquid from 45 to 4%
from the bottom to top. However, calculated Ba eotd of plagioclase increase by a
factor of five (from 104 to 559 ppm) from F=1 to B09 (Table 5.1) whereas analytical
data only increase by a factor of 2 (that is, frodd to 213 ppm) within the same interval.
Hence, there are two major contradictions in magelthe crystallization of the
Skaergaard intrusion using this method; the caledlatarting liquid content ¢Cis more
than two times higher than the typical value anddeted Ba contents of plagioclase

increase outstandingly contrary to analytical data.
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Table 5.1. Calculated trends based on Rayleighidration, incorporating varying TL

and plagioclase mode

% TL
Zone | cryst. F F! Plag % Cumulus | Bulk D | Cyppm) Calc. Bain Observed
Pla

mode modge Plag. (ppm) Ba (ppm)
SH 100 0.00 0.00 33 4 31 0.16 625
UZc 99 0.02 0.17 33 4 31 0.17 6235 2494 384
UZc 94 0.09 0.60 35 5 33 0.18 1397 559 213
UZb 90 0.16 0.71 36 7 33 0.20 919 368 153
Uzb 86 0.22 1.00 38 9 33 0.22 703 281 154
Uzb 86 0.22 0.78 38 9 33 0.22 703 281 149
Uzb 82 0.28 0.95 39 12 33 0.25 578 231 156
UZa 81 0.30 0.76 40 13 33 0.26 555 222 140
UZa 75 0.39 0.89 42 18 33 0.31 453 181 129
MZ 72 0.44 1.00 43 20 33 0.33 419 168 126
MZ 72 0.44 1.00 43 20 33 0.33 419 168 132
MZ 72 0.44 0.82 43 20 33 0.33 419 168 131
MZ 66 0.53 0.74 45 26 32 0.39 368 147 100
MZ 54 0.72 1.00 49 34 32 0.47 306 122 79
MZ 54 0.72 1.00 49 34 32 0.47 306 122 98
MZ 54 0.72 1.00 49 34 32 0.47 306 122 72
MZ 54 0.72 1.00 49 34 32 0.47 306 122 109
MZ 54 0.72 1.00 49 34 32 0.47 306 122 95
MZ 54 0.72 0.96 49 34 32 0.47 306 122 149
LZc 52 0.75 0.92 50 35 32 0.48 299 120 78
LZb 48 0.81 0.90 51 38 32 0.50 287 115 116
LZb 42 0.91 0.92 53 41 32 0.54 272 109 100
LZb 37 0.98 0.98 55 44 32 0.57 262 105 107
LZa 36 1.00 1.00 55 45 33 0.58 260 104 104

% crystallized are values given by Jang and Nas{@801) based on the entire Skaergaard Intrusion

F = Fraction of magma remaining using deepest saaplg, F=1

F'= value of F used for each step

Plag mode and TL% are set to vary smoothly fronstaet to end of crystallization

Cumulus plag mode: Plagioclase proportion durirgdhimulus stage and used in calculating the bulk D.

C. : Ba concentration in the liquid

Calc. Ba in plag: Resultant Ba content of plagiselaalculated from the model

Observed Ba = Ba in plagioclase from analyses iod ad Naslund (2001)
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5.2.1. b Modeling with the typical Ba content of te Skaergaard parental

magma.

As previously indicated, various authors have dated the Ba content of the original
Skaergaard magma {ao be between 50 to 90 ppm (e.g. Nielsen, 20D4is amount can
be substituted in the Rayleigh law and progressigps modeled, similar to section 5.1.1.

Stepl: Ba concentration of the starting Liquid)(C

Based on Rayleigh fractionation, the Ba contenthefliquid at LZa (F = 1) ought to be
about 100 ppm, taken as &s defined here.

Step 2: Bulk Partition coefficient:

Bulk D = ((33/100) * 0.4) + ((22/100)* 0) + (45/001) = 0.58

Step 4: Ba concentration of plagioclase

Ba content of plagioclase = D(plagioclase) * Bateahof liquid (Q)

= 0.4 *A6 40 ppm Ba
The results obtained from modeling progressive sstape presented in Table 5.2.
Calculated Ba content of plagioclase is 40ppm at E. It then attains a five fold
increment (215 ppm) at F=0.09.
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Table 5.2.Calculated trends based on Rayleigh ieretton with the typical Ba content of

starting liquid

%
Zone | cryst F F Plag TL % | Cumulus Bulk D | Coppm) | Calc.Bain | Observed
Pla

mode modge plag. (ppm) | Ba (ppm)
SH 100 | 0.00 | 0.00 33 4 31 0.16 625
UZc 99 | 0.02 | 0.17 33 4 31 0.17 2398 959 384
UZc 94 | 0.09 | 0.60 35 5 33 0.18 537 215 213
UZb 90 | 0.16 | 0.71 36 7 33 0.20 354 141 153
Uzb 86| 0.22 | 1.00 38 9 33 0.22 270 108 154
UzZb 86| 0.22 | 0.78 38 9 33 0.22 270 108 149
UzZb 82| 0.28 | 0.95 39 12 33 0.25 222 89 156
UZa 81| 0.30 | 0.76 40 13 33 0.26 214 85 140
UZa 751 0.39 | 0.89 42 18 33 0.31 174 70 129
MZ 721044 | 1.00 43 20 33 0.33 161 65 126
MZ 721044 | 1.00 43 20 33 0.33 161 65 132
Mz 721 0.44 | 0.82 43 20 33 0.33 161 65 131
Mz 66 | 0.53 | 0.74 45 26 32 0.39 142 57 100
Mz 54| 0.72 | 1.00 49 34 32 0.47 118 47 79
MZ 541 0.72 | 1.00 49 34 32 0.47 118 47 98
MZ 541 0.72 | 1.00 49 34 32 0.47 118 47 72
Mz 54 |1 0.72 | 1.00 49 34 32 0.47 118 47 109
Mz 54| 0.72 | 1.00 49 34 32 0.47 118 47 95
Mz 54 | 0.72 | 0.96 49 34 32 0.47 118 47 149
LZc 521 0.75 | 0.92 50 35 32 0.48 115 46 78
LZb 48 | 0.81 | 0.90 51 38 32 0.50 110 44 116
LZb 42 | 091 | 0.92 53 41 32 0.54 105 42 100
LZb 37 |1 0.98 | 0.98 55 44 32 0.57 101 40 107
LZa 36 | 1.00 | 1.00 55 45 33 0.58 100 40 104

Problems with the method

The calculated Ba content of plagioclase at thelle¥ LZa is only 40 ppm compared to

104 ppm from analyses of Jang and Naslund. (20&drnward modeling of progressive

steps using the Rayleigh Law leads to a five falttement in the calculated Ba content of

plagioclase from F=1 to F= 0.09 (that is from 4@1& ppm) whereas analytical data only

increase by a factor of 2 (Table 5.2). This implieat modeling the intrusion based on

Rayleigh fractionation and using the conventionald®ntent of liquid also disagrees with

analytical data.
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5.2.2. Incorporation of the trapped liquid shift (TLS) effect

The trapped liquid shift effect allows for the camdgion of original cumulus
compositions with a composition of the mineral thaght form from the intercumulus
liquid to calculate re-equilibrated compositionk.the liquid at LZa has 100 ppm Ba
(calculated from Nielsen’s parental magma), thendhginal cumulus plagioclase would
have 40 ppm Ba. The original cumulus plagioclasterseto the composition of
plagioclase when it first crystallized from the did whereas the re-equilibrated
composition refers to the composition of the platfise when it finally crystallizes, that

which is now observed in the rock (Cawthorn, 1996).

Stepl: Ba concentration of the starting Liquid)(C
The Ba content of the liquid at LZa (that is F =5s1100 ppm

Step 2. Ba concentration of original cumulus plakise

Ba in the original cumulus plagioclase is 40 ppm

Step 3. Ba in rock from intercumulus contribution

This represents the Ba in the whole- rock analyessilting from the consolidation stage,
as the trapped liquid crystallizes. This is givgn(brapped Liquid Fraction/100) * Ba in
the liquid

= (45/100) * 100 = 45 ppm

Step 4. Ba in rock from cumulus minerals.

It is assumed that plagioclase is the only cumualugeral in which Ba is included because
even though By in plagioclase is less than unitygDfor all other cumulus phases are
much less, hence they contribute a very negligini®unt to total Ba in the rock and can
be ignored.

Hence Ba from cumulus minerals = Ba in cumulus ipldgse * (percent plagioclase in
cumulus phase / 100), that is, 40 * (33/100) = @ p

Step 5. Total Ba in rock

This is given by the amount of Ba in rock from cuasuminerals + Ba in rock from
intercumulus contribution. This is 45 + 13 = 58 ppm

Step 6. Ba in re-equilibrated plagioclase
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At the consolidation stage in which trapped liquiystallizes, incompatible elements
which were formerly concentrated in the melt havéée distributed between the solidified
minerals.

The total Ba in rock must finally be incorporatedioi the 55% plagioclase, because other
minerals concentrate essentially no Ba.

That is, 58/ (55/100) =105 ppm Ba in plagioclagé)e plagioclase proportion increases
from 33 to 55% and the Ba content changes frorm408a original cumulus plagioclase to

105 ppm in the re-equilibrated plagioclase (Fid)5.

This calculated re-equilibrated Ba composition (pp5n) of plagioclase is in much better
agreement with analyzed data (104 ppm) than vataksilated in the previous models.
This model depicts two important issues; the odgicumulus and re-equilibrated
compositions for an incompatible element such asd@uadiffer by a factor of nearly three
in cumulus and re-equilibrated plagioclase (Fid.).5as the original cumulus plagioclase
contains 40 ppm Ba, which increases to 105 ppm tBnea consolidation stage. This
change in composition is due to the trapped ligundt (TLS) effect. The TLS effect has

generally been ignored in studies in which the talization of layered intrusions is

modeled (e.g. Henderson, 1970; McBirney, 2002; €egt al., 2009). However, the
enormous difference between original cumulus andl fie-equilibrated compositions of
Ba imply that the TLS effect must be allowed formmodeling the evolution of layered

intrusions.

Forward modeling of progressive steps leads toraettiold increment in Ba in the
calculated re-equilibrated plagioclase from F=1FtD.1, which is quite similar to the
increase in Ba in analyzed plagioclase (Table Bi§; 5.2c). The model shows that by
using the conventional Ba content of starting kijtor the Skaergaard intrusion in the
Rayleigh law and allowing for the TLS effect as whoin section 5.2.2, a consistent
model can be derived for calculating the changBanin plagioclase for the Skaergaard

intrusion.
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Table 5.3.Calculated trends based on
liquid shift effect.

Rayleighidrzation with the typical Ba content of startinguid and allowing for the trapped

%

Zone | cryst F F Plag TL % | Cumulus | Bulk D | C.(ppm) Bain Bain Bain Observed Ba
Pla
mode modge cumulus bulk rock re-equilibrated in plagioclase(ppm)
plagioclase (ppm) plagioclase (ppm) (Jang and Nalund, 2001)

SH 100 | 0.00 0.00 33 4 31 0.16 625
UZc 99 | 0.02| 0.17 33 4 31 0.17 2398 959 397 1189 384
UZc 94 | 0.09 | 0.60 35 5 33 0.18 537 215 97 276 213
Uzb 90 | 0.16 0.71 36 7 33 0.20 354 141 71 196 153
Uzb 86 | 0.22 1.00 38 9 33 0.22 270 108 60 160 154
UzZb 86 | 022 | 0.78 38 9 33 0.22 270 108 60 160 149
UzZb 82 0.28 | 0.95 39 12 33 0.25 222 89 56 143 156
UZa 81,030 | 0.76 40 13 33 0.26 214 85 56 142 140
UZa 751 0.39 0.89 42 18 33 0.31 174 70 54 130 129
MZ 72 1 0.44 1.00 43 20 33 0.33 161 65 53 125 126
MZ 721044 | 1.00 43 20 33 0.33 161 65 53 125 132
MZ 721044 | 0.82 43 20 33 0.33 161 65 53 125 131
MZ 66 | 0.53 | 0.74 45 26 32 0.39 142 57 55 123 100
MZ 541 0.72 1.00 49 34 32 0.47 118 47 55 112 79
MZ 541 0.72 1.00 49 34 32 0.47 118 47 55 112 98
MZ 54 1 0.72 1.00 49 34 32 0.47 118 47 55 112 72
MZ 54 |1 0.72 1.00 49 34 32 0.47 118 47 55 112 109
MZ 541 0.72 1.00 49 34 32 0.47 118 47 55 112 95
MZ 541 0.72 0.96 49 34 32 0.47 118 47 55 112 149
LZc 521 0.75 0.92 50 35 32 0.48 115 46 55 111 78
LZb 48 1 0.81 | 0.90 51 38 32 0.50 110 44 56 109 116
LZb 42 | 0.91 0.92 53 41 32 0.54 105 42 57 107 100
LZb 371 0.98 0.98 55 44 32 0.57 101 40 58 106 107
LZa 36 | 1.00 1.00 55 45 33 0.58 100 40 58 105 104
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Modeling of the Sr and Ba contents of plagioclakthe same section was performed by
McBirney (2002). However, some atypical D valuesavesed in modeling based on the
view that trace elements in plagioclase do not @wonfto the process of fractional
crystallization. A reassessment of Ba contentsutif bock and plagioclase quoted in that
study indicates that the Ba contents quoted fogiptdase do not agree with Ba contents
of bulk rock. For example the average values quédedBa in bulk rock and plagioclase
for LZa are 62ppm and 3.8 ppm respectively. Theelomone consists of plagioclase (for
which Ds; = 0.3-0.6), olivine (for which B=0), augite (for which B~0) and inverted
pigeonite (for which B0). If only 3.8 ppm of the total 62 ppm bulk rockaB
concentrates in plagioclase for whicBas highest, the rest of the 58 ppm Ba are unlikely
to concentrate in any of the remaining three misdoacause of the very small affinities

for barium.

The erroneous Ba contents of plagioclase led tasieeof unusual D values for Ba and Sr
in plagioclase. Bs in plagioclase was shown to decrease uniformlypnfb3 to 0.08 and

Ds, in plagioclase to decrease irregularly from 1.21. Basically calculating a bulk D

from these D values would lead to anticipation tBatand Sr contents of plagioclase
ought to increase very significantly with crystadition, an expectation which is contrary
to the observed Ba and Sr concentrations in pléagec Modeling of the section using the
Ba contents of plagioclase from Jang and Naslu@®ip with the steps presented in
section 5.2.2 shows that the observed Ba contehtslagioclase in the Skaergaard
intrusion can be produced by normal fractional @ljigation, by using the Rayleigh law

and incorporating the trapped liquid shift effeéig( 5.1). The Ba contents of plagioclase
also agree with bulk rock concentrations. Hencads itinnecessary to appeal to other
processes other than Rayleigh crystal fractionatmm®xplain the observed plagioclase
compositions in the Skaergaard intrusion. Subsdqomadels presented in the present
study therefore use the same principles to infegmea chamber processes during

fractionation.
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5.3. Lateral Variation in Ba in Plagioclase

There are huge variations in the Ba content ofiptdgse at the same stratigraphic heights
(e.g. Ba contents of plagioclase vary from 72 ppni49 ppm at F= 0.7). It is not clear
how such differences can exist given the conveationodeling (section 5.2.1). An
explanation for the lateral variation in the Ba & of plagioclase was also not given in
the original paper because the re-equilibrationntdrstitial liquid (TLS) was ignored.
However, modeling in the present study shows tih&t lateral variation in Ba in
plagioclase can be explained by varying contrimgiof TL fraction and mode to the TLS
effect. Investigations by Tegner et al. (2009) doded that trapped liquid fractions vary
rather erratically from 45 to 4% and plagioclasedmdecreases regularly from 55 to 33%
from the bottom to top of the Skaergaard intrusibludeling in this study however
assumes a smooth variation in TL fractions from 46%% from bottom to top. The fact
that the TLS effect is tremendous for Ba in plalgiee (as shown in Fig. 5.1) indicates
that if a TL fraction different from the actual ual in a particular layer is used in
modeling, modeled plagioclase compositions arel\lite differ. Therefore, the model
assumes progressive changes over a number of samupiedoes not reflect the exact

trapped liquid fractions involving small distances.

Fig. 5.3 depicts the effect of variation in TL teetre-equilibrated concentration of Ba in
plagioclase. It shows the same model presenteécios 5.2.2, but different TL fractions
have been used at the level where Ba contentswiagly (F=0.7) in order to show the
changes which might result if TL fractions variedep small distances. Based on the
values used in modeling, the section ought to haystallized with about 34 % TL.
However, TL fractions of 10% and 45% have beennpamted at the same level in order
to show the effect of varying TL fractions to theodakel. It is seen that calculated re-
equilibrated plagioclase compositions with the ¢hffd. fractions of 10%, 34% and 45%
differ considerably, shown by Ba contents of 67 pad? ppm and 133 ppm respectively.
Therefore the variation in TL explains the obserwediation in Ba in plagioclase at

similar stratigraphic heights.
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5.4. Assessment of the effect of variables on frambhation models for
the Skaergaard Intrusion

Partition Coefficients of trace elements into vaganineral phases is expected to change
as crystallization progresses. Plagioclase propustiand trapped liquid fractions change
with fractionation as well. However, Bedard (2086)died trace element partitioning in
plagioclase of various compositions and showedttiatink between D for various trace
elements into plagioclase and An content can bg weprecise (Fig. 5.4). Therefore, a
realistic range of partition coefficients can bstéel in the model in order to check their
sensitivity to varying D values. Various numericabdels are therefore presented below
to show possible fractionation trends and detees#nsitivity of modeled compositions if
different parameters are set to vary with crysation. G of Ba is set to 100 ppm for all

models. The results are shown in Fig. 5.5 and Taldle
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Fig. 5.4 Relationship between D for Sr and Ba into plagidase and anorthite content (Bedard, 2006)

a. Constant Dplag , plagioclase proportions angptd liquid fractions

Dplag, plagioclase proportion and trapped liquigicfions were kept constant from the
start to end of crystallization. Plagioclase prajor, Ds, in plagioclase and trapped liquid
fraction used are 50%, 0.4 and 30% respectively.

b. Varying Dplag, constant trapped liquid and cansplagioclase proportion
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Dga in plagioclase is varied from 0.3 at the bottonDt6 at the top. The trapped liquid
fraction and plagioclase proportion were kept camnisat 30% and 50% respectively.

c. Constant Dplag, constant trapped liquid fracdod varying plagioclase proportion
Dga in plagioclase and trapped liquid fractions argtkeonstant at 0.4 and 30%

respectively whereas plagioclase proportion is madgange regularly from 55% at LZa
to 33% at the top.

d. Constant Dplag, constant plagioclase propoudiwh varying trapped liquid fraction
In this instance, B} in plagioclase and plagioclase proportion are kepistant at 0.4 and

50% respectively, whereas the trapped liquid foectormulated to change regularly from
45% at the bottom to 5% at the top.

e. Varying Dplag, varying trapped liquid fractiomdaconstant plagioclase proportion
The plagioclase proportion is kept constant at 5@9éreas @, in plagioclase is made to

change from 0.3 at the bottom to 0.5 at the topthadrapped liquid fraction from 45% to
5%.

f. Constant Dplag, varying plagioclase proportion &arying trapped liquid fractions
Dga in plagioclase is kept constant at 0.4, plagiecla®de and trapped liquid fraction

varied from 55% to 33% and 45% to 5% from bottonoiw of the intrusion.

g. Varying Dplag, plagioclase proportion and consteapped liquid fraction.

In this model, @, in plagioclase is made to change from 0.3 to fl&gioclase proportion
from 55% to 33% whereas the trapped liquid fractgokept constant at 30%.
h. Varying Dplag, plagioclase proportion and trappeuid fraction

All three variables are set to change from thedmotto top of the intrusion. Dplag
changes from 0.3 to 0.5, plagioclase mode from 5%3% and trapped liquid fraction

from 45 to 5% respectively.
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All these hypothetical models show that the cateadlabulk Ds and final plagioclase
compositions are relatively insensitive to variaion Dy, in plagioclase and plagioclase
mode. However, they are very sensitive to variaionTL fraction. The varying effects
can be seen from the changes which occur in eaaelmo which the trapped liquid
fraction is varied (models d, e, f and h in Fi¢h &nd Table 5.4) compared to the other
models in which TL is kept constant. Thus trappedidl fraction has the most significant
effect on the Ba contents of calculated re-equabtéd plagioclase. Hence models d, e, f
and h give the best fit to data. In view of the ralleinsensitivity of the model to
changing plagioclase proportions angh,Dt is more crucial to employ exact TL fractions

in modeling the evolution of Ba in plagioclase.

Table 5.4. Sensitivity of bulk D and Ba content refequilibrated plagioclase in the
model to variations in Dplag, TL fraction and plagjase mode.

plag | Bulk Change
Variables Dplag | TL% | % D in Bain Change in
Re-equilibrated Re-equilibrated

Value at F=0.09 Bulk D plag (ppm) plag (ppm)
a | All three parameters constant 04 30 50 0.44 | N/A 325 | N/A
b Varying Dplag only 0.5 30 50 0.47 0.03 338 13
C | Varying plag % only 0.4 30| 35 0.37 -0.07 445 120
d | varying TL % only 0.4 5| 50| 027 -0.17 250 -75
€ | Varying Dplag + TL % 0.5 5| 50 0.28 -0.16 275 -50
f Varying plag % + TL 04 5 35 0.21 -0.23 308 -17
9 | Varying Dplag + plag % 0.5 30 35 0.48 0.04 458 133
h Varying all three parameters 0.5 5 35 0.23 -0.21 337 12

Value at F=1
a | All three parameters constant 04 30 50 0.44 | N/A 86 | N/A
b Varying Dplag only 0.3 30 50 0.41 -0.03 80 -6
C | Varying plag % only 0.4 30 55 0.46 0.02 82 -4
d | varying TL % only 0.4 45| 50| 0.56 0.12 109 23
€ | Varying Dplag + TL % 0.3 45| 55 0.53 0.09 104 18
f Varying plag % + TL 04 45 55 0.58 0.14 103 17
9 | Varying Dplag + plag % 0.3 30 55 0.42 -0.02 75 -11
h Varying all three parameters 0.3 45 55 0.55 0.11 97 11

Change in bulk D = change in bulk D relative to glistic Rayleigh model in which all three paramster

are kept constant
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5.5. Modeling Strontium in Plagioclase in the Skagaard Intrusion

The data presented by Jang and Naslund (2001) Shawplagioclase to increase slowly
from about 500 ppm at the lowest analyzed sampleZm (36% crystallized; F=1 in this
study) to about 600 ppm at F=0.2. It then incread®siptly to over 1000 ppm at the
sandwich horizon (F=0.0). A reasonable fit is adbbained with the Skaergaard data for
Sr in plagioclase by using the steps employed énnilodeling for Ba (Section 5.2.2). Sr
contents of Skaergaard starting liquid proposedlli®ysen (2004) range between 200 and
300 ppm. For the purpose of modeling, 273 ppm Ss wlaosen among the values
proposed to be used as the starting liquid comipasit

Initially, values for I3; in plagioclase from the literature (e.g. Blundydawood, 1991;

Rollinson, 1993), generally between 2 and 3 weszlie model Sr in plagioclase for the
Skaergaard intrusion. However, using these valeadsl to a bulk D greater than 1 and
the calculated Sr content of liquid (and hence wated re-equilibrated plagioclase)
ought to decrease upward. This trend is not obdenvehe data of Jang and Naslund
(2001) and hence smaller D values had to be usgan Plagioclase of 1.7 was therefore
chosen for modeling, incorporating F values for #wire intrusion, rather than the

lowest analyzed sample.

If Dsrin plagioclase is 1.7, cumulus plagioclase is 38% TL% is 45%, this will lead to
a bulk D of 1.003. A bulk D close to unity (1.008)icates that the Sr content of liquid at
this level would not change significantly after 3@¥crystallization (F=1 in this study).
Substituting in equation 5.1 ({C,=F ®%), ¢ .= 273 * 0.64°0%1

€~ 273 ppm

Hence 273 ppm Sr was used for the liquid at 36%tatyzed (F=1 for modeling in this
study). Modeling for Ba in plagioclase has showat thllowance must be made for the
trapped liquid shift effect. Hence the calculatigmesented below include the TLS effect

from the beginning and in the modeling of progressiteps.
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Stepl: Sr concentration of the starting Liquid)(C
The Sr content of liquid at LZa (that is F = 1jaken to be 273 ppm
Step 2: Bulk Partition coefficient:

In order to obtain the cumulus plagioclase mode oiserved plagioclase is set to change
from 55 to 33% and TL from 45% to 5% from bottontap such that cumulus mode can
be calculated.

Cumulus plagioclase mode at the bottom = 55-(45/23%

Hence Bulk D = ((33/100) * 1.7) + ((22/100)* 0) 45/100 *1) = 1.002

Step 3. Sr concentration of original cumulus plakise

Using equation (5.2), the Sr content of plagiocka$®;, plagioclase * Sr content of liquid
=1.7 *32% 464 ppm Sr

Step 4. Sr in rock from intercumulus contribution

It represents the Sr present during the consotidastage, as the trapped liquid
crystallizes and it is given by Trapped Liquid Rraa/100 * Sr in the Liquid (©
= (45/100) * 273 = 123 ppm

Step 5 Srin rock from cumulus minerals.

Sr from cumulus minerals = Sr in cumulus plagioglagpercent plagioclase in cumulus
phase / 100). That is, 464 * (33/100) = 151 ppm
Step 6. Total Sr in rock

The total Sr in the rock is the amount of Sr inkréom cumulus minerals + Sr in rock
from intercumulus contribution. This is 123+151 Z2pm

Step 7. Srin final re-equilibrated plagioclase

The total Sr in rock must finally be incorporatetbi the 55% plagioclase.

That is, 274/(55/100) = 497 ppm Sr in plagioclase

From an original cumulus content of 464 ppm Shas increased to 497 ppm due to TLS
effect (Table 5.5; Fig. 5.6), a trivial differenee shown by Cawthorn (1996). Thus the
TLS effect that was a dominant parameter for Balagioclase has minimal effect for Sr
in plagioclase, and so the following discussionufms on variable § and plagioclase

mode. I, in plagioclase was set to change from the staentbof fractionation because
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unlike Ba for which TL variation establishes thedabfit, Sr in plagioclase is insensitive

to TL variation. Cumulus plagioclase mode was aloulated

Cumulus apatite appears in the Middle Zone of tkeee&yarrd intrusion and is present till
the top reaching 10% mode at its highest. Apabtecentrates Sr, so its contribution was
included in bulk D calculations from this level uasd. Ds; in apatite of 2 was used for
the modeling. However, modeling with or without tgahas a trivial effect to the model

because apatite is quite a minor phase.
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Table 5.5.Calculated trends using the Sr contepaoéntal liquid from Nielsen (2004) and incorporgtthe TLS effect.

%

Zone | cryst F F Plag TL % | Dsrin | Cumulus Bulk D Ci(ppm) Srin Srin Observed
Pla
mode plag modge cumulus re-equilibrated Srin plag(ppm)

plag (ppm) plag (ppm) (Jang and Naslund, 2001)
SH 100 | 0.00 | 0.00 33 4 1.9 31 0.648 1283
UZc 99 | 0.02 | 0.17 33 4 1.9 31 0.663 831 1577 1582 878
UZc 94 | 0.09| 0.60 35 5 1.9 31 0.683 455 855 859 819
Uzb 90| 0.16 | 0.71 36 7 1.9 31 0.751 387 723 728 636
UZb 86| 0.22 ] 1.00 38 9 1.9 31 0.805 356 660 666 615
UZb 86 | 0.22 | 0.78 38 9 1.9 31 0.805 356 660 666 625
UZb 82| 0.28 | 0.95 39 12 1.8 31 0.880 339 624 633 581
UZa 81| 0.30| 0.76 40 13 1.8 31 0.741 336 619 628 600
UZa 75| 0.39| 0.89 42 18 1.8 31 0.777 313 571 583 632
MZ 72 | 044 | 1.00 43 20 1.8 31 0.793 306 554 567 616
MZ 72 | 0.44 | 1.00 43 20 1.8 31 0.793 306 554 567 603
MZ 72 | 044 | 0.82 43 20 1.8 31 0.793 306 554 567 642
MZ 66 | 053 | 0.74 45 26 1.8 32 0.830 294 527 544 572
MZ 54| 0.72| 1.00 49 34 1.8 32 0.900 279 490 513 572
MZ 54| 0.72 | 1.00 49 34 1.8 32 0.900 279 490 513 571
MZ 54| 0.72 | 1.00 49 34 1.8 32 0.900 279 490 513 545
MZ 54| 0.72 | 1.00 49 34 1.8 32 0.900 279 490 513 566
MZ 54| 0.72 | 1.00 49 34 1.8 32 0.900 279 490 513 540
MZ 54| 0.72 | 0.96 49 34 1.8 32 0.900 279 490 513 589
LZc 52| 0.75 ] 0.92 50 35 1.8 32 0.910 278 486 510 568
LZb 48 | 0.81 | 0.90 51 38 1.7 32 0.933 276 479 506 561
LZb 42 | 0.91 | 0.92 53 41 1.7 32 0.968 274 470 500 514
LZb 37| 0.98 | 0.98 55 44 1.7 32 0.997 273 465 498 507
LZa 36 | 1.00 | 1.00 55 45 1.7 33 1.002 273 464 497 497

Data for observed Sr in plagioclase are from JamgNaslund (2001).
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5.6. Comparison with previously published D values

A number of experiments were carried out by Draké @eill (1975) to investigate the
partitioning of Sr and Ba between plagioclase agdids. These experiments were done
on melts covering the temperature range of crystdibn and An contents of layered
intrusions spanning through the Skaergaard and \BighComplexes. An important
conclusion which arose from their study is thaigmalase fractionation ought to deplete
residual liquids of Sr and enrich them in Ba fag tkason that §in plagioclase is greater
than 1 and B, in plagioclase is less than 1. However, the imguaré of using a bulk D
rather than a D (for a trace element into a minenanodeling was ignored in their study.
The present model highlights the contribution dfcaystallizing phases including the TL
fraction and their effects on the bulk D which sldolbe used in modeling as it determines
whether a trace element gets depleted or enriahédei liquid. In the present model, the
Sr content of liquid in the Skaergaard intrusiorsloot decrease with crystallization (as

Drake and Weill would postulate) because the bulk Elose to unity.

The model developed for Sr and Ba in the presemtystan also be compared with the
work of Blundy and Wood (1991). The later studyastigated the controlling factors on
trace element partitioning between plagioclaserdiyermal fluids and silicate melts and
two equations were developed to calculate D vallgsh can be used to model magmatic
systems. Their equation for Sr (equation 5.3) sdu® calculate the §in plagioclase,
which is then used to model the Skaergaard intrusging the steps shown in section
5.2.2. All parameters used in the equation andrélsalting compositions are shown on
Table 5.6.

RTINDs=26,800—26,700 XAN . .tuiitiiiiit e et e e e e ee e ee e 5.3

where R= A gas constant (8.314KJ-1mol-1), T= terajpee in Kelvin and XAn = the

anorthite content of plagioclase expressed as a frexdtion

The An contents used to calculate Ds are 70% atafell30% at F=0 and were obtained
from Thy et al. (2009). Values for temperature 21®5C at F=1 and 95C at F=0,
obtained from Morse et al. (1980). These varialese set to vary smoothly from the

start to end of crystallization such thas, [ plagioclase could be calculated for each step
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of fractionation. According to the equation, calted Ds for Sr ought to vary from 2.3 at

the start to 4 at the end of crystallization, hetieese values were used to calculate bulk

Ds, liquid and plagioclase contents of plagiocldagioclase mode was set to vary from

55 to 33% according data from Tegner et al. (2008 results of the calculation are also

presented in Table 5.6.

Table 5.6.Variables and resulting Sr contents afjipiclase from modeling with the D
values of Blundy and Wood (1991)

Temp °C An # | Plag mode | cumulus Ds | TL% | BulkD | CL Srin plag* | Srin plag ?
(%) (%) plag mode(%) (ppm) | (ppm) (Ppm)

Value at

F=0.009 30 33 31 4 4 1.3 143 549 531

Value at F=1 70 55 33|23 45 1.2 273 629 595

Srin plag = Sr in cumulus plagioclase

Srin plag = Sr in re-equilibrated plagioclase

A reasonable fit was not obtained compared to sicalydata (Fig 5.7). The resulting
Bulk D for Sr is close to 1.2 at F=1 and increasiesve 1 towards F=0.009. This leads to

a decrease in the Sr content of liquid and re-dmyatked plagioclase, a variation which is

contrary to the Sr contents of plagioclase fromlyam®s. In order to fit the data for Sr in

plagioclase, using the Blundy and Wood values eé&tar than 2 would require decreasing

the proportion of plagioclase in the cumulate. Ef@ne, the [3; values calculated from

equation 5.3 are more than the ones utilized irfriaionation model in this study and do

not fit analytical data for Sr in plagioclase.
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5.7. Summary

A fractionation model has been developed to mddelcrystallization of the Skaergaard

intrusion by using the Rayleigh law and allowing fine TLS effect. The following

aspects of modeling are emphasized:

The equation D = @/C_, (equation 5.2), should not be used in calculatime
liquid content of magmas, as it leads to incorreedues and erroneous
interpretations especially for incompatible elensefthe shortcomings of using
this equation in calculating the liquid composititor an incompatible element
such as Ba in plagioclase have been shown in segtibl.

The importance of using a bulk D, which considdne tontribution of all
crystallizing mineral phases is highlighted. ThdkbD must be of the cumulus
minerals and the contribution of the trapped liginattion must also be included
in calculating the bulk D.

The most important outcome of modeling Ba in plaziee for the Skaergaard
intrusion is that allowance must be made for tla@ged liquid shift effect as it
resolved the predicament of previous models. Th@mance of the trapped liquid
shift effect is shown in section 5.2.2. The valiied®@5 ppm calculated for the re-
equilibrated Ba content of plagioclase show that ¢hmiginal cumulus and re-
equilibrated concentrations of an incompatible eptcan differ enormously (Fig.
5.1). This value gives the best agreement withytical data and modeling of
progressive steps fits reasonably well (Fig.5.2oppared to the other models in
which this effect is ignored (Figs. 5.2a and b).

The Skaergaard intrusion can be modeled as a simagtgna which differentiated
and conforms to Rayleigh fractional crystallizatiarhe model is designed in a
way that new magmas can be put in at any levehefdalculations simply by
manually entering a new set of relevant data asfieeified value for F or percent
crystallized. The model can therefore be applieginailar intrusions in order to
infer magma chamber processes. Modeling requiresvienige of D values,

mineral proportions, trapped liquid fractions aradues for F.
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* The models developed show that for an incompatéddenent such as Ba in
plagioclase, modeling is relatively more sensitivevariations in TL fraction than
plagioclase mode and D. Contrarily, for a compatielement such as Sr in
plagioclase for which the TLS effect is minimal, deting is comparatively more
sensitive to variable in D and mode.

The principles of modeling will therefore be apgli® infer the evolution of the Upper
Zone of the Bushveld Complex.
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Chapter 6- Modeling the Crystallization of
the Upper Zone of the Bushveld
Complex

6.1. Introduction

The Upper Zone of the Bushveld Complex may havetalyzed from a single magma
(Kruger et al., 1987; Tegner et al., 2006) withm#jor magma addition or assimilation
based on Sr isotope ratios. This implies that duien can be modeled in a similar way
as the Skaergaard intrusion. However, reversafniontent suggest internal overturn,

or some other effect or process.

Based on a previous study which proposed that sonmint of magma was lost from the
UZ magma chamber (Cawthorn and Walraven, 1998)nthjer element composition of
the magma at the base of the Upper Zone was corexirhy Tegner et al. (2006); but the
trace element contents were not computed in thatystHowever, Vantongeren et al.
(2010) showed that the calculated contents of Treghal. are not representative of the
primary cumulus minerals above the Px MK. The casitppm of the parental magma to
the Upper Zone was further constrained based on MEiModeling, by using the felsic
roof rocks to represent the proportion of magmactwhwas proposed to have escaped
from the magma chamber. For the reason that théanexm of magma escape and its
guantitative relations to the roof rocks were maticated, it still remains unclear how the
roof rocks might represent a proportion of the deal liquid of the Upper Zone. The
present study therefore seeks to model the criggtilin of UZ, thereby inferring the Sr
and Ba contents of the magma at the base of UZabsfid application of the Rayleigh
model and showing the effect of trapped liquid taljzation. These compositions can
then be compared with various proposed compositidees the ones proposed by
Cawthorn (2006) and Vantongeren et al. (2010) fdr W the last major recharge event
occurred at the PxMk, the trace element contentiefiquid at the base of UZ ought to
have signatures of single magma differentiatiomsaering that they crystallized from
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thorough mixing of new and resident magmas at tkBKP A separate section is
incorporated to demonstrate the possible effectnagma loss from the Upper Zone
magma chamber on the model. In addition, variougmagic processes which were

proposed are reviewed with reference to currera.dat

6.2. Details of Modeling Procedure

Critical to the application of Rayleigh fractiorati is the estimation of various
parameters such as crystallizing mineral propostidrapped liquid fractions and values

for the fraction of liquid remaining (F).

6.2.1. Plagioclase proportions

Of the 116 samples used for this project, wholk rtalyses had been conducted on 25
by Roberts, (2005). A summary of the average pldgse from the subzones delineated
shows plagioclase mode to vary from about 60% atbfise to 45% at the top of UZ
(Table 6.1). However, based on investigations i@ ¢astern Bushveld by Molyneux
(1974), plagioclase mode in UZ rocks varies irragyl from 90 to 20%. The huge
variation in plagioclase proportion is a conseqeeoicthe occurrence of magnetitite and
anorthosite layers. However, it should be noted these values represent the observed
plagioclase modes rather than the ones which westantaneously crystallizing at the

cotectic.

A review by Cawthorn and Ashwal (2009) emphasizezifact that the observed modes
can differ significantly from the actual crystalhg modes which are controlled by the
sequence of appearance of cumulate minerals indbtgctic proportions. The difference
in accumulating vs. observed modes results frorerdintial settling and sorting rates of
minerals. This process has a very important impboaon bulk D calculations for

cumulus minerals because the bulk D ought to beutmed from the proportion of

cumulus minerals crystallizing from the magma, that proportion seen in each layer of
rock. This effect is emphasized in the Bushveld &fpgone because unlike the
Skaergaard intrusion, observed plagioclase modesvanormously. Thus if the cumulus

plagioclase proportion is calculated from two oledrlevels containing a magnetitite

94



(about 20% plagioclase) and an anorthosite (ab0% plagioclase) layer based on the
suggested calculation in the previous section, wWosld still lead to a “false” bulk D

because these observed modes differ significardiy the ones which were crystallizing
from the magma. Therefore in constructing the moplelgioclase proportions are set to
change from 60% at the bottom to 45% at the topraixg to norm calculations for the

nine subzones (Table 6.1) designated by Rober@5)Zlch that cumulus proportion can
be calculated from this value and the fractionrapped liquid. These values are similar

to the plagioclase proportions used by Tegner.€2A0D6) in modeling.

6.2.2 Trapped Liquid Fractions (TL%)

Cawthorn and Walsh (1988) modeled the proportiotraggped liquid in the Upper Zone
using phosphorus contents of whole rocks and stegiéspped liquid fractions of about

10% Hence a constant TL fraction of 10% is utilizedughout crystallization.

6.2.3. Fraction of Magma remaining (F)

For the purpose of modeling, the entire sequencelivgled into small Rayleigh
fractionation steps with the base of the Upper Zaeeresenting the start of
crystallization (F=1) and the top representing ¢mel (F=0). The total thickness of the
magma chamber is taken to be 1862 m as it is tigtHeof the section starting from the
appearance of cumulus magnetite to the level athwttie core records the end of the
occurrence of mafic rocks. In the modeling, the maghamber is assumed to be boxed
shaped and the sides vertical so that F is dirgetportional to the height in meters. The
magma chamber can be treated as a sheet in teradunfie and calculating F as it is
200- 300 kms wide. The stratigraphic height of eaample is then used to estimate
values for F within the sequence by calculating tkdical distance between adjacent
samples relative to the vertical interval to the soich that for each step, F values become
extremely close to unity. The last 10% of crystaition is also ignored in interpretations
because it is uncertain if the core was drillet itite extreme differentiates of the
intrusion. The presence of felsic and graniticusions within the upper parts of the core
suggest that some portions of the layered rockshimig missing, and so make the
calculations inaccurate. Hence the models are textex at F=0.09.

95



Table 6.1.Rock compositions for the nine subzomeshe Upper Zone, showing normative
proportion of minerals (Roberts, 2005)

Subzone luzi |uzz |uzs |uza |uzs |uze |uzz |uzs  |uz9
Major oxides (wt(%)

Sio; 42.60 | 4150 | 42.90 | 37.90 | 40.90 | 42.80 | 41.60 |  42.10 45.20
TiO, 230 | 310| 270 |  3.60 280 |  2.40 2.30 2.50 2.00
Al,Os 2070 | 17.80 | 18.90 | 15.30 | 1470 | 15.60| 14.60 13.00 11.50
Fe,0s 928 | 12.28| 953| 13.00| 1129 | 10.19 9.83 10.54 9.84
FeO 6.68 884 | 771 11.70| 1117 | 10.09 | 11.49 13.28 13.28
MnO 010| 010| 010| 020| 030| 030 0.30 0.40 0.40
MgO 250 | 410 3.0 3.50 3.80 | 2.0 3.10 2.40 2.20
cao 10.10 8.80 |  8.90 7.50 8.90 | 8.0 9.00 8.50 8.50
NayO 320|  3.00| 3.70 2.60 290|  3.10 2.90 2.60 2.30
K20 040 | 030 |  0.40 120 030| 040 030 0.50 1.00
P,Os 000| 010| 0.10 1.20 1.00| 030] 0.0 0.90 0.80
H.0 000| 000| 000| 000| 000| 000 000 0.00 0.00
Total 97.86 | 99.92 | 9844 | 97.70| 98.06 | 96.48| 96.32 96.72 97.02
NORM

Calcite 000| 000| 000| 000| o000 o000 000 0.00 0.00
Chromite 000| 000| 000| 000| 000 000 0.00 0.00 0.00
Sulphide 000| 000| 000| 000| 000 000 0.00 0.00 0.00
Apatite 000 | 0.22 0.22 2.62 218 |  0.66 1.97 1.97 1.75
limenite 4.38 500| 514 685 533 | 457 | 438 4.76 3.80
Magnetite 13.48 | 17.84 | 13.84| 18.89 | 16.40 | 14.80 | 14.27 15.31 14.29
Orthoclase 2.36 1.77 2.36 7.08 1.77 2.36 1.77 2.95 5.90
Albite 2643 | 2536 | 2918 | 21.98 | 2452 | 2621 | 2452 21.98 19.44
Cor 000| 000| 000| 000| 000 000 0.00 0.00 0.00
Anorthite 40.90 | 34.18 | 33.75| 2650 | 26.18| 27.44| 2591 22.30 18.08
Cpx-Mg 6.36 629 6.42 1.56 5.67 5.58 5.11 4.25 5.05
Cpx-Fe 088 | 0.62 130 081 373| 453 5.64 7.63 11.04
Opx-Mg 0.00 599 | 000| 457 6.80 |  4.61 5.32 3.99 3.12
Opx-Fe 000| 068 0.0 2.72 514 | 429 6.75 8.24 7.83
Ol-Mg 228| 089 3.9 2.37 000| 000]| 0.00 0.00 0.00
Ol-Fe 040 | 0.1 1.03 156 | 000 000 0.0 0.00 0.00
Q 000| 000| 000| 000| 018 135| 054 3.21 6.57
Neph 034 |  0.00 114 000 000| 0.00| 0.00 0.00 0.00
Total 97.80 | 99.85| 98.37| 9752 | 97.89| 96.39| 96.17 96.58 96.89
An+Ab 67.33 | 5954 | 62.92 | 4849 | 5070 | 53.65| 50.42 44.28 37.53
An/An+Ab 60.19 | 5741 | 53.63| 54.66 | 51.64| 51.15| 51.38 50.36 48.18
Recalculated to 100%

Plag 70.8 60.6 |  69.9 51.3 528 | 573 53.9 46.9 43.7
Cpx 75 7.2 3.2 6.9 9.7 10.3 10.6 13.4 12.9
Opx 0.0 6.8 0.0 7.7 12.4 9.5 12.9 12.9 12.7
ol 2.8 1.0 5.6 4.2 0.0 0.0 0.0 0.0 0.0
Oxide 18.8 24.2 21.1 27.2 226 | 207 19.9 21.3 21.1
Q 0.0 0.0 0.0 0.0 0.2 1.4 0.6 3.4 7.6
Ap 0.0 0.2 0.2 2.8 2.3 0.7 2.1 2.1 2.0
Total 100.0 | 1000 | 1000 100.0 | 100.0 | 100.0 | 100.0 100.0 100.0
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6.2.4. Starting Liquid Compositions (&)

Unlike the well-constrained Skaergaard intrusionwhich suitable parental magma
compositions have been estimated, the startingdligpmposition (G) of the Upper Zone
has not been well constrained. Modeling the Skaedjantrusion has shown that
calculating G by using equation 5.2 (§idc = Cminera/ D) is highly inaccurate and will
definitely lead to erroneous interpretations abmaigmatic processes especially for an
incompatible element such as Ba. The use of thiatemn also requires that the mineral
in question preserve its cumulus composition. Hawetig. 5.1 shows that in layered
intrusions, original cumulus compositions are comipomodified by reaction with
intercumulus trapped liquid and such a conditionas always attained. Therefore using
the principle of Ds in such instances to calculatagma compositions is highly
questionable. The lack of a generally acceptednaséi for G at the level of the Upper
Zone also limits direct substitution into the RagteLaw as the case of the Skaergaard

intrusion.

6.2.5. Build up of the fractionation Model

The model is constructed by incorporating values Fp TL, mineral proportion and
trapped liquid fraction, using D valué®m various studies to build up a calculation
similar to that performed in section 5.2.2 for ®Blkaergaard intrusion. The bulk Ds are
calculated based on these values and progressps sire subsequently modeled. A
process of trial and error is then used to obtailues of G for Sr and Ba. For Barium,
since the Bushveld plagioclase concentration isewihat of Skaergaard, a value qfd®
twice that of Skaergaard is tried initially. Howeyvbecause the proportion of trapped
liquid in the Bushveld Complex is less than thee3gaard, a revised,Gs selected and
tried into the built in calculation until a reasbi& fit is obtained. For strontium with a
small TLS effect, and with similar plagioclase @t for both the Skaergaard intrusion
and the Upper Zone of the Bushveld Complex, a vsiondar to that of the Skaergaard is
used into the calculation and gives reasonableltfihas also been shown with the
Skaergaard model for Ba that varying D in plagiselavithin the range of published
values with crystallization has a negligible effeatmodeled compositions, thus trying to

deduce values of 43 for progressive steps is imprecise. However, thedtent of
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plagioclase is relatively sensitive to variationds, in plagioclase hence this parameter
is varied with crystallization. Trapped liquid fteans are then incorporated into the

model to obtain re-equilibrated compositions asdesd in section 5.2.2.

In the following figures, the dotted curves repraskquid compositions; the dashed
curves, original cumulus mineral compositions ahné s$olid curves the re-equilibrated
compositions of the trace elements. Points on thphg represent analytical data. Model

Dplag, bulk Ds and liquid compositionsdjGre presented in Appendix D.

6.3. Barium in plagioclase

Ba in plagioclase in the Upper Zone of the Bushv@timplex is generally higher than
the Skaergaard intrusion However, it also variesgularly between 200 and 500 ppm
throughout the crystallization sequence until afte®.15 where it increases significantly.
From F=1 to F= 0.15, the general upward rate ohghan the Ba contents of observed
plagioclase is the same in the Upper Zone of theheid (from 200 to 500 ppm) and in
the Skaergaard intrusion (from 100 to 200 ppm). ilkeming of alkali feldspar at 1693
m depth (F=0.1) considerably affects analyticaluitssfor Ba. All modeling and data

interpretation therefore exclude the overlying imét.

The cumulus minerals pyroxene, olivine, magnetitel apatite have a negligible
contribution to the calculated bulk D; hence foe furpose of modeling, it is assumed
that Ba is perfectly incompatible in these miner&tsthe model, B, in plagioclase is
kept constant at 0.4 as changing D values withtalyzation have a negligible effect on
the model. The bulk D is < 1 throughout crystaliaa; therefore Ba in the liquid
increases steadily with progressive crystallizafieig. 6.1a see Appendix D for details of
bulk D, liquid, cumulus and final re-equilibratethgioclase compositions). However,
because of the trapped liquid shift effect for Basequilibrated plagioclase contents
remain fairly constant and only increase signiftbafrom F = 0.2 upward, fairly similar

to analytical data. However, the Ba content of waled re-equilibrated plagioclase
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between F=0.15 and F=0.10 is higher than the igsere@a analytical data. A possible

explanation for the higher Ba contents of calculate-equilibrated plagioclase at this
level is that more plagioclase could have beentaliiang towards the top of UZ. Hence

increasing the plagioclase mode would minimize ithease of Ba in calculated re-

equilibrated plagioclase. However, increasing tlagjipclase mode towards the top does
not agree with modal data from Roberts (2008)ere is also wide variation in the

observed Ba contents of plagioclase (300- 600ppnihia level which is difficult to

explain by the single magma model.

It has been shown in section 5.1.2 and 5.2.2 th#t the TL fraction and plagioclase
mode are significant factors that influence the Téffect. For the Upper Zone of the
Bushveld, the consequence of wide variation inipldgse mode is that an incompatible
element such as Ba can vary enormously in plageclrom plagioclase-rich vs.
plagioclase- poor successions (e.g. anorthosite nesgnetite layer). For example,
consider a situation in which an anorthosite 85% cumulus plagioclase) is directly
overlain by a magnetitite layex (L0% cumulus plagioclase), as can occur in the Uppe
Zone of the Bushveld. The cumulus and trappeddiguitercumulus) contributions in the
two cases would differ significantlt. In this illmation, the Ba content of the liquid is
taken as 300 ppm andgRin plagioclase is taken as 0.4g0or all other crystallizing

minerals is very close to zero and can be ignored.

The anorthosite contains 85% cumulus plagiocla%e ob other cumulus minerals (with

Dgs=0) and 10% trapped liquid which solidifies to puod a further 5% plagioclase, and
5% of other minerals.

The original cumulus plagioclase will have (0.4*036:120 ppm Ba

In the rock, plagioclase would contribute (120* 8pfagioclase) = 102 ppm

The trapped liquid will contribute (300ppm *10%ppeed liquid) = 30 ppm Ba

Total Ba in rock = 102+30 =132 ppm

The solidified rock will contain 90% plagioclase fatal or 85% cumulus plus 5%

intercumulus plagioclase.
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The Ba in the rock must finally be incorporateditihe 90% plagioclase. Hence Ba in
final re-equilibrated plagioclase =132/.90 = 14Tpp

In the magnetitite layer, there is only 10% cumudleggioclase, 80% cumulus magnetite
(for which Ds5=0) and 10% trapped liquid which crystallizes toquce an additional 5%
plagioclase and 5% other minerals.

Plagioclase would contribute (120* 10% plagioclasdR ppm in the rock

The trapped liquid will contribute (300 ppm* 10%pped liquid) = 30 ppm

Total Ba in rock =12 + 30 = 42 ppm

At the consolidation stage, another 5% of plagieelegs formed increasing plagioclase
mode to 15%. Ba in final re-equilibrated plagioelas42/.15 = 280 ppm

Ba in plagioclase in the magnetitite layer (280 ppsrabout two times higher than that in
anorthosite (147 ppm) even though both rocks forifnech a liquid with the same Ba
content. This is because in the magnetitite latfere is less cumulus plagioclase. The
calculation demonstrates that closely spaced raeits huge differences in modal
proportion can result in different Ba contentshait plagioclase due to differing degrees
of cumulus and trapped liquid contributions. Itasicial to consider the TLS effect
between magnetite and anorthosite as it explamgémeral variation in the Ba contents
of plagioclase, even though the overall effect ba sense of differentiation is not

significant.
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6.4. Strontium in plagioclase

The Sr content of plagioclase increases slighttgteally from 400 to 650 ppm from
base to top; with a number of outliers (Fig. 6&2)trend similar to the Skaergaard
intrusion. However, the rapid increase in Sr ingmalase at top of the Skaergaard is

not obvious in the Bushveld data.

Apatite appears as a minor cumulus phase in UZcdf@ndhich strontium has a high
affinity; hence it becomes important to consider effect on modeled compositions.
The effect of apatite to the model is calculatearfithe level at which apatite appears to
the end of the borehole, assuming a smooth modaigehfrom 4.5% to 1%. Hin
apatite is kept constant at 2 throughout the irelBecause apatite is a minor phase, it
has a negligible effect on the model. The minufectfof apatite is established by the
following calculations.
In an average UZ succession with observed modé8%if plagioclase, 5% apatite, and
35% other minerals which crystallized with 10% peg liquid, this will lead to 55%
cumulus plagioclase. The 10% trapped liquid criiged Y2 (5%) plagioclase and %2
(5%) other minerals hence its contribution to @pasi negligible.
Bulk D, apatite present = ((55/100) * 1.5) + ((50)02) + ((30/100)* 0) + (10/100 *1)
=1.025
Bulk D, apatite absent = ((55/100) * 1.5) + ((303Y00) + (10/100 *1)
=0.92

The difference between Bulk Ds in the two situagias small and indicates that the
presence of apatite would not have a significarfecef on resulting modeled

compositions in such rocks.

Initially, a constant Ig in plagioclase of 1.5 was used throughout thetalyzation
sequence (Fig. 6.2). However, it was noticed thatreasing the D value with
crystallization had a better fit (Fig. 6.3). Thiglicates that the Sr content of plagioclase

is sensitive to variations indpin plagioclase. B in plagioclase is therefore set to vary
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smoothly from 1.5 at the start to 2.1 at the endrgstallization. This leads to a bulk D
that changes between 0.9 and 1; hence the Sr ¢arftéquid remains fairly constant
throughout crystallization (Fig. 6.3; Appendix O)e Sr content of starting liquid for
UZ is calculated to be 273 ppm. The Sr contentscaitulated re-equilibrated
plagioclase increase slowly and steadily from 4@t F=1 to 600 ppm at F= 0.09,
similar to analytical data. This increase in Splagioclase is not because of an increase
in liquid but is due to an increase in the, Balue. Typical values for §in plagioclase

in the literature exceed 2. If those values weszluthen the bulk D would exceed 1 and
the residual liquid would decrease in Sr, resuliimga decrease in Sr in plagioclase
upward. Such a trend is not observed and so aamallue for D for Sr in plagioclase
has to apply. Due to the small contribution to butk D from pyroxene, olivine and

magnetite, it is assumed that Sr is perfectly ingatible into these minerals.

The TLS effect for Sr is small as shown by the clusn@and re-equilibrated Sr contents,
(Fig. 6.2 and 6.3; Appendix D). It is again emphadi that modeled compositions
cannot fit all analytical values perfectly becatis® model assumes smooth changes in

various parameters over the sequence whereasurenttis condition hardly occurs.
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6.5. Relationship to previously published D valueand Liquid
Contents

The Ba and Sr models presented above imply thalasito the Skaergaard intrusion, the
Bushveld Upper Zone can also be modeled as a smgigma which evolved as an
uninterrupted differentiated series. The data fagjoclase have been made to fit a single

consistent model by using the Rayleigh law andnatig for the TLS effect.

Various D values proposed in other studies canxipboeed in order to investigate other
means of modeling the crystallization of the Bustivdpper Zone. For instance, the
partition coefficients of Blundy and Wood, (199hpsvn in equations 6.1 and 6.2 can be
used to calculate the trace element content ofmtagma, and cumulus and re-equilibrated
plagioclase contents.

RTINDs=26,800—26,700 XAN ...ttt e e e e 6.1
RTINDg5=10,200-38,200 XAN ... vuitie it et e e e e e e 6.2

where R= A gas constant (8.314kdol'"), T= temperature in Kelvin and XAn = the

anorthite content of plagioclase expressed as a frexdtion

These two equations are used to calculate D fan8rBa in plagioclase using &mat the
base of UZ and Aq at the top and setting the An contents to varyathlg within the
sequence. The calculated;Dn plagioclase varies from 2.3 to 4 and,0n plagioclase
from 0.3 to 0.7 from bottom to top of the sequerideese D values are used to fractionate
the Upper Zone magma using the same techniquesogatpin section 6.1. However,
resulting modeled compositions vary greatly fronalgtical data (Fig. 6.4). Based on
their model, calculated Ba contents of final reilliated plagioclase increase from about
200 ppm at the bottom to over 1000 ppm at F=0.3redee analytical data only vary
between 200 ppm to 500 ppm within the same inteiMaldeled Sr contents decrease
upwards whereas analytical data increase. Hencalu2y for plagioclase calculated from
the two equations do not fit with trace elementteats of the Upper Zone.

106



In order to fit the data for Sr in plagioclase,ngsithe Blundy and Wood D values of
greater than 2 would require decreasing the pragouf plagioclase in the cumulate to
much less than 50%. However, to fit the data fomBald require a very major increase
in plagioclase proportion. Therefore, the Ds frohese equations are considered
unrealistic in the fractionation model presenteke Tact that there are so many variables
that can influence these calculations makes it syjibe to test whether thegDfor
plagioclase vary or remain constant for the rangg £0 Ange. What does appear to be
important is that the D value for Sr that give thest fit for these data are less than D
values proposed by Blundy and Wood. (1991). Theev&ébr Ba used (0.4) is within the
range which was proposed by Blundy and Wood; howeleir D value of 0.7 at the top
is much higher than several quoted values and doegonform with modeling in the
present study. Using increasing D values for Srplagioclase with crystallization
(decreasing An content) has a better fit for caltad re-equilibrated Sr in plagioclase in
both the Skaergaard intrusion (Fig. 5.6) and th@ddone of the Bushveld Complex
(Fig. 6.3). Hence, it appears Sr is more compatiblglagioclase at lower An contents as

Blundy and Wood proposed.

Cawthorn (2006) computed Sr contents of the magntlaeaPyroxenite Marker based on
estimated values of Cawthorn and Davies (1984)stuaved it to have 290ppm of Sr. It
was also observed that the computed liquid conteintgher levels were between 250 to
300 ppm Sr, similar to the liquid content of moasaltic magmas. Similarly, Vantongeren
et al. (2010) proposed values between 200 and BA0fpr the magma at the base of UZ
by adding between 15-25% roof rock compositionsdltulating the liquid content. The

value of 273 ppm Sr calculated in this study fa lase of UZ is therefore quite similar to
the values proposed by Cawthorn (2006) and Vantemget al. (2010).

The estimate of Davies and Cawthorn for the Baenf the magma at the PxMk is 176
ppm. Vantongeren et al. (2010) proposed Ba valudéise range of 230 to 425 ppm for the
magma at the PxMk in their modeling. In the prestatly, the Ba content of the magma
at the base of UZ is calculated to be 325 ppm.vidhge calculated in this study is within

the range of values proposed by Vantongeren €2@1.0). However, considering the Ba
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estimates of 230 to 425 ppm for the parental magnthaverage Ba in plagioclase of 90
ppm of Vantongeren et al. withgRin plagioclase between 0.3 and 0.6, a re-cal@riab
the Ba in plagioclase ought to be between 70 aidpp®n. The upper value of 255 ppm
differs enormously from their observed data foriBglagioclase, justifying the need to
allow for the TLS effect. Using these D values atidwing for the TLS effect in the
present study leads to values for Ba in plagiocldsieh agree fairly with observed data.
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6.6. Incorporation of lost Magma in the Upper Zone

In a model presented by Cawthorn and Walraven, §L8&& the crystallization of the
entire Bushveld Complex, the UZ magma chamber wapgsed to initially encompass
4000 m of magma. Of this amount, about 1500 m (36%@gvolved SiQ rich magma
were considered to have escaped from the magmabehnamheir interpretations were
based on Zr and K contents in UZ. Building on thewmposal, a model was presented to
show that the missing magma may be representdukifetsic roof rocks of the Bushveld

Complex (Vantongeren et al., 2010).

The escape of this magma can be considered in w@&frtag extreme end members. One
extreme model would be to suggest that all the naaigmetained in the chamber until the
last 1.5 km remained and that volume was thenlyotadtruded. However, it is known
that the Mg# of the mafic minerals decreases tergsdly zero at the top of the Upper
Zone (Tegner et al., 2006) and so indicates thg eed of fractionation. Hence this
extreme view cannot apply. The alternative modetoisconsider continual extrusion
during the formation of the Upper Zone. Removasa@me magma would not change the
overall chemical evolutionary trend of the evolvingagma relative to that calculated
previously. However, it would affect the relativelymes, and so affect the value of F in
the graphs. Incorporating the process of contimedma loss would mean that the rate
of upward change in F would be overestimated néer Ibase, and would be
underestimated near the top relative to the preseuels. The numerous uncertainties
make attempts at quantitative modeling too uncairsgd.
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6.7. Possible magmatic processes in the Upper Zone

In addition to the presence of at least 20 magtestayers in the Upper Zone and the
intermittent occurrence of apatite, the generdedéitiation trend in the Bushveld Upper
Zone is interrupted by reversals in mineral comppass (Molyneux, 1974; Ashwal et al,
2005; Tegner et al., 2006). Plagioclase An contentthe present study also decrease
fairly regularly upward, showing normal upward tianation. The most abrupt reversal
in the An content which was recognized by Tegnaletvas examined in greater detail
in the present study. In view of these reversalmineral composition, the most likely
anticipated mechanisms are magma addition and/ertwow. The possibility of major
magma addition has been disputed due to constan8f idata (Kruger et al., 1987,
Tegner et al., 2006). The model presented in se@&it therefore presupposes that the
Upper Zone evolved from a single magma without mapdition of magma. Although
the Sr and Ba data in the present study have beste o fit a single homogeneous
magma model, it is necessary to consider varioushamesms which have been proposed
to occur in UZ in terms of these data. We therefoeeed to explore these mechanisms
with specific emphasis to the effect they would dhaan Sr and Ba contents of
plagioclase. The mechanisms presented in thisosebfave been reviewed by Cawthorn
and Ashwal (2009) based on the An content of plagse.

6.7.1. Re-examination of the single magma model

A fractionating magma in which the bulk D for Srviery close to 1 would not change
considerably in terms of the liquid and hence iagmclase Sr content. Ba with bulk D
far less than 1 throughout crystallization oughtincrease in both the liquid and

plagioclase. However, given the uncertainties atetil by trapped liquid variations and
modal variation, small scale variation may existhe plagioclase compositions and a
uniformly smooth trend may not be observed. Datthenpresent study show a general
steady upward increase in Sr and have been modsedesulting from a single

differentiating series. Ba contents of plagioclasmain fairly constant throughout and
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only increase towards the end of crystallizatiout; tmodeling has shown this trend to be

a consequence of the trapped liquid shift effect.

In the Skaergaard intrusion, data for the layem¥tes show an increase in Sr contents of
plagioclase (Wager and Mitchell, 1951; Jang andluaks 2001). In the Kiglapait
intrusion, plagioclase Sr increases steadily wigight and only decreases at the level
where significant potassium feldspar starts to tetlygze (Morse, 1982), probably
changing the bulk D to greater than unity. These tmtrusions have been shown to
embody rocks which evolved as closed systems. Hemyéheir compositions have been
modeled by various authors and some major additipnacesses have also been
suggested such as magma addition (e.g. StewartDendPaulo, 1990). It therefore
becomes important to explore the possibility oftspmocesses where data are available in
order to raise understanding of magmatic procassiese layered intrusions. Generally,
it is acknowledged that deviations in the generahd which are sustained over
considerable vertical intervals could relate to soadditional process occurring in the

magma chamber.

6.7.2. The Possibility of fractionation Cycles

Tegner et al. (2006) identified cycles in the Upgene based on reversals to higher An
content of plagioclase and the intermittent ocaweeof apatite and olivine. The most
prominent reversal observed in their study was alsgerved in the present study so it
became necessary to infer if there were any fraation cycles in the Sr and Ba data and
whether they matched with those recognized by Tregnhal. It was shown in Chapter 4
(Fig. 4.12) that Sr seems to portray patterns wilseggest breaks in differentiation.
However, it seems implausible for a magma whicktioaated with bulk Ds similar to
those of the Bushveld Complex (that is, very clwsanity) to portray such fractionation
cycles. In view of Sr evolution, fractionation ogsl are not likely to occur in the
sequence because the liquid does not change semtify in Sr. For Ba, the TLS effect
ought to mask the effect of any process such adwweand mixing. Furthermore, not all
the “cycles” seem to match with those recognizedrbgner et al. Although there is an
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uncertainty in defining the cycle boundaries, tlaetfthat the two do not co-inside
suggests that the cycles are not related and doawaissarily represent breaks. Across the
Lower- Upper Critical Zone boundary, Sr contentplafgioclase reported by Reichardt
(1989) show similar variability (Fig. 6.5) even tlgh they were analyzed by isotope

dilution which is a very precise technique. Thustsuariability seems inherent in the

data.
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Fig. 6.5Sr contents of plagioclase across the Lower- Uppéritical Zone boundary. Height is quoted relative b
the base of the Upper Critical Zone (Reichardt, 198)

6.7.3. Magma addition

Magma recharge has been used by various authazpiain the reversals in mineral
composition and the origin of magnetitite and amastte layers in the Upper Zone of the

Bushveld Complex. However, this possibility wasutetl in the eastern and western
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limbs based on constancy in,8ata (Kruger et al., 1987; Tegner et al., 200@ickdater

studies focused mainly on internal mechanisms Mier deneration of this part of the
Complex. However, Ashwal et al (2005) suggested tina reversals in plagioclase An
content and pyroxene Mg# in UZ in the northern linglsulted from magma addition
even though Srratios seemed more or less constant through ttiee dZ sequence

(Ashwal, Pers. Comm.). Harney et al. (1990) alsggested magma addition to be a
cause for differences in Sr and Si®{ ratios below and above MML. They proposed
that if a very small volume of magma with a difier&r isotope ratio was added into the
magma chamber, there will be no significant chamgehe Sr isotope ratio. These

possibilities are discussed below.

The addition of magma can be considered in terms$wof possibilities. One of the
probabilities would be to suggest that the new meagdded could be of the same genesis
as the resident, but could be more primitive or endifferentiated than the resident
magma. The other model is to consider that the awesvresident magmas are unrelated,
and hence could either have more or less Sr ancoBgents than the resident. The two

possibilities are discussed below.

6.7.3. a. Addition of New Magma of the same Genesis Resident

Modeling has shown that there should to be veryimmah change in the Sr content of
liquid and hence in plagioclase with crystallizatid@ his implies that any magma added,
whether more primitive or more differentiated theesident will not induce trends
different from that of a single homogeneous magmdyb Therefore, Sr in plagioclase
would not indicate magma addition in such an ingtarOn the other hand, Ba being
incompatible in plagioclase with a bulk D far lédekan 1 would increase prominently in
the liquid throughout crystallization and henceplagioclase as shown in Fig. 6.6a if the
fractionating magma evolved without further reclarduring its crystallization.
However, addition of a large proportion of magmadhe magma chamber is expected to

change the crystallization mode, depending onaitsposition.
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In exploring the effect of this process, it is ical to consider the nature of the magma
added (primitive or more differentiated) and thenmer in which the added and residual
magmas would further differentiate, depending ow tovas added and its composition.
The consequences of magma addition are shown ir6Fag to e. If the added magma is
more primitive than resident and mixes upon addjte new fractionation cycle may be
initiated depending on whether there was rapid mgixiFig. 6.6b) or slow mixing (Fig.
6.6c¢). If the added magma is denser than residaatyunlikely for mixing to occur hence

it would differentiate in a similar way to Fig. ®.6The added magma could also be more
differentiated than resident and mix immediatelyddferentiate in a stratified magma
chamber as shown in Fig. 6.6d or mix slowly (Fige§. Modeling in the present study
has shown that the increase in plagioclase Baawtstallization may not be observed as
a result of the trapped liquid shift effect. Theref in discussing the effects magma
addition would have on the Ba contents of plagieelat is necessary to consider the TLS
effect. The TLS would act by camouflaging any magddition event, thus Ba may not

indicate clearly if such a process has occurred.

6.7.3. b. Addition of New Magma with Unrelated Plagclase Compositions

If the magma added to the chamber is unrelatede@dsident magma, there is no idea of
the trace element contents. If such magma were tadded to the magma chamber, there
would be sudden changes in the Sr and Ba contdnigudd and hence plagioclase.
However, because there are no sudden changes Br thired Ba contents of plagioclase,

this is unlikely to have occurred.
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6.7.3. c. Discussion

Magma recharge has been used by various authcegpiain the reversals in mineral
composition and the origin of magnetitite and amastte layers in the sequence. In the
Upper Zone for which Qratios are constant throughout, it might be suiggethat new
magma with Syidentical to that in the UZ magma chamber, butermimitive was added
and thorough mixing and homogenization led to psgive reversals in mineral
compositions each time the new magma was added.ribdel stems from that proposed
by Irvine (1977) for inducing the chromitite layensthe Muskox intrusion and analogous
deposits. It should be noted that two isotopicalligntical magmas might differ
chemically based on dissimilar degrees of fractiona The model requires that the added
magma mixes with the resident magma. However,nbispossible to resolve quantitative
relations of new and resident magmas with the pted&ta. For reasons discussed above,
the Sr and Ba contents of plagioclase do not apjeelde good indicators of such magma
addition. Hence the possibility of magma rechargenot indicated in the Sr and Ba
contents of plagioclase.

However, various problems exist with the applicatad this mechanism. It is generally
believed that the magma added at the Pyroxenit&énanixed and homogenized to form
the uppermost rocks. This means that any magmahwhauild have been added during
UZ formation would have to have the samg & the resident (mixed) magma. It is
improbable for such magma to be introduced intoctiember from a different locality but
with the same SQras that of UZ. The other issue with the modehat tiquids with very
minute density contrasts would not mix. In order fixing to occur, the added and
resident magmas ought to have equal densitieshemdituation seems highly implausible
considering the inability of magmas to mix over auwrizontal distances. Furthermore,
even if it is proposed that there was magma addivghout mixing but stratification, it
still remains difficult to explain the origin of ¢hadded magma and how it is possible for it
to have the same Sr isotope ratio as that of UZkvbbviously crystallized from mixing

of residual MZ magma and added magma at the Pyitexilarker.
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The model proposed by Harney et al. (1990) doeseein plausible in the present case
because if a small volume of magma is added anasnixith the resident magma, its
effect on plagioclase and other mineral composstiafil also be negligible. In view of
plagioclase Sr, such a process would progresssimiar way to that of a single magma
fractionating hence fractionation cycles and readsrsvill not be observed. Taking into
consideration the difficulty of magmas to mix, itght be suggested instead that a small
proportion of magma was added and differentiated stratified magma chamber which
should lead to dissimilar Sat these levels. However, Sstudies done on 15 (Kruger et
al., 1987) in addition to 8 (Tegner et al., 2006) 40 (Sharpe, 1985) samples in the UZ

sequence all give the same,3hus challenging the possibility of magma adaditiio UZ.

6.7.4. Crystal Settling and Sorting

After reviewing various proposed mechanisms whidghinhave operated in the Upper
Zone, Cawthorn and Ashwal (2009) showed crystallisgtand sorting (previously

suggested by Wager and Brown, 1968) augmented &sspre fluctuations as a more
feasible mechanism to generate the anorthosite naagnetitite layers present. Their
investigations were based on density measurementsaalally graded units and ensued
from the general absence of reversals in mineraipositions across these layers. The

consequence of this process is discussed belanemith data for the present study.

Settling and sorting of crystals implies that dgrifractionation, several minerals
crystallize at the same time (resulting in ovemadlar constant bulk D) but settle at
different rates due to density difference. The Barg of this process is that there ought to
be no reversals or fractionation cycles in theusitn. Therefore, the Sr and Ba in
plagioclase would show a trend similar to normdfedentiation. The Sr content of

plagioclase generally follows this trend, apartirthe small scale variation and a few odd
values. This mechanism affects the trapped ligomtributions from the units in UZ with

extremely different plagioclase proportions esggcfar incompatible elements as shown
in section 6.3. The difference in contributions nfratrapped liquid and plagioclase
proportion in these units show that there can besiaa variation in the Ba contents of
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plagioclase at very close stratigraphic levelssTgrocess can therefore explain the small
scale variation observed in the Ba contents ofiptdgse. The effect is much less for a
compatible element such as Sr in plagioclase sov#énation observed in the Sr trend
cannot also be explained by the same processtherefore proposed that the effects of
crystal settling and sorting can be observed irsthand Ba contents of plagioclase in UZ.
This mechanism also provides an explanation fovérgcal changes in modal proportion

and mineralogy in UZ.

6.7.5. Magma Overturn

Using mineral composition, whole rock and Sr isetajata, Tegner et al. (2006) showed
the fractionation cycles observed in their studybta result of bottom crystallization
from a stratified magma which led to density invw@ns magmatic overturn and possible
mixing events in the magma chamber. They propodeat differentiation and
crystallization occurred principally at the bottahthe magma chamber whereas the rest
of the magma remained primitive and did not difféi@e. Their model demonstrates how
crystallization of gabbronorite in the Upper Maiari& would lead to an increased density
in the residual liquid. This condition is interreptin UZ by the crystallization of Fe-rich
magnetite and olivine successions, leading to temsrersion and periodic mixing with
primitive overlying magma, thereby creating a mamemitive composition at the

crystallization front.

Modeling in section 6.4 has shown that the Sr aunté liquid and plagioclase do not
change considerably because the bulk D is clodethooughout crystallization. If density
inversion and mixing are initiated due to the ails&tation of magnetite and/or olivine
rich rocks, the residual liquid with unchanged 8ntents mixes with an overlying layer
with more primitive magma. However, mixing wouldtrmause a significant change in the
Sr content of the resultant liquid because the ltquads have similar Sr contents, due to
the fact that the Sr content of liquid did not aparfincrease or decrease) prior to mixing.
Therefore the Sr content of the mixed liquid doesahange before it starts fractionating

again. The next crystallization event is expectedtart with Sr contents in liquid similar
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to the one before magma mixing and the overall ceff@ill be very similar to
differentiation of a single homogenous magma. HeheeSr contents of plagioclase will

not indicate if a process such as overturn andemprent mixing has occurred.

The effect of this overturn and mixing ought to tlneich more pronounced for the Ba
contents of liquid and likewise plagioclase becaosix D for Ba during crystallization

remains < 1 and the Ba content of liquid increasemificantly. Mixing with less

differentiated magma, with obviously lower Ba caonge should initiate a perceptible
fractionation cycle. However, due to the TLS effertginal cumulus compositions would
react with intercumulus component reducing theotféé any magma mixing event. This
implies that Ba contents of plagioclase need notwsthe effect of overturn if it occurred

in the magma chamber.

It can therefore be concluded that magma overtwhich was shown to result from the
crystallization of Fe-rich rocks is not testabletlwe trends for Sr and Ba in plagioclase.
The inability for plagioclase Sr and Ba to show #féect of magma overturn can be
confirmed by observing the change in these traemehts in the interval over which a
prominent reversal in plagioclase An such as theremealed by Tegner et al. (2006) and
the present study occurs. The reversal occurs &&dnto 888 m and the section is shown
in Fig. 6.7. The £30 m interval over which this eesal occurs contains about 6
magnetitite layers all adding up to about 1m irckhess. If magma overturn were to
induce a significant change in the Sr (and Ba)drénwould be expected that the trend at
this level be significantly different due to mixivgth primitive magma. However, this

difference is not observed at the level of the reale Sr contents vary erratically between
401 and 559 ppm below the reversal. At the levehefreversal, they vary between 472
and 580 ppm and above the reversal between 496#ndpm Sr. For Ba, the variation is
again irregular, between 228 and 302 ppm belowdkersal, between 264 and 349 ppm
within the reversal and between 247 and 335 pprvealize reversal. Given the general
variation in plagioclase Sr and Ba noticed in thespnt study, this difference does not
represent a major change in Ba and Sr contentkgioglase below, within and above the

reversal. Hence the Sr and Ba contents of plagiecde not good markers for testing the
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occurrence of magma overturn and thus, the poggilmf magma overturn cannot be

resolved with data for these trace elements.
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Fig. 6.7Sr and Ba contents of the section over which thargest reversal in plagioclase An occurs in the Uggp
Zone of the Bushveld Complex

Data for Sr in plagioclase were also presented &ynély et al. (1990) for the lower part of
UZ (Table 6.2). Sr was shown to increase abové/thi@ Magnetitite Layer on account of
mixing between density stratified layers. Howewergassessment of these data show that
considering the internal scatter in the Sr contehfdagioclase in the present study, the +
25 ppm change in the Sr content of plagioclase elibe MML does not represent a
significant change in the Sr content of plagiocladee internal scatter observed in the Sr
contents of plagioclase in the present study isentioan the quoted 25 ppm change above
the MML and can therefore not be attributed to gimg event in the magma chamber.
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Table 6.2.Data for Sr in plagioclase in the lowart pf the Upper Zone of the Bushveld Complex.
Height is quoted relative to the base of the MMlat®from Harney et al. (1990)

Height Sr

(m) (Ppm)
210 440
195 440
125 448
35 455
10 451
5 442
-10 431
-20 414
-25 431
-45 433
-80 387
-110 458
-125 434
-295 432
-625 379
-825 437

A possible way to further investigate the occureeraé this model is to observe the
behavior of FgO3 in the sequence. If the model predicts that tlystallization of Fe rich
rocks led to density inversion and mixing, thewdtuld be expected that an increase in the
Fe content of whole rocks at each level be followgd cycle in UZ. Fig 6.8 shows an
identical section for which geochemical cycles weetineated based on the behavior of
this Fe (Fig. 6.8a), compared with the cycles idiedt by Tegner et al, (2006) in Fig.
6.8b. The two profiles show that only 2 of the %leg identified by Tegner et al are
directly linked to an increase in 2 in the sequence. Investigations by Cawthorn and
Ashwal, (2009) also showed that out of twenty magtes layers, only one shows a
significant reversal in plagioclase An content. $hiobey went further to challenge magma

overturn as a mechanism which led to the formatdiomagnetitite layers in UZ.

It is clear from the above discussions that tesingodel such as overturn and mixing
requires a geochemical parameter which changesipeotly with crystallization. The Sr
and Ba contents of plagioclase do not do so. Théytherefore not indicate if overturn

and mixing have occurred in the magma chamber.Arheontent of plagioclase appears
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to be more indicative of such processes becausmight to vary prominently with

crystallization.
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6.8. Summary

The evolution of the Upper Zone in the Bushveld @tax was examined with the use of
major and trace element contents of plagioclasencdlel was developed for the trace
elements by building up a fractionation model foe tSkaergaard intrusion, which is
similar to the Bushveld Upper Zone and applyingoitthe later. Development and
subsequent application of the Skaergaard modelsstieom the fact that it is well

constrained in terms of starting liquid composi§ipmineral proportions and trapped
liquid fractions. Modeling of the Sr and Ba contenf plagioclase shows that the Upper
Zone of the Bushveld Complex can be modeled aaglesmagma which evolved as an

uninterrupted differentiated series

The fundamental importance of allowing for trappegid crystallization in modeling
has also been demonstrated by showing the TLS teffsgecially for Ba which is
incompatible into plagioclase. Due to the TLS dffdga can have up to three times
higher Ba in the re-equilibrated plagioclase rektio the original cumulus plagioclase
content. The TLS effect depends on the fractionTaf with which the mineral
assemblage under consideration crystallized andntbetal proportion. For example, the
TLS effect is small for the Upper Zone of the Busldvcompared to the Skaergaard
intrusion because in the former, smaller TL fracsigabout 10%) are involved whereas
TL fractions vary from 45 to 4% in the Skaergaartlusion. The TLS effect is trivial for

Sr which is compatible into plagioclase.

One reversal in the An content of plagioclase wasrened in the sequence in addition
to various reversals in mineral composition preslguecognized. The two most quoted
mechanisms which can induce these reversals appéa magma recharge or overturn.
Therefore, these and additional models which weopgsed to have occurred in UZ
have been examined in line with data in the prestmty. The possibility of these two
mechanisms cannot be resolved with data in theeptetudy because Sr and Ba contents
of plagioclase do not appear to be good indicabbnsiagma overturn and or addition.
Therefore, the effects of these previously propdsgibtheses cannot be tested with Sr
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and Ba data in the present study. It is emphasikat with the several uncertainties
involved, none of the mechanisms which had preWolbieen put forward for producing

the features in UZ can be completely ruled out.
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Chapter 7- Conclusions

The original thesis was designed to test variouslatsofor the evolution of the Upper
Zone of the Bushveld Complex using trace elemdtus.the reason that the Skaergaard
intrusion is much more constrained and availaldedrelement data for plagioclase had
not been quantitatively modeled before, the modeis examined first in the Skaergaard
intrusion. The project was eventually refocuse@tplain why previous models did not
work, and the importance of the trapped liquidtsfit.S) effect became the main focus
of this study. This aspect has been quantitatisedgeled for both the Skaergaard and the
Upper Zone of the Bushveld Complex, which has metnbattempted or achieved before.

7.1. Differentiation Patterns

Plagioclase compositions in the Upper Zone of thish®eld Complex generally show
normal fractionation trends upwards in An, Sr ared @®ntents. However, a reversal in
the An content of plagioclase which has previousdgn identified (Tegner et al., 2006)
was recognized in the present study. Possible safsethis and other reversals in
mineral composition in the sequence are magma rgehand or internal overturn.
However Sg data refute the possibility of major recharge in. Uhe small scale random
variation in the Sr and Ba contents of plagioclasa feature common to plagioclase at

several different levels in the Bushveld Complex.

7.2. Rayleigh Fractionation and the trapped liquidshift effect

Rayleigh fractionation was tested in the Skaergaatrdsion by three different means.
Initially, the equation, D= (/C_ (equation 5.2) was used to calculate the Ba comten
starting liquid (G) for the Skaergaard intrusion (at LZa, where tbedst analyzed
sample was obtained) and the Rayleigh law was tsetiodel the entire intrusion.
However, the calculated value fop @as more than two times higher than the range of

typical Ba contents of Skaergaard parental ligimdaddition, the rate of increase in
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calculated Ba contents of plagioclase did notHé bbserved data of Jang and Naslund
(2001). Secondly, a value within the range of tgpiBa contents of starting liquid was
used to model the Skaergaard intrusion using thgleRgn law, but calculated Ba
contents of plagioclase did not fit observed datawall. The inference of the lack of
agreement is that there is a problem with the cotimeal modeling procedure. Lastly,
the intrusion was modeled by using the value withim range of typical Ba contents of
starting liquid, applying the Rayleigh law and allog for the TLS effect. The model
showed that due to the TLS effect, the original clus and re-equilibrated
concentrations for Ba, an incompatible element diffier by a factor of nearly three in
cumulus vs. re-equilibrated plagioclase. Furtheenaralculated Ba contents of re-
equilibrated plagioclase were in much better agesdrwith observed data compared to
the previous models in which allowance was not nfadehe TLS effect. Hence using
the conventional Ba content of starting liquid alidwing for the TLS effect resolved

the modeling for Ba in plagioclase in the Skaerdaatrusion.

The implications of the results of modeling for Baplagioclase are that equation 5.2
must not be used to calculate the starting liquidtent of an element as it will lead to

erroneous modeling especially for incompatible &ets. Allowance must also be made
for the TLS effect during modeling in order to agnb for the contribution from the

intercumulus liquid to the mineral being considerBde classic starting liquid content of
Sr was also used in modeling Sr in plagioclase tfe Skaergaard intrusion and
calculated Sr contents of plagioclase were alggowd agreement with observed data for

Sr in plagioclase. For Sr which is compatible iptagioclase, the TLS effect is trivial.

In the case of the Upper Zone of the Bushveld Cemplalues for F, B} in plagioclase,
plagioclase mode and TL fraction were used to getaucalculation similar to the
Skaergaard intrusion. Different starting liquid quusitions were then tried into the built
in calculation until values were obtained for whidh and Sr contents of calculated re-
equilibrated plagioclase were in agreement withlydical data. The calculated Ba
contents of re-equilibrated plagioclase also diffesm respective original cumulus

contents due to the TLS effect. Therefore, applyhmg model to the Upper Zone of the
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Bushveld Complex validates the importance of th& Effect. This implies that using the
Rayleigh Law without allowing for the TLS effect wid lead to incorrect modeling and

interpretations.

The model developed (which allows for the TLS dffeand applied to both intrusions
validates the effect of trapped liquid equilibration original cumulus compositions of
minerals in large magmatic systems such as thev@lgland Skaergaard intrusions. The
effect of intercumulus component on original cunsultontents of minerals has been
presented by Barnes (1986) and Cawthorn (1996)tamds noted that original cumulus
compositions can be modified significantly by réactwith trapped intercumulus liquid.
This effect has been shown for barium in plagicelasthe present study and also depicts
the difference in trapped liquid contribution wheemineral such as plagioclase becomes
a minor crystallizing phase in the sequence. ThehBeld Upper Zone is comprised of
rocks which vary from pure anorthosites to nearlgnominerallic magnetitite layers.
Although the magnetite-rich successions which aryer pn plagioclase constitute less
than 30 m of the total UZ thickness, plagioclasegositions in such rocks result from a
relatively large proportion of intercumulus componheompared to cumulus plagioclase.
It is therefore possible for two adjacent rocks cimncentrate enormously different
contents of trace elements in their plagioclasee Vhriation in the Ba content of

plagioclase in both sequences is explained bypitusess.

The model shows clearly that the composition ole@iftom analyzing a mineral such as
plagioclase is a bulk summation of cumulus an auerulus component. Trace elements
such as Sr and Ba diffuse very easily within amionally inhomogeneous plagioclase
grain, thereby permitting rapid homogenization. glituis not possible to obtain values
for Ba and Sr which only result from cumulus orenmtumulus material by analyzing the
bulk plagioclase grain. Contrarily, it has gengréléen assumed that plagioclase in UZ is
purely cumulus; hence this assumption is incorrbtideling requires knowledge of
precise mineral proportions, trapped liquid fracicand F values (fraction of magma

remaining) for the entire intrusion. The evidenéehe escape of evolved magma is not
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observed in the An, Sr and Ba contents of plagsecl&lowever, the possible effect of

magma loss has been introduced in terms of the lhdedeloped in the present study.

7.3. Partition Coefficients

The importance of trace element partitioning in elod the evolution of magmatic

systems has been demonstrated in various studmseVér, available data show that a
wide range of partitioning values can exist foirage element into a mineral depending
on the experimental method or samples used. Ietbex becomes difficult to choose

what partitioning values to use in modeling.

However, modeling the Ba contents of plagioclaséha Skaergaard intrusion showed
that the model developed and applied is relativielgensitive to varying partition
coefficient values between reasonable publishediegal hence a constantgDin
plagioclase was used in modeling. The partitionffcment used for Ba in plagioclase in
modeling is within the range quoted in several igidor plagioclase of Skaergaard
composition (e.g. Blundy and Wood, 1991). Howewdgth the number of uncertainties
involved, it was impossible to infer if it changaesremains constant with crystallization.
However, for Sr which is compatible into plagiodadbe model is sensitive to variations
in Ds, in plagioclase. Therefore,sbin plagioclase was varied smoothly from 1.7 at the
start of fractionation to 1.9 at the end. Thesaueslused are much less than values
guoted in previous studies. Using values from ttegdture (which are typically greater
than 2) results in calculated Sr contents of reldmated plagioclase which do not match
with observed data. The fact thag[h plagioclase increases with fractionation implie
that Sr is more compatible in plagioclase at lorrcontent (end of crystallization) and
less compatible at higher An content (start of tafjigation), a behavior which has been
predicted in many studies (Drake and Weill 197%ri8ly and Wood, 1991).

Modeling for the Upper Zone of the Bushveld Compleas based on the outcome of the
Skaergaard model. Therefore, a constagy iD plagioclase of 0.4 was used ang;

plagioclase was set to vary from 1.5 to 2.1 inlib#t in calculation. These D values give
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a reasonable fit for the model as calculated ralibgated plagioclase compositions are

similar to analyses.

For both the Skaergaard intrusion and the UppereZointhe Bushveld Complex, a
constant [3; in plagioclase was tested in the model. Howevevas noticed that a better
fit could be obtained by increasingsDOn plagioclase with crystallization. The fact that
different Ds for Sr were used for the two intrusoalidates the fact that a realistic range
of Ds can be used for trace elements and madedassingle consistent model.

7.4. Calculated Liquid Contents

The different means by which Rayleigh fractionatimas tested in the Skaergaard
intrusion have been shown in section 7.2. In tre¢ fnodel, the value calculated for Ba in
the starting liquid is 260 ppm. Contrarily, the walcalculated at this level from the
classic Ba content of starting liquid (80 ppm) @ Jpm. The difference between the two
calculated values is large, hence there has to fr®l@dem with one of the approaches.
However, because various authors have shown ther@ad starting liquid to have
between 50-90 ppm Ba, the value of 260 ppm caledlat this level is considered quite
large and is wrong. Thus a problem exists withapproach of calculating the starting
liquid composition by using a D value and the otsdrmineral composition (equation

5.2). This method was therefore not applied.

Before this project was initiated, there had beerkmown attempt to calculate the trace
element content of the liquid at the base of thepa&dZone of the Bushveld Complex.
Hence a value was not available to put into the ehad for the Skaergaard intrusion.
The starting liquid contents of Sr and Ba were daked at 273 ppm and 325 ppm
respectively. The Sr content of liquid remainsljagonstant with crystallization because
the D values used and plagioclase proportion actating at the cotectic lead to a bulk
D which is close to unity. The liquid concentratiai Ba increases steadily with

crystallization because the bulk D remains lese ththroughout crystallization.
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The calculated liquid content of Sr at the bas®®fis similar to the value computed by
Cawthorn (2006) and Vantongeren et al. (2010) Herrhagma at the Pyroxenite Marker.
Cawthorn (2006) also showed that the Sr conterigafd is near constant at different
levels in the sequence, similar to most basaltigmes. The computed starting liquid
content of Ba falls within the ranges of valuespgm®ed by Vantongeren et al. (2010) for

the magma above the PxMK.

7.6. Magma Chamber Processes

Various magmatic processes which have been propfmgethe Upper Zone of the
Bushveld Complex cannot be uniquely and conclugivesolved with the present data
only. There are many uncertainties to be considerigh the application of proposed
magmatic processes in the present study. TheHattSr and Ba contents of plagioclase
do not appear to be good indices of processes asicaddition and mixing limit the
applicability of these processes. Therefore, ndrtbeproposed magmatic processes can
be eliminated and it appears no unique single poseems to have operated in UZ.
However, the model developed for UZ is such that m@w magmas can be put into the
sequence manually by entering a new set of dateeatpecific value for F or height.

It is noted that no single mechanism seems to exlk the features noticed in UZ.
While a single magma model is generally supportggitd constancy in isotope ratio and
its better applicability in UZ, the reversals inmaral composition need an additional
mechanism such as magma overturn or addition. iBSise has been emphasized by
Cawthorn and Ashwal (2009) and the present stuldigtibtes a similar outcome of

modeling.
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Appendix A- Analytical Techniques and Standards Us#

Preparation of Plagioclase Separates

Samples from the Upper Zone of the Bushveld Compiere coarsely crushed in the jaw
crusher. They were then milled for about 10 secamikthe material passed through two
sieves (0.180 and 0.100 mm respectively). The neimgimaterial in the coarser sieve
was remilled for a few seconds and passed thrauglsieves. This was repeated until all
the material had gone through the upper sieveindilas done for short time intervals

so that the material is not crushed too fine. Thatemal in the second sieve; between
0.105 and 0.180 um was cleaned repetitively wittewtn remove all the dust clinging to

individual grains and left in the oven to dry. Twas done in order to avoid clogging in

the magnetic separator.

A hand magnet was used to remove magnetic magertél as magnetite in samples from
UZ before they were run through the magnetic seépardhe dried samples were then
run through the magnetic separator three timescatr@nt of 0.5A, 0.9A and 1.5A. The
non-magnetic fraction after the third pass is lbrgplagioclase. However, some
plagioclase grains could still contain magneticgamions either by virtue of included
magnetite and pyroxenes or as composite grainstitimagnetic proportion. In order to
check for purity of plagioclase grains, gliagioclase separates were observed under the
binocular microscope to ensure that there werenotusions or composite grains of
mafic minerals with the separates. About 10 ofgamples had magnetite and pyroxene
inclusions or composite grains. These samples wergly hand crushed and passed
through the magnetic separator again. Apart frosa@ples which still had magnetite
inclusions in them, the rest of the separates appeto be free of dark minerals.
However, samples collected within the apatite-lmgamterval had variable proportions
of apatite because it is not possible to separkgiqelase from apatite magnetically,
because they are both non-magnetic and often t@epccurred within the plagioclase

grains. Each of the plagioclase separates foraapdes was then milled finely to the
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consistency of dust using an agate mortar and topowas used to prepare pellets for
XRF analyses. The method used for the preparafipeltets is from Norrish and Hutton

(1969). After analyses on pellets were carried the,same material was extracted from
the pellets and used for XRF analyses on fusiocsdigiajor elements) and ICP analyses
(trace elements). Standards and analytical proeeidurthe various methods are detailed

below.

Preparation of the pressed pellet and methodologyf analytical procedures

Approximately 6g of sample is mixed with three dsopf commercially purchased
Mowiol (polyvinyl alcohol). This mixture is presseinder 10 ton pressure into an Al cup

using a 40 ton press. The pressed pellet is atldwelry for 24 hours prior to analysis.
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Standards used for calibration of PW2404 XRFS ifarage analysis.

The X-Ray tube used is a Rhodium tube and is r&®EY and 50 mA. The method used is from the paparaccurate X-Ray spectrographic method for the
analysis of a wide range of geological samples bM#trish and J.T. Hutton." Published in Geochimét&osmochimica Acta, 1969, Vol 33, pp. 431 to 453

Standard %Fe204 %MnO %TiOZ %Cad %K20 %P20D5 %Sip2 12®3 | %MgO %Na20 %LOlI %Total
NIM-G 2.02 0.02 0.00 0.79 5.03 0.01 76.31 12.18 60.0f 3.39 0.45 100.42
NIM-S 1.41 0.01 0.00 0.68 15.40 0.12 63.8% 17.40 460. 0.43 0.28 99.70
NIM-N 8.96 0.18 0.20 11.49 0.25 0.03 52.57% 16.48 497. 2.46 -0.40 99.83
NIM-D 16.87 0.22 0.02 0.28 0.01 0.01 38.64 0.3( 183. 0.04 -0.93 99.42
NIM-P 12.77 0.22 0.20 2.67 0.09 0.02 51.39 4.2( 4725. 0.37 -0.84 96.03
AN-G 3.39 0.04 0.22 16.03 0.13 0.01 46.67 30.04 118 1.64 0.65 99.84
AC-E 2.54 0.06 0.11 0.34 4,51 0.01 70.63 14.76 0.08 6.57 0.37 99.53
MA-N 0.47 0.04 0.01 0.59 3.19 1.40 66.86 17.69 0.04 5.86 1.82 97.60
AGV-2 6.69 0.10 1.05 5.20 2.88 0.48 59.3( 16.91 917 4.19 1.59 100.18
FK-N 0.09 0.01 0.02 0.11 12.88 0.02 65.37 18.71 10.00 2.59 0.54 99.82
BHVO-2 12.30 0.17 2.73 11.40 0.52 0.27 49.90 13.50 7.23 2.22 -0.71 99.53
MICA-FE 25.65 0.35 2.50 0.43 8.75 0.45 34.40 19.50 4.55 0.30 2.00 98.88

Analytical precision for major element analysis.

The analysis is based on duplicate samples repiegéncalibrations.

Element Standard deviation Absolute % errof RelativeoE- % Standard Range %
Fe203 0.09 -0.03 -3.7 0.09 - 26.65
MnO 0.01 -0.009 4.8 0.01-0.35
TiO2 0.07 -0.04 13.7 0.00 - 2.69
CaO 0.04 0.003 0.2 0.11 - 16.03
K20 0.07 0.005 -5.6 0.01 -15.40
P205 0.02 -0.02 14.2 0.01-1.40
Sio2 0.36 0.06 -0.09 34.40 - 76.31
Al203 0.07 0.07 1.3 0.30 - 30.04
MgO 0.18 -0.05 -6.1 0.03-43.18
Na20 0.13 -0.05 -6.8 0.04 - 6.57
LOI 0.26 -0.21 7.1
Total 0.58 -0.18 0.2
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Standards used for calibration of PW2404 XRFSrazd element analysis.

Regression lines are calculated using SuperQ skdtwih the De Jongh model for matrix correctiorcefficients)and a rhodium x-
ray tube (4KW) was used

Standard ppmRl  ppmS ppm ppmZr ppm Nb  ppm|{Copm Ni | ppm Cu| ppm Zn| % TIOZ ppm V, ppm Gr  ppm Ba
AGV-1 67 662 21 225 15 15 17 60 88 1.06 123 12 1221
GA 175 310 21 150 12 5 7 16 80 0.39 38 12 840D
GH 390 10 75 150 85 1 3 14 85 0.09 5 6 20
G-2 170 478 11 300 13 5 5 11 85 0.44 36 9 1880
NIM-G 325 10 143 300 53 0 8 12 50 0 2 12 12(
NIM-S 530 62 1 20 0 3 7 19 10 0 10 12 2420
NIM-P 4 32 5 15 0 110 555 18 100 0.2 230 23950 46
NIM-N 5 260 7 14 0 58 120 14 68 0.2 220 30 107
NIM-D 0 3 0 8 0 208 2040 10 90 0.02 40 2870 10
PCC-1 0 0 0 0 1 110 2400 10 42 0.01 30 2730 1
BR 47 1320 30 250 98 52 260 72 160 2.6 235 380 1060
BHVO-1 11 403 28 179 19 45 121 136 105 2.71 31y 289 139
MAG-1 149 146 28 126 12 20 53 30 130 0.7% 140 97 9 47
SGR-1 83 420 13 53 5 12 29 66 74 0.26 128 3( 290
SCO-1 112 174 26 160 11 11 27 29 103 0.68 131 6B 0 57
QLO-1 74 336 24 185 10 7 6 29 61 0.64 54 3 1370
STM-1 118 700 46 1210 268 1 3 5 235 0.14 9 4 56
RGM-1 149 108 25 219 9 2 4 12 32 0.27 13 4 807
SDC-1 127 183 40 290 18 18 38 30 103 1.0] 102 64 0 63
DR-N 73 400 28 125 8 35 15 50 145 1.09 220 42 385
GS-N 185 570 19 235 21 65 34 20 48 0.68 65 55 1400
MICA-FE 2200 5 50 800 270 23 35 5 1300 2.5 135 90 50 1
MICA-MG 1300 27 0 20 120 24 110 4 290 1.63 90 100 (oe]e:}
FK-N 860 39 0 13 0 16 3 2 10 0.02 3 5 200
BX-N 10 110 114 520 58 35 190 18 75 2.37 310 29( 34
DT-N 5 27 10 370 0 12 16 9 28 1.4 150 240 130
UB-N 6 10 3 8 0 100 2000 28 85 0.11 75 230( 30
GXR-1 14 259 0 38 1 8 41 1110 760 0.06 76 13 68
GXR-2 78 160 17 269 11 9 21 76 530 0.5 52 36 2240
GXR-3 92 950 15 63 2 43 60 15 207 0.17 42 19 5000
GXR-4 160 221 14 186 10 15 42 6520 73 0.44 87 64 4016
GXR-6 90 35 14 110 8 14 27 66 118 0.83 186 96 1340
GSP-1 254 234 29 530 26 7 10 34 103 0.6¢ 53 13 1310
MA-N 3600 84 1 27 173 1 3 140 220 0.01 5 3 42
AN-G 0 76 8 15 2 25 35 19 20 0.22 70 50 34
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Analytical precision for trace element analysis.

The analysis represents 5 calibrations.

Element LLD-ppm Standard | Absolute error-ppm Relative Error - %
deviation

Rb 3 2 1.0 -1.9
Sr 3 2 1.3 0.4
Y 3 2 -0.7 -3.7
Zr 8 3 4.3 1.2
Nb 3 1 -2.4 -8.5
V 12 9 -3.8 -12.7
Cr 12 7 0.7 5.2
Co 6 2 0.7 -10.7
Ni 6 2 0.6 -9.3
Cu 6 5 1.9 -0.3
Zn 6 2 2.8 -6.2
Ba 20 7 12.0 3.1
Pb 10 2 3.1
As 15 2 4.7
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Summary of XRF Analysis on a Fusion Disc.

All major elements are analyzed for on an infinjitéhick fused disk. Major elements
were determined using the Norrish Fusion (Norriskigtton, 1969) technique using in-
house correction procedures. Sample weight usedv@asgm and flux weight 2.5 gm.
Calibration standards were primary InternationalfeRence Materials USGS series
(USA) and NIM series (South Africa). Precision iskeén as 1% for elements in
abundance of greater than 5% by weight, and 5%elEments in abundance less than

5%. The instrument used was the Philips PW2404y»spactrometer.

Standardization was carried out using InternatidReference Materials USGS series
(USA) and NIM series (South Africa). Precision vaegermined on the basis of counting
time and is taken as 5% for elements in abundareatey than 100 ppm, and 10% for
elements in abundance between 10 and 100 ppm.nBt@iment used was the Philips

PW2404 x-ray spectrometer.
Preparation of the fused disk:

1. All samples are ignited at 108D for 40 minutes and the LOI is calculated.

2. The ignited sample is mixed with a commerciallyitalde pre-ignited flux (with
composition L3B4,O; = 47%, LbCO; = 36.7%, LaOs; =16%) and fired for 40
minutes at 100T.

3. This is then poured and pressed by a mechanicss pre a fused disk.

Data Collection:
All data collection is performed on a PANalyticaVR404 WD XRF with a Rh tube set
at 50kV and 50mA an analysis time of 40 sec pezlament and 20 sec per a background

(backgrounds are measured for Si, Al, Mg, Na andnB). See table 1 below for

specific element data:
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Table 1: Major element calibration instrument paeters

Element Analysis Line | Crystal Collimator Detector
Ti Ka LiF200 150 um Flow
Ca Ka LiF200 150 ym Flow
K Ka PE 002-C 550 um Flow
Si Ka PE 002-C 550 um Flow
Al Ka PE 002-C 550 um Flow
Mg Ka PX1 550 um Flow
Na Ka PX1 550 pm Flow

P Ka Ge 111-C 550 um Flow
Ni Ka LiF 220 150 um Duplex
Fe Kb LiF 220 150 ym Flow
Mn Ka LiF 220 150 um Duplex
Cr Ka LiF 220 150 pm Duplex

The elemental concentrations are obtained by casgrato 13 known standards. The
standards used are: W2, GSP1, BHVO2, AGV2, G2, DPEIC1, BCR2, NIM N, NIM

P, NIM S, NIM D, NIM G an their major element contetions are listed above. A
synthetic internal standard is run after every &lgses to monitor and compensate for

instrumental drift.

In order to test for reliability of data, a subs#t 20 samples was analyzed at an
independent laboratory, SGS Lakefield. The graplesented in Fig 1A compare the
major element data from the two laboratories. Thedgcorrelation suggests that these

results are accurate.

ICP Analyses

ICP analyses were carried out at the School of Gewnses, University of Cape Town. A
plot comparing the Ba and Sr contents from the twethods (XRF and ICP) are
presented in Fig 1B. Absolute values differ busitnore crucial to compare the relative
changes. The linear correlation shows that relativenges in the Sr and Ba contents

from the two methods are identical, hence the tianas real.
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Appendix B. Dissolution Experiments

Preliminary analytical data indicated a seriousbfgm, namely that many samples
included apatite that was enclosed within plagieelgrains and so could not be separated
by using dense liquids. Removing this apatite neguithe development of a leaching
method and the most crucial aspect of this leachmgess was that it should completely
dissolve the apatite, not leaving any possibledtesicontaining of the rare earth elements
(which forms part of another study). It should at&we no effect on the composition of
the plagioclase. The first leaching experimentsewamducted with HCI, based on data
from the literature which have reported the ranfjbataviors of plagioclase feldspars in
HCI (e.g. Hulburt 1959; Jordan et al., 1999). TRpegiments presented were conducted
with both Critical Zone anorthosite and a Upper €a@amorthosite in order to explore
different possible plagioclase dissolution behavigince they range in composition from

Angg to Anyg.

LEACHING OF APATITE IN DILUTE HCI. 1
Aim:
To test if HCI dissolves apatite and to documesttimes and concentrations at which

apatite dissolves in HCI.

Method:

Reagent grade HCI was diluted to different stread0.1 M, 0.25 M and 0.5 M) and 1
grain of apatite from Phalaborwa, about 3 mm iresiwas placed in each of the three
solutions. It took 1 day, 6 hours and 3 hours retspaly for the apatite grains to dissolve
in the solutions.

Result and Interpretation:

HCI dissolves apatite and the rate of dissolutisndirectly proportional to acid

concentration.
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LEACHING OF PLAGIOCLASE IN DILUTE HCI. 2
Aim:

To determine whether HCI dissolves plagioclase.

Method:

Three sets of solutions, each with 0.1 M (JL2, JIIB), 0.25 M (JL3, JL6, JL9) and 0.5
M (JL4, JL7, JL10) HCI were prepared. 10 g of fin@rushed Critical Zone pure
plagioclase separate were added to each beaker. &fe hour, three beakers, one from
each of the different solution strengths was waghedughly with water and dried, the
second batch of three was washed after 6 hourthandst batch of three after 1 day. The
9 dried samples, together with a 10 g batch ofuhieached CZ plagioclase separate
(JL1) were analyzed for major, trace and rare egldments.

Results

Results are presented in table 1. All analysesnditen analytical error except for the
weight percent of N® which decreases even with the least concentratiersamples
were left in HCI (Table 1; JL 1 to 10). The unleadhsample contains 1.7% Xa
whereas all leached samples contain 1.0 to 1.3 %@ N4CI does not appear to remove
Sror Rb.

Interpretation and Conclusion:

NaO which is a major constituent of plagioclase imgattacked by HCI and leached. It
Is rather intriguing that the reduction in Jawas virtually the same regardless of acid
strength or dissolution time. This suggests thateay thin rim of NaxO depleted
plagioclase forms which shields the core of thengi@m further attack. HCI| would not

be suitable for dissolving apatite from samples.
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Table 1

Major, Trace and Rare Earth Elements

Sample Acid Strength Dissolution time SiO, | AL,O3 | Fe;O3 | MgO | CaO | Na,O | K,O | LOI An Ba Sr Rb La Ce
No (Molar) (hours) % % % % % % % % % | ppm | ppm | ppm | ppm | ppm
JL1 Unleached Unleached 49.1 32.4 0.79 0.7 | 155 1.7 0.19 | 0.22 | 84.8 24 | 596 9 3 41
JL2 0.1 1| 494 32.5 0.73 0.7 | 154 1.0 | 0.17 | 0.26 | 90.3 I/S I/S I/s I/s I/S
JL3 0.25 1| 495 32.6 0.75 0.7 | 15.6 1.0 | 0.16 | 0.24 | 90.4 I/S I/S I/s I/s I/S
JL4 0.5 1| 499 33.0 0.72 0.7 | 15.7 1.2 0.18 | 0.23 | 89.1 <4 | 594 6 31 9
JL5 0.1 6| 49.0 31.6 0.71 0.7 | 151 1.3 017091873 15 | 583 7 3 14
JL6 0.25 6| 493 32.3 0.71 0.7 | 15.3 11| 0.16 | 0.53 | 88.9 <4 | 592 6 <2 <5
JL7 0.5 6| 493 32.3 0.72 0.9 | 155 1.3 | 0.26 | 0.29 | 88.2 41 | 591 7 <2 51
JL8 0.1 24 | 50.6 30.6 0.69 0.7 | 14.6 1.0| 0.20 | 1.51 | 89.8 <4 | 568 7 9 <5
JL9 0.25 24 | 50.0 31.9 0.70 0.7 | 152 1.0] 0.17 | 0.72 | 90.2 I/S I/S IS IS I/S
JL10 0.5 24 | 497 32.5 0.71 0.7 | 155 1.2 0.18 | 0.42 | 88.5 33 | 589 7 4 43

I/S: Insufficient sample for quantitative trace analysis.

LOI: Loss on ignition
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LEACHING OF APATITE IN CITRIC ACID. 1
Aim:
To test if citric acid dissolves apatite and docaotrthe amount of time needed for apatite

to dissolve in citric acid.

Method:

A solution of 50 g citric acid plus 50 ml of wateas prepared and a grain of Phalaborwa
apatite, about 3 mm in size, was added to the isaluiAfter 21 hours, there was no
change in size and so a further 80 g of citric aotle added to the solution in a bid to
increase the concentration and speed up the digsolprocess. However, 3 days later,
there was still no change in size and the graimtaties were still very sharp suggesting
that there was no significant dissolution.

This same experiment was carried out again, but gridins of apatite hand crushed in a

pestle and mortar to a size of about 0.8 mm (swiuti).

A new solution (50 ml water + 50 g citric acid) waepared and hand crushed grains of
apatite about 0.8 mm in size added to it (solupnin a bid to speed up the reaction
process, the solution was left in a larger beakebailing water which was replaced
every 30 to 45 minutes in order to maintain thet loé#he boiling water.

One more solution was prepared with boiling watet apatite crystals, more finely hand

crushed to a size of about 0.4 mm were added$oltion 3).

On day 5, a solution of citric acid was preparethwbold water and finely hand crushed

grains of apatite about 0.2 mm in size were imnensehe solution (solution 4)

After 24 hours, the water levels in solutions 2 &nldlad dropped due to evaporation and
more boiling water was added to make up for thés Id here was also a marked decrease
in grain size and number in apatite grains in thakiers carried out with hand crushed

apatite grains.
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Results:

After 9 days, the apatite grains which were hangsloed and left in all solutions had
completely dissolved. However, the water levelhe beakers left in boiling water had
dropped due to evaporation and so the exact caatiemt of citric acid had not remained

constant throughout the experiment.

Interpretation and Conclusion:

Apatite dissolves slowly in citric acid of strengjheater than 50 g acid per 50 g water
when grains are crushed fine to a size of 0.8 mrtess in both hot and cold water.
However, more experiments need to be done to eribatecitric acid does not attack

plagioclase.

PLAGIOCLASE AND APATITE LEACHING IN CITRIC  ACID. 2
Aim:
This experiment was conducted in order to docurttfemtime and concentration needed
for citric acid to dissolve apatite and to deterenihether the acid attacks plagioclase.
This was inferred by analyzing the residual powfdeP, Na, Ca, Al, Sr and La by XRF

after dissolution experiments were conducted.

Method:
A large number of experiments requiring large qitigst of plagioclase had to be
undertaken. Hence, virtually pure anorthosite (whalck) rather than pure plagioclase

separates was used.

A homogeneous mixture of apatite and plagioclase pvapared as follows. Apatite from
Phalaborwa was finely crushed in a mortar and @e%tb g of this apatite were mixed
with 150 g of pulverized Critical Zone (CZ) Bushgehnorthosite (with Ag as

calculated from JL1, Table 1) in a large beakewafer and stirred to homogenize. This

mixture was then left in the oven at 90 °C to dry.
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Four different sets of solutions were prepared emith 20, 50 and 100 g of citric acid
per 100 ml of water giving a total of 12 solutiod$. g of the mixture (CZ anorthosite +
apatite) were added to three sets (9 solutionsktrréd frequently in order to expose all
grains for dissolution. Upper Zone plagioclase a® used in the other 3 solutions for
the leaching experiment in order to test if ciamd has any effect on plagioclase with an
anorthite content (Agaas calculated from Tegner et al. (2006). The §iettof four ended
after 3 hours (sample Nos 1A, 2A and 3A), the rieftll day (sample Nos 4A, 5A and
6A) and the last 3 full days (sample Nos 7A, 8A 8A(.

At the end time of each experiment, the citric asids decanted and the remaining
powder thoroughly washed in water several timedentirring to make sure that all the
dissolved material was eliminated. The samples wesga left in the oven at 90°C until

dry. 16 Pressed pellets were prepared for sampseldoto 12A leached in citric acid, a

reference standard GC2100 (13A), the unleachednoglzosite + apatite mixture (14A),

unleached Upper Zone anorthosite (15A) and CZ hositie without apatite (16A).

Results:

Results of the dissolution are presented in Taldad®2based on these results, calculations
of the amount of apatite dissolved and its effecptagioclase are also presented (Tables
2, 3 and Fig. B.1)

Interpretation:

All of the P.Os, 10 % of CaO and 25 % of Sr is added to CZ ansitb@as apatite is
mixed with it (Table 3, sample 14A). By the endtloé third day, half the ®s and Sr
added is dissolved (7A, 8A and 9A) even though aomtentrations differ. This suggests
that concentration of citric acid is not as crudalthe rate of dissolution as time is.
Sample No 16A contains 1.94 % JMawhereas the leached samples (1A to 9A) contain
1.5- 1.7 % NgD. This suggests that CZ plagioclase is being tisdoand the amount of
dissolution also increases with time and acid cotraéon.
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The amount of dissolution of apatite is directlpgortional to time e.g. sets 1A,-4A,-7A,
2A,-5A,-8A; 3A,-6A,-9A.

In contrast, for the UZ anorthosite samples (10B4,112A and 15A), 54% of s and
20% of CaO present dissolves after day 3. A ndgkgamount of the N® (4 %)
dissolves after 3 days whereas there is no chamd#.i This suggests that unlike CZ
anorthosite, citric acid does not attack the UZrthasite.

Conclusion:

The drop in CaO and.,Bs in samples 1A-9A reflects dissolution of the ajgatvhich was
added to the CZ anorthosite. It would be bettan&ntain the medium concentration and
increase the time in order to successfully dissalVehe apatite in samples. Due to the
significant drop in NgO in samples 1A to 9A, citric acid is probably diséng the CZ
anorthosite. Importantly, the attack on UZ anorifeos much less and the reduction in
UZ anorthosite CaO and,®s (10A, 11A and 12A) indicates that there is apatit¢he

UZ anorthosite.
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Table 2. XRF results of analyzed samples.

SN Sample Description Na,O | P,Os | CaO | Sr La Ce Ba
% % % (ppm) | (ppm) | (ppm) | (ppm)

1A CZ anorthosite+ apatite, 20 g 3hr diss 1.73 1.34 | 14.62 573 24 42 52
2A CZ anorthosite+ apatite, 50 g 3hr diss 1.61 158 | 14.21 576 22 48 45
2B CZ anorthosite+ apatite, 50 g 3hr diss 1.62 1.71 | 14.56 547 16 62 41
3A CZ anorthosite+ apatite 100 g 3hr diss 1.72 1.59 | 14.96 592 15 60 51
3B CZ anorthosite+ apatite 100 g 3hr diss 1.72 1.75 | 15.18 595 28 58 47
4A CZ anorthosite+ apatite 20 g 1 day diss 1.72 1.20 | 14.45 563 8 35 50
5A CZ anorthosite+ apatite 50 g 1 day diss 1.62 1.33 | 14.29 575 18 48 48
6A CZ anorthosite+apatite 100 g 1 day diss 1.65 1.28 | 14.50 560 16 54 52
7A CZ anorthosite+ apatite 20 g 3 day diss 1.69 0.80 | 14.03 523 4 21 58
8A CZ anorthosite+ apatite 50 g 3 day diss 1.53 1.00 | 13.67 533 8 28 48
9A CZ anorthosite+ apatite 100 g 3 day diss 1.48 0.85 | 13.68 525 7 32 51
10A UZ anorthosite 3hrs diss 4.30 1.99 | 891 625 8 96 257
11A UZ anorthosite 1 day diss 4.39 1.75| 8.67 632 6 109 266
12A UZ anorthosite 3 days diss 4.10 1.16 | 7.59 622 3 83 243
13A GC2100 Reference Standard 221 | 0.04 | 13.57 398 13 10 72
13B GC2100 Reference Standard 221 | 0.04 | 13.76 398 24 17 78
14A CZ anorthosite + apatite 1.87 1.66 | 15.70 593 31 73 60
14B Unleached CZ anorthosite + apatite 1.88 1.84 | 15.98 593 38 70 62
15A Unleached UZ anorthosite+ apatite 4.26 253 | 9.6 608 26 124 254
16A Unleached CZ anorthosite 1.94 0.08 | 14.14 448 -1 0 54
17B repeat of 10, 11, 12 447 | 250 | 9.49 629 24 117 392
18B 17 further diss of 10, 11, 12 449 | 0.06 | 7.08 684 9 74 417
19B repeat7, 8,9 1.62 | 1.33|14.49 541 23 57 42
20B 19 further diss of 7, 8, 9 112 | 0.17 | 11.92 443 4 9 46
21B Unleached CZ anorthosite + new apatite 165| 4.04 | 17.16 752 74 199 52
22B Unleached CZ anorthosite + new apatite 178 | 4311761 751 78 194 64
23B Unleached CZ anorthosite + new apatite 1.74 | 4.48 | 17.75 762 83 193 59
24B CZ anorthosite + apatite 7 days diss 1.19 0.46 | 12.22 469 15 19 55
25B CZ anorthosite + apatite 7 days diss 1.15 0.34 | 12.14 458 2 9 53
26B CZ anorthosite + apatite 7 days diss 1.10 0.29 | 11.72 458 1 1 35
27B CZ anorthosite 7 days diss 1.18 0.02 | 12.08 439 11 4 50
28B Pure apatite 0.15 | 52.34 | 50.44 2980 600 1579 91

A= first analyses results, B=second analyses

results

CZ: Critical Zone, Bushveld

UZ: Upper Zone, Bushveld

Diss: Dissolution

SN = Sample Number
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Table 3: Percentage of Components dissolved

0,

SN P205 | % added | % CaO a/ZIded % Na20 | % added | % Sr(ppm) % added %

dissolved dissolved dissolved dissolved
16A Unleached CZ anorthosite 0.08 0 0| 14.14 0 0 1.94 0 0 448 0
14A CZ anorthosite + apatite 1.66 95 0| 15.70 10 0 1.87 0 0 593 25 0
1A CZ anorthosite+ apatite, 20 g 3hr diss 1.34 95 19 | 14.62 10 7 1.73 0 7 573 25 3
2A CZ anorthosite+ apatite, 50 g 3hr diss 1.58 95 5| 14.21 10 10 1.61 0 14 576 25 3
3A CZ anorthosite+ apatite 100 g 3hr diss 1.59 95 4 | 14.96 10 5 1.72 0 592 25 0
4A CZ anorthosite+ apatite 50 g 1 day diss 1.20 95 28 | 14.45 10 8 1.72 0 563 25 5
5A CZ anorthosite+ apatite 20 g 1 day diss 1.33 95 19 | 14.29 10 9 1.62 0 13 575 25 3
6A CZ anorthosite+apatite 100 g 1 day diss 1.28 95 23 | 14.50 10 8 1.65 0 12 560 25 6
7A CZ anorthosite+ apatite 20 g 3 day diss 0.80 95 52 | 14.03 10 11 1.69 0 9 523 25 12
8A CZ anorthosite+ apatite 50 g 3 day diss 1.00 95 40 | 13.67 10 13 1.53 0 18 533 25 10
9A CZ anorthosite+ apatite 100 g 3 day diss 0.85 95 48 | 13.68 10 13 1.48 0 21 525 25 12
15A Unleached UZ anorthosite 2.53 0 0 9.46 0 4.26 0 0 608 0 0
10A UZ anorthosite 3hrs diss 1.99 0 21 8.91 6 4.30 0 0 625 0 0
11A UZ anorthosite 1 day diss 1.75 0 31 8.67 8 4.39 0 0 632 0 0
12A UZ anorthosite 3 days diss 1.16 0 54 7.59 20 4.10 0 4 622 0 0
17B repeat of 10, 11, 12 2.50 1 9.49 0 4.47 0 0 629 0 0
18B 17 further diss of 10, 11, 12 0.06 98 7.08 25 4.49 0 0 684 0 0
198 repeat 7, 8, 9 1.33 95 20 | 14.49 10 8 1.62 0 13 541 9
20B 19 further diss of 7, 8, 9 0.17 95 90 | 11.92 10 24 1.12 0 40 443 25
21B Unleached CZ anorthosite + new apatite 4.04 98 0| 17.16 20 0 1.65 0 752 40
22B Unleached CZ anorthosite + new apatite 4.31 98 0| 17.61 20 0 1.78 0 751 40
23B Unleached CZ anorthosite + new apatite 4.48 98 0| 17.75 20 0 1.74 0 762 40
24B CZ anorthosite + apatite 7 days diss 0.46 98 89 | 12.22 20 31 1.19 0 33 469 40 37
25B CZ anorthosite + apatite 7 days diss 0.34 98 92 | 12.14 20 31 1.15 0 35 458 40 39
26B CZ anorthosite + apatite 7 days diss 0.29 98 93 | 11.72 20 33 1.10 0 38 458 40 39
27B CZ anorthosite 7 days diss 0.02 12.08 1.18 0 439
28B Pure apatite 52.34 50.44 0.15 0 3000
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LEACHING OF APATITE IN CITRIC ACID. 3
Aim:

To determine the length of time needed to dissalvthe apatite.

Method:

Pellets from the 3 dissolutions done with UZ anosite (10A, 11A, and 12A) were all

mixed together and crushed. Another pellet was guexp (17B) while the rest of the

material was left in citric acid again for a funtheé full days. The sample was then
washed, dried and the material used to preparetpEiB. This same procedure was
followed for pellets 7A, 8A and 9A; making pellet®B and 20B. These dissolutions

were to test if complete dissolution of apatite tedcbn place.

3 g of different Phalaborwa apatite were crushed amxed with 60 g of the CZ
anorthosite and three pellets, 21B, 22B and 23R wegpared. Then three portions of 6g
of the mixture (CZ anorthosite + new apatite) wiefe in citric acid for 7 days, washed
and used to prepare pellets 24B, 25B and 26B. [8tpalf the same material (21B, 22B
and 23B) were prepared in order to test for anadytreproducibility. The original CZ
anorthosite sample that made pellet 16A was afsanleitric acid for 7 days and used to
prepare pellet 27B. Four more pellets; 2A, 3A, 1&#d 14A were reanalyzed to make
samples 2B, 3B, 13B and 14B.

All these dissolution experiments were done witlgSfitric acid in 100 ml of water.

Results:

Results and calculations of these analyses aremtexsin Tables 2, 3 and 4. Figs. 1B, 2B

and 3B show the calculated proportions of maj@cdrand rare earth elements in apatite

which dissolve after leaching.
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Interpretation:

Major Elements:

Of the P,Os in the starting mix, 48% dissolved after 3day#)(@&nd about 90 %
dissolved after the samples were left in citricdaidr 7 more days (20B). The samples
need to be left in citric acid for about 3 more slay order to dissolve all the apatite in
them. With the dissolution experiments with new |IBharwa apatite after 10 days, about
90% ROs which was added with apatite to the CZ anorthasithissolved (Table 3, 24B,
25B and 26B).

In the CZ anorthosite sample, there is a signiticaduction by about 40% of M@ after

the total 10 days leaching (Table 3, 20B). Thisidatks that plagioclase with this An
content is attacked by citric acid and in ordedigsolve apatite, the plagioclase separates
need to be left in citric acid for this length ohe. The NaO content also drops by 38%
after the second dissolution (Table 3, 24B, 25B &&#). On the contrary, UZ
anorthosite results prove that citric acid has fiece on NaO with this An content as
there is no reduction in the p@ content even after 10 days (Table 3, 10A, 11A4,12
17A and 18A).

It appears citric acid reduces the concentratioGa® in CZ anorthosite. This is because
of the 10% CaO added to anorthosite with apatBép ZaO is leached out by the end of
day 10 (20B) and this number exceeds the amounthammas added as apatite. On
Fig.1B, 20B plots way below 16A, indicating thaet€aO content of the original CZ
anorthosite is being reduced. With the second hlissa with new apatite20 % of CaO
are added as apatite is mixed with anorthosite (223 and 23B). After 7 days
dissolution with citric acid, about 31 % of CaCdissolved (24B, 25B and 26B). This is
an indication that citric acid is also dissolvilge tCaO component of pure plagioclase in

CZ anorthosite.
After dissolving all the apatite added to CZ anosite (14A), the residual powder is

expected to plot on 16A (Fig.1). But after 10 ddyssolution, CaO contents plot lower
than 16A, implying that some of the CaO origingllesent in 16A is being leached out

AppEneiby 2 163



(e.g. on table 2, CaO content of 20B is less thahaf 16A). 16A contains 1.73% @
while 20B contains 1.12% MN@; this suggests that some JMais also dissolving from
the CZ anorthosite. The results illustrate thatryting to dissolve the s and CaO
added to CZ anorthosite added as apatite, CaCeimlbrthosite is also dissolved (Fig.
1B). On the contrary, UZ anorthosite is not attacks the plagioclase compositions do
not change after dissolution (Table 3, 10A, 11AA127A and18A).

Trace and Rare Earth Elements:

With the CZ anorthosite, the 25 % Sr added as t@piatidissolved after 10 days. For the
second dissolution with new apatite, all the Sreadds apatite is dissolved by day
7(Table 3, Fig. 2B. 24B, 25B and 26B). The Sr cohtef UZ anorthosite does not
decrease even after 10 days dissolution (Table 03, 1L1A, 12A, 17A andl18A)

suggesting that dissolution with citric acid does attack UZ anorthosite.

Calculations of La, Ce and Ba added and dissolvegeesented in Table 4. All the La,
Ce and Ba added to the CZ anorthosite as apatitdissolved after 10 days. However, it
appears some of the La, Ce and Ba initially preserihe unleached CZ anorthosite
dissolve as point 20B on Fig. 3B plots below 16Ahish is the point where the

unleached CZ anorthosite plots.

There is a very slight drop in La, Ce and Ba far thZ anorthosite indicating that its
trace and REEs are not leached out (Table 4 an@Bigample Nos 10A, 11A, 12A,17A
andi18A).

Conclusion:

Citric acid dissolves apatite but attacks also @zeanorthosite. However, An contents
from Tegner et al. (2006) reveal that samples ugetthis project on the UZ have An
content between 40 and 50 by wt %. From the disisolsl done with UZ anorthosite,
citric acid does not attack plagioclase with thiz tbmposition. Hence citric acid can be
used to dissolve the apatite in the samples. Tiethod was therefore used to dissolve

apatite from the samples in the present study.
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Table 4:Rare Earth Elements dissolved

SN La(ppm) | % added % dissolved | Ce(ppm) | % added % dissolved Ba(ppm) | % added % dissolved
16A Unleached CZ anorthosite -1 0 0 0 54

14A CZ anorthosite + apatite 31 97 0 73 100 60 9 0
1A CZ anorthosite+ apatite, 20 g 3hr diss 24 98 24 42 95 42 52 9 12
2A CZ anorthosite+ apatite, 50 g 3hr diss 22 98 30 48 95 34 45 9 25
3A CZ anorthosite+ apatite 100 g 3hr diss 15 98 52 60 95 18 51 9 15
4A CZ anorthosite+ apatite 50 g 1 day diss 8 98 73 35 95 52 50 9 16
5A CZ anorthosite+ apatite 20 g 1 day diss 18 98 41 48 95 34 48 9 20
6A CZ anorthosite+apatite 100 g 1 day diss 16 98 47 54 95 26 52 9 14
7A CZ anorthosite+ apatite 20 g 3 day diss 4 98 88 21 95 71 58 9 2
8A CZ anorthosite+ apatite 50 g 3 day diss 8 98 75 28 95 62 48 9 19
9A CZ anorthosite+ apatite 100 g 3 day diss 7 98 78 32 95 57 51 9 15
10A UZ anorthosite 3hrs diss 8 0 69 96 0 22 257 0 0
11A UZ anorthosite 1 day diss 6 0 77 109 0 12 266 0 0
12A UZ anorthosite 3 days diss 3 0 89 83 0 33 243 0 5
15A Unleached UZ anorthosite 26 0 124 0 254 0 0
17B repeat of 10, 11, 12 24 0 117 0 6 392 0
18B 17 further diss of 10, 11, 12 9 0 65 74 0 40 417 0
198 repeat 7, 8, 9 23 98 27 57 95 22 42 9 29
20B 19 further diss of 7, 8, 9 4 98 86 9 95 88 46 9 12
21B Unleached CZ anorthosite + new apatite 74 99 0 199 100 52 15

22B Unleached CZ anorthosite + new apatite 78 100 0 194 99 64 15

23B Unleached CZ anorthosite + new apatite 83 100 0 193 99 59 15

24B CZ anorthosite + apatite 7 days diss 15 100 81 19 99 90 55 15 14
25B CZ anorthosite + apatite 7 days diss 2 100 97 9 99 95 53 15 17
26B CZ anorthosite + apatite 7 days diss 1 100 99 1 99 100 35 15 46
27B CZ anorthosite 7 days diss 11 4 50

28B Pure apatite 600 1579 91
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Fig. 3B :La change with Ce for Leaching experiments
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Appendix C. Major and Trace Element Compositions

This section presents analytical data for major taace element contents of plagioclase.
Initially, plagioclase separates were analyzed elefs at Wits University in order to
obtain trace element contents of plagioclase asdlteeof P, K, Sr, Ba, La and Ce were
obtained. Analytical data indicated that a numifesamples contained apatite (based on
high ROs, La and Ce contents) and or alkali feldspar (basetigh KO). The presence
of apatite was corrected by leaching samples nic@cid and calculating out the apatite
fraction. The effect of alkali feldspar is too largo calculate out; hence all samples
which contain significant alkali feldspar were exa¢d from subsequent modeling. In the
ensuing tables, the samples which did not needetodorected for and samples which
were only corrected by calculating out the effettapatite are presented as Sample
Numbers + P and sample number +L represent sawplieb were leached in citric acid
and reanalyzed. Analytical data for Sr and Ba waly corrected by the calculation
method hence the XRF (pellet) data show Sr andoBgeats from analyses (uncorrected)
and Sr and Ba contents for which the apatite ptapo has been calculated out

(corrected).
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Major Element Data (XRF fusion , University of the Witwatersrand, 2009)

Height (m) Sample # SiO, Al>O3 Fe,03 FeO MgO CaO Na,O K20 TiO2 P,Os | TOTAL LOI An #
Wt %) | (Wt%) | Wt%) | Wt%) | Wt%) | Wt%) | (Wt%) | (Wt%) | Wt%) | (Wwt%) | (Wt%) | (wt%) | (%)
1861.63 | 1W403.4P 73.27 15.77 0.08 0.67 0.04 3.87 4.96 0.46 0.03 0.06 99.25 0.78 30.14
1827.74 | 1W440.5P 60.18 23.15 0.10 0.79 0.11 7.18 6.12 1.40 0.05 0.59 99.69 0.51 39.35
1827.74 | 1W440.5L 61.95 23.59 0.03 0.25 0.08 6.52 6.23 1.38 0.04 0.02 100.09 0.52 36.66
1824.73 | 1W443.8L 63.27 23.45 0.02 0.13 0.07 6.53 6.25 1.22 0.03 0.03 101.00 0.81 36.62
1823.50 | 1W445.15P 56.80 25.88 0.10 0.77 0.10 8.59 6.46 0.61 0.08 0.35 99.76 0.21 42.37
1823.50 | 1W445.15L 57.90 25.99 0.03 0.29 0.07 8.28 6.53 0.61 0.08 0.01 99.80 0.75 41.22
1818.43 | 1W450.7L 62.83 23.32 0.02 0.18 0.06 6.79 6.00 1.11 0.03 0.01 100.34 1.35 38.49
1731.83 | 1W545.5P 57.88 24.98 0.09 0.71 0.11 8.56 5.90 0.97 0.05 0.54 99.79 0.29 44.51
1731.83 | 1W545.5L 59.52 25.27 0.03 0.21 0.07 7.99 5.87 0.98 0.04 0.02 100.00 0.79 42.94
1729.54 | 1W548L 61.32 24.80 0.02 0.14 0.07 7.88 5.62 0.99 0.03 0.01 100.89 0.81 43.67
1727.53 | 1W550.2L 58.90 25.58 0.02 0.13 0.07 8.19 5.88 0.98 0.04 0.01 99.81 1.15 43.51
1718.03 | 1W560.6L 58.88 26.32 0.02 0.16 0.07 8.57 5.90 0.84 0.04 0.01 100.81 0.76 44.54
1709.45 | 1W570L 59.13 25.91 0.05 0.39 0.12 8.44 5.96 0.87 0.06 0.02 100.95 0.79 43.92
1707.98 | 1W571.6L 58.71 25.87 0.03 0.25 0.09 8.13 5.96 0.73 0.04 0.01 99.83 0.70 43.00
1693.37 | 1W587.6L 56.73 26.97 0.03 0.24 0.09 9.51 5.92 0.49 0.05 0.02 100.04 0.72 47.04
1684.55 | 1W597.25L 57.23 26.65 0.04 0.34 0.10 9.43 5.83 0.53 0.08 0.02 100.26 1.81 47.21
1681.31 | 1W600.8L 56.80 27.23 0.02 0.16 0.07 9.63 5.56 0.42 0.04 0.02 99.96 1.53 48.92
1673.82 | 1W609L 57.21 26.77 0.02 0.18 0.08 9.46 5.80 0.42 0.08 0.31 100.32 1.50 47.42
1672.54 | 1W610.4L 56.12 26.69 0.05 0.38 0.10 9.98 5.58 0.43 0.08 0.60 100.00 0.99 49.72
1669.16 | 1W614.1L 56.96 27.05 0.02 0.17 0.06 9.21 5.93 0.35 0.06 0.03 99.84 0.98 46.20
1663.77 | 1W620L 60.57 21.39 0.04 0.33 0.08 10.26 7.33 0.12 0.08 0.02 100.23 2.89 43.63
1658.29 | 1W626L 56.34 27.63 0.03 0.27 0.09 9.99 5.47 0.44 0.05 0.02 100.33 0.59 50.25
1656.65 | 1W627.8L 56.45 27.43 0.03 0.20 0.10 10.11 5.42 0.38 0.05 0.02 100.20 1.12 50.77
1654.73 | 1W629.9P 49.20 24.78 0.07 0.55 0.15 14.99 5.29 0.32 0.06 4.53 99.94 0.25 61.04
1654.73 | 1W629.9L 56.73 27.55 0.02 0.19 0.08 10.01 5.57 0.34 0.05 0.04 100.58 0.59 49.84
1649.52 | 1W635.6L 54.76 25.30 0.02 0.16 0.08 12.81 4.99 0.25 0.06 2.59 101.00 1.97 58.67
1647.97 | 1W637.3L 56.32 26.78 0.02 0.19 0.08 10.41 5.33 0.31 0.10 0.52 100.08 0.00 51.93
1637.92 | 1W648.3P 52.06 25.12 0.09 0.70 0.12 12.90 5.43 0.51 0.05 3.19 100.18 1.01 56.78
1637.92 | 1W648.3L 57.27 26.88 0.02 0.15 0.08 9.22 5.79 0.52 0.05 0.02 100.00 0.56 46.82
1634.26 | 1W652.3L 57.70 26.56 0.03 0.21 0.10 8.86 5.83 0.79 0.04 0.02 100.12 0.56 45.66
1629.56 | 1W657.45P 56.09 26.20 0.07 0.56 0.12 10.00 5.77 0.70 0.05 0.88 100.45 0.34 48.94
1629.56 | 1W657.45L 58.31 26.79 0.02 0.17 0.08 9.02 5.68 0.68 0.04 0.01 100.80 2.31 46.76
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Major Element Data (XRF fusion , University of the Witwatersrand, 2009)

Height (m) Sample # SiO, Al>O3 Fe,03 FeO MgO CaO Na,O K20 TiO2 P,Os | TOTAL LOI An #
Wt %) | Wt%) | (Wt%) | Wt%) | (Wt%) | Wt%) | (wt%) | (Wwt%) | (Wt%) | Wt%) | Wt%) | (wt%) | (%)

1620.74 | 1W667.1L 57.04 26.90 0.03 0.23 0.09 9.33 5.93 0.48 0.04 0.02 100.10 0.49 46.52
1215.06 | 1W1111.2P 48.00 24.38 0.10 0.78 0.17 14.04 4.52 2.45 0.05 5.21 99.71 2.85 63.20
1151.75 | 1W1180.5P 56.42 27.06 0.10 0.79 0.13 9.50 5.83 0.50 0.05 0.05 100.43 0.47 47.40
913.33 | 1W1441.5P 52.31 26.67 0.08 0.68 0.21 12.86 5.19 0.33 0.05 2.30 100.70 0.23 57.81
908.31 | 1W1447P 54.40 27.36 0.09 0.75 0.21 10.95 5.51 0.40 0.06 0.76 100.51 0.31 52.36
884.56 | 1W1473P 54.96 28.48 0.05 0.42 0.14 10.98 5.31 0.39 0.05 0.21 100.98 0.38 53.35
884.56 | 1W1473L 56.79 27.61 0.02 0.20 0.10 10.36 5.18 0.36 0.04 0.02 100.69 1.68 52.52
879.62 | 1W1478.4L 56.65 27.42 0.05 0.39 0.12 10.43 4.96 0.35 0.07 0.02 100.46 1.18 53.76
878.34 | 1W1479.8L 56.65 27.07 0.02 0.18 0.08 10.28 5.00 0.36 0.04 0.01 99.69 1.59 53.20
868.93 | 1w1490.1P 54.06 28.06 0.08 0.68 0.23 10.66 5.40 0.27 0.05 0.04 99.53 0.25 52.19
862.63 | 1W1497P 55.39 27.51 0.08 0.62 0.17 10.03 5.84 0.29 0.04 0.05 100.02 0.17 48.71
861.08 | 1W1498.7P 55.05 27.22 0.07 0.56 0.17 10.64 5.70 0.52 0.03 0.05 100.00 0.85 50.79
859.34 | 1W1500.6P 55.64 27.47 0.04 0.35 0.17 9.85 5.87 0.41 0.05 0.04 99.90 0.23 48.13
856.69 | 1W1503.5P 54.19 26.44 0.11 0.90 0.22 12.09 5.44 0.34 0.06 0.03 99.82 1.32 55.14
850.66 | 3W460.1P 55.47 27.16 0.16 1.33 0.15 9.63 5.65 0.47 0.18 0.03 100.26 0.48 48.52
850.39 | 1W1510.4P 56.24 27.77 0.05 0.40 0.09 10.01 5.83 0.45 0.05 0.06 100.95 0.15 48.70
850.39 | 1W1510.4L 56.26 27.29 0.02 0.18 0.08 9.70 5.66 0.43 0.05 0.02 99.69 3.96 48.66
848.38 | 1W1512.6L 55.46 27.05 0.03 0.23 0.10 9.80 6.05 0.45 0.04 0.03 99.25 0.52 47.25
846.19 | 1W1515P 56.06 27.85 0.06 0.48 0.08 9.98 5.76 0.42 0.04 0.10 100.82 0.20 48.93
846.19 | 1W1515L 56.11 27.10 0.02 0.18 0.08 9.69 5.76 0.41 0.03 0.02 99.39 3.70 48.19
823.35 | 3W490P 55.35 26.88 0.11 0.89 0.25 9.78 6.07 0.41 0.04 0.20 99.99 0.63 47.09
814.22 | 1W1550P 54.72 26.51 0.06 0.52 0.17 10.19 5.66 0.48 0.04 0.68 99.04 0.94 49.89
777.68 | 3W540P 53.91 26.83 0.31 2.50 0.52 9.58 5.41 0.41 0.32 0.03 99.85 0.60 49.47
732.00 | 3W590P 54.73 27.82 0.09 0.69 0.13 10.28 5.64 0.54 0.05 0.04 100.00 1.08 50.20
593.15 | 3W742P 53.94 28.29 0.07 0.57 0.15 10.88 5.12 0.35 0.05 0.03 99.45 0.33 54.02
558.44 | 3W780P 53.56 28.06 0.15 1.25 0.27 11.05 5.08 0.42 0.10 0.05 100.01 0.70 54.60
517.33 | 3W825P 53.54 27.89 0.21 1.72 0.41 10.51 4.92 0.37 0.11 0.02 99.70 0.73 54.15
448.82 | 3W900P 53.68 27.47 0.17 1.37 0.76 10.84 4.72 0.38 0.08 0.02 99.49 0.35 55.95
320.93 | 3W1040P 55.35 26.88 0.11 0.89 0.25 9.78 6.07 0.41 0.04 0.20 99.99 1.25 47.09
235.51 | 3W1133.5P 53.60 28.36 0.11 0.92 0.32 11.02 5.13 0.34 0.09 0.02 99.91 0.92 54.30
58.93 | 3W1326.8P 52.87 28.34 0.12 1.00 0.28 11.33 4.73 0.38 0.12 0.02 99.21 0.49 56.98
9.19 | 3wW1381.25P 52.86 28.68 0.08 0.61 0.27 11.96 4.41 0.34 0.07 0.02 99.29 0.41 60.00
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Major Element Data (XRF fusion, SGS Lakefields)

Height Sample # SiOz Al,O; | CaO MgO Fe,03 K20 Na,O TiO2 P20s Total An #
(m) (Wt%) | (Wt%) | (wt%) | (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (%)

1827.74 | 1W 440.5L 60.8 23.5 6.48 0.07 0.42 1.35 6.06 0.04 <0.01 98.7 37.16
1824.73 | 1W 443.8L 61.8 23.2 6.46 <0.05 0.26 1.18 5.94 0.03 <0.01 98.9 37.55
1818.43 | 1W450.7L 60.6 22.7 6.65 <0.05 0.33 1.07 5.75 0.02 <0.01 97.2 39.01
1731.83 | 1W545.5L 57.9 25.1 8.22 0.07 0.4 0.94 5.74 0.05 <0.01 98.4 44.19
1727.53 | 1W550.2L 57.5 25.4 8.11 0.08 0.28 0.93 5.66 0.05 <0.01 97.9 44.21
1718.03 | 1W560.6L 57.8 26.2 8.6 <0.05 0.31 0.81 5.88 0.04 <0.01 99.7 44.71
1709.45 | 1W570L 57.5 25.7 8.3 0.08 0.51 0.84 5.8 0.07 <0.01 98.8 44.18
1693.37 | 1W587.6L 56 27.1 9.56 0.06 0.38 0.46 5.6 0.05 0.01 99.2 48.56
1684.55 | 1W597.25L 55.2 26.3 9.23 0.07 0.47 0.47 5.42 0.08 0.01 97.3 48.50
1669.16 | 1W 614.1 55.6 26.8 9.12 <0.05 0.31 0.34 5.88 0.06 0.02 98.2 46.17
1663.77 | 1W 620.0L 56.5 20.5 9.81 0.06 0.4 0.11 6.83 0.07 <0.01 94.3 44.27
1656.65 | 1W 627.8L 55.8 27.8 10.1 0.05 0.28 0.36 5.57 0.06 0.01 100 50.07
1654.73 | 1W 629.9L 54.8 27.3 9.87 <0.05 0.29 0.32 5.41 0.05 0.01 98.2 50.22
1637.92 | 1W 648.3L 54.9 26.2 9.02 <0.05 0.25 0.51 5.58 0.05 0.01 96.6 47.20
1634.26 | 1W 652.3L 57.1 26.6 8.88 0.06 0.32 0.77 5.77 0.04 <0.01 99.5 45.98
1629.56 | 1W 657.45L 56.2 26.3 8.87 <0.05 0.29 0.65 5.73 0.04 <0.01 98.1 46.12

884.56 | 1W 1473L 53.7 26.5 10 0.07 0.28 0.33 4.89 0.04 0.01 95.8 53.07

878.34 | 1W 1479.8L 54.3 26.6 10 <0.05 0.34 0.36 4.89 0.04 0.01 96.6 53.07

850.39 | 1W 1510.4L 54.5 26.8 9.62 0.06 0.24 0.42 5.52 0.04 <0.01 97.2 49.08

846.19 | 1w 1515L 54.2 26.6 9.59 <0.05 0.27 0.39 5.41 0.04 <0.01 96.6 49.50
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XRF (pellet) data, University of the Witwatersrand, 2008

Height Sample # P,0s KO | Sr Corrected Sr La Ce Ba Corrected Ba
(m) (%) (%) | (ppm) | (ppm) (ppm) | (ppm) | (ppm) | (ppm)
1861.63 | 1W 403.4P 0.00 | 0.33 329.9 329.9 9.3 28.6 | 481.0 481
1828.57 | 1W 439.6P 0.00 | 0.96 592.1 592.1 12.3 70.2 | 1269.5 1269
1827.74 | 1W 440.5P 0.00 | 1.03 576.5 576.5 7.0 68.9 | 1255.3 1255
1825.46 | 1W 443P 0.00 | 1.11 588.4 588.4 10.8 73.4 | 13423 1342
1824.73 | 1W 443.8P 0.00 | 0.87 584.5 584.5 13.0 61.3 | 1121.9 1122
1823.82 | 1W 444.8P 0.00 | 0.60 592.6 594.2 30.9 60.8 | 697.7 704
1823.50 | 1W 445.15P 0.00 | 0.47 756.9 756.9 10.3 44.8 755.2 755
1823.08 | 1W 445.6P 0.00 | 0.73 677.4 677.4 7.9 56.3 890.1 890
1821.26 | 1W 447.6P 0.00 | 0.75 612.1 612.1 7.6 37.7 658.6 659
1818.43 | 1W 450.7P 0.00 | 0.82 635.4 635.4 7.1 52.0 | 948.5 949
1816.87 | 1W 452.4P 0.00 | 0.65 615.5 615.5 9.1 47.4 | 8794 879
1796.14 | 1W 475.1P 0.00 | 0.81 625.9 625.9 6.9 48.7 949.0 949
1769.10 | 1W 504.7P 0.00 | 0.82 495.3 495.3 6.8 38.3 898.0 898
1742.19 | 1W534.15P 0.00 | 0.73 600.7 600.7 9.1 52.9 | 901.8 902
1731.83 | 1W545.5P 0.00 | 0.71 609.5 609.5 115 50.4 | 8415 841
1730.46 | 1W547P 0.00 | 0.72 607.7 607.7 5.0 46.3 791.9 792
1729.54 | 1W548P 0.00 | 0.71 595.6 596.0 8.4 48.5 869.0 869
1728.63 | 1W 549P 0.00 | 0.75 573.4 573.4 8.0 45.5 879.2 879
1727.53 | 1W550.2P 0.00 | 0.72 614.5 614.5 9.9 458 | 831.9 832
1718.03 | 1W560.6P 0.00 | 0.52 626.0 626.0 75 415 | 611.8 612
1709.45 | 1W570P 0.00 | 0.61 611.7 611.7 10.1 42.9 679.5 680
1707.98 | 1W571.6P 0.17 | 0.53 627.5 628.4 16.5 41.0 497.8 500
1704.42 | 1W575.5P 1.99 | 1.13 725.1 740.2 30.0 108.6 | 1455.9 1524
1693.37 | 1W587.6P 1.00 | 0.35 593.6 598.1 21.2 49.8 | 524.5 537
1688.44 | 1W593.0P 4.17 | 0.45 565.2 582.1 43.0 73.6 | 545.2 601
1684.55 | 1W597.25P 0.92 | 0.37 597.6 601.8 18.5 46.8 458.0 468
1681.31 | 1W 600.8P 4.69 | 0.30 580.5 601.6 47.0 69.7 375.6 420
1680.12 | 1W 602.1P 5.74 | 0.27 556.8 579.7 48.0 84.0 | 403.1 462
1676.74 | 1W 605.8P 9.95 | 0.45 557.4 602.1 84.9 117.0 | 3535 453
1673.82 | 1W 609P 14.89 | 0.24 512.6 568.3 84.8 113.2 256.4 383
1672.54 | 1W 610.4P 10.19 | 0.28 524.9 561.5 48.2 82.9 291.6 378
1669.16 | 1W 614.1P 4.59 | 0.26 498.9 510.2 37.6 59.3 339.1 378
1663.77 | 1W 620.0P 4.10 | 0.11 174.7 152.0 46.0 103.2 932.2 1026
1658.29 | 1W 626.0P 213 | 0.31 591.3 600.9 27.0 47.1 | 356.7 375
1656.65 | 1W 627.8P 2.86 | 0.27 583.5 596.0 27.8 51.1 | 381.6 408
1654.73 | 1W 629.9P 3.31 | 0.24 576.7 590.8 31.8 60.7 400.0 432
1649.52 | 1W 635.6P 16.26 | 0.16 495.6 549.7 93.0 119.3 204.8 321
1648.97 | 1W 636.2P 3.84 | 0.35 579.6 596.4 25.2 58.5 | 379.6 416
1647.97 | 1W 637.3P 14.12 | 0.19 505.9 554.3 79.7 100.1 | 225.3 328
1645.87 | 1W 639.6P 1.19 | 0.53 559.2 563.6 18.1 44.1 435.6 448
1645.41 | 1W 640.1P 0.00 | 0.38 579.7 579.7 8.4 28.0 430.3 430
1644.68 | 1W 640.9P 0.00 | 0.28 474.5 474.5 0.3 16.1 278.3 278
1643.67 | 1W 642P 0.46 | 0.31 561.0 562.7 13.6 35.6 | 350.7 355
1642.49 | 1W 643.3P 0.50 | 0.48 549.1 550.8 9.5 41.1 | 5373 543
1639.29 | 1W 646.8P 1.84 | 1.00 526.9 532.3 27.4 62.3 624.1 651
1637.92 | 1W 648.3P 2.03 | 0.38 536.1 542.5 20.7 52.4 504.8 529
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XRF (pellet) data, University of the Witwatersrand, 2008

Height Sample # P20s KO | Sr corrected Sr La Ce Ba corrected Ba
(m) (%) (%) | (ppm) | (ppm) (ppm) | (ppm) | (ppm) | (ppm)
1637.28 | 1W 649.0P A 1.10 | 0.83 | 536.5 540.0 25.2 60.5 | 601.6 617
1637.28 | 1W 649.0P B 152 | 0.84 | 539.9 544.9 254 59.3 | 606.7 628
1637.28 | 1W 649.0P C 1.14 0.84 536.0 539.6 32.6 56.9 615.8 632
1636.46 | 1W 649.9P 0.87 | 1.11 | 539.8 542.6 24.3 53.1 | 679.1 693
1634.26 | 1W 652.3P 0.00 | 0.57 | 550.6 550.6 9.4 34.6 | 560.6 561
1630.61 | 1W 656.3P 0.00 | 0.37 | 582.2 582.2 12.7 27.8 | 392.8 393
1629.56 | 1W 657.45P 0.00 | 0.50 | 584.6 584.6 11.9 36.0 | 5194 519
1627.23 | 1W 660P 0.00 | 0.49 | 591.7 591.7 4.3 28.1 | 485.0 485
1620.74 | 1W 667.1P 0.00 | 0.36 | 614.1 614.1 6.1 255 | 411.2 411
1578.18 | 1W 713.7P 0.00 | 0.37 | 533.3 533.3 3.5 18.8 | 384.9 385
1574.25 | IW 718 P 0.00 486.5 486.5 1.5 17.9
1544.01 | 1W 751.1P 0.00 573.9 573.9 0.3 24.1
1540.63 | 1W 754.8P 0.00 | 0.36 | 543.0 543.0 2.3 20.8 | 4775 478
1518.71 | 1W 778.8P 0.00 | 0.57 | 593.9 593.9 4.7 22.4 | 4405 441
1500.98 | 1W 798.2P 0.00 | 0.33 | 583.6 583.6 8.3 214 | 351.2 351
1487.56 | 1W 812.9P 0.00 | 0.52 | 549.5 549.5 5.6 29.3 | 608.5 609
1454.85 | 1W 848.7P 0.00 | 0.33 | 591.0 591.0 -3.5 20.2 | 359.8 360
1402.69 | 1W 905.8P 0.00 | 0.55 | 570.9 570.9 2.1 25.6 | 4135 414
1358.66 | 1W 954P 0.00 | 0.41 | 568.5 568.5 -0.6 18.6 | 362.3 362
1312.99 | 1W 1004P 0.00 | 0.39 | 5415 541.5 4.8 17.8 | 320.9 321
1225.15 | 1W 1100.15 P 22.38 | 0.22 | 503.7 606.4 90.7 | 110.7 | 178.3 354
1179.16 | 1W 1150.5P 0.00 | 0.33 | 554.9 554.90 0.9 17.0 | 326.7 327
1151.75 | 1W 1180.5P 0.00 | 0.37 | 529.2 529.2 1.0 16.3 | 294.1 294
1124.81 | 1W 1210P 0.00 | 0.46 | 491.0 491.0 3.8 16.6 | 342.6 343
1081.05 | 3W 207.9P 0.00 | 0.28 | 456.4 456.4 4.4 16.7 | 278.6 279
1073.01 | 1W 1266.7P 0.00 | 0.38 | 435.5 435.5 2.0 14.5 | 280.7 281
1042.59 | 3W 250P 0.00 | 0.30 | 601.4 601.4 5.2 16.5 | 320.7 321
1039.67 | 1W 1303.2P 0.00 | 0.33 | 595.9 595.9 -2.9 17.7 | 336.7 337
996.92 | 3w 300 P 0.00 | 0.35 | 558.0 558.0 -0.2 229 | 387.5 387
996.55 | 1w 1350.4 P 0.00 | 0.31 | 513.2 513.2 1.3 19.2 | 327.0 327
960.28 | 3W 340.1 P 0.00 | 0.36 | 540.2 540.2 0.0 23.5 | 325.8 326
951.24 | 3W 350P 0.00 | 1.54 | 425.6 425.6 7.1 36.9 | 830.1 830
928.40 | 3W 375P 1.11 | 0.25 | 502.7 505.4 14.3 314 | 327.2 335
914.70 | 3W 390 P 0.00 | 0.32 | 4994 499.4 3.0 16.2 | 325.8 326
913.33 | 1W 1441.5P 0.00 | 0.23 | 571.3 574.6 12.3 28.7 | 2423 247
908.31 | 1W 1447P 0.00 | 0.29 | 571.8 571.8 8.0 22.7 | 3235 323
885.24 | 1W 1472.25P 0.00 | 0.27 | 4904 490.4 3.9 14.6 | 281.4 281
884.56 | 1W 1473P 0.00 | 0.29 | 5684 568.4 4.3 19.8 | 287.9 288
879.62 | 1W 1478.4P 0.00 | 0.29 | 5425 542.5 0.3 17.7 | 310.7 311
878.34 | 1W 1479.8P 0.00 | 0.30 | 546.0 546.0 4.1 19.5 | 300.7 301
872.31 | 1W 1486.4P 0.00 | 0.56 | 519.2 519.2 5.3 18.6 | 348.6 349
869.53 | 1W 1489.45P 0.00 | 0.43 | 561.2 561.0 6.9 19.6 | 263.9 279
868.93 | 1W 1490.1P 0.00 | 0.21 | 5435 543.5 2.5 15.7 | 278.8 268
862.63 | 1W 1497P 0.00 | 0.22 | 565.3 565.3 3.4 14.4 | 267.9 264
861.08 | 1W 1498.7P 0.00 | 0.39 | 579.3 579.3 29 18.6 | 317.7 318
859.34 | 1W 1500.6 P 0.00 | 0.30 | 5334 533.4 3.0 18.1 | 300.9 301
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XRF (pellet) data, University of the Witwatersrand, 2008
Height | Sample # P,Os | KO | Sr corrected Sr La Ce Ba corrected Ba
(m) (%) | (%) | (ppm) | (PPm) (ppm) | (ppm) | (ppm) | (PPm)
856.69 | 1W 1503.5P 0.00 | 0.25 | 472.1 472.1 1.4 11.9 | 183.6 184
850.39 | 1W 1510.4P 0.00 | 0.33 | 543.7 543.7 1.6 17.9 | 293.0 293
848.38 | 1W 1512.6P 0.00 | 0.31 | 557.0 557.0 -0.2 18.2 | 313.5 313
846.19 | 1W 1515P 0.00 | 0.31 | 551.6 551.6 5.8 16.8 | 297.2 297
823.35 | 3W 490P 0.00 | 0.29 | 401.3 401.3 -1.9 13.6 | 276.2 276
814.22 | 1W 1550P 0.00 | 0.37 | 457.9 457.9 0.9 12.6 | 239.2 239
777.68 | 3W 540P 0.00 | 0.32 | 485.8 485.8 -1.8 15.4 | 259.5 259
732.00 | 3W 590P 0.00 | 0.39 | 560.0 560.0 2.0 18.4 | 302.1 302
724.88 | 1W 1647.8P 0.00 | 0.25 | 492.8 492.8 8.6 13.1 | 228.1 228
667.69 | 3W 660.4P 0.00 | 0.25 | 439.5 439.5 1.0 12.5 | 300.0 300
593.15 | 3W 742 P 0.00 | 0.25 | 497.1 497.1 -1.7 15.8 | 273.2 273
558.44 | 3W 780 P 0.00 | 0.31 | 471.6 471.6 2.3 145 | 234.6 235
517.33 | 3W 825P 0.00 | 0.28 | 468.8 468.8 2.5 145 | 237.8 238
485.36 | 3W 860P 0.00 | 0.33 | 480.8 480.8 -0.8 17.3 | 253.9 254
448.82 | 3W 900P 0.00 | 0.30 | 433.5 433.5 2.7 16.4 | 263.2 263
420.04 | 3W 931.5P 0.00 | 0.25 | 338.5 338.5 2.9 14.2 | 1594 159
320.93 | 3W 1040P 0.00 | 0.27 | 454.1 454.1 0.8 12.7 | 204.1 204
275.25 | 3W 1090P 0.00 | 0.29 | 452.7 452.7 -1.5 13.9 | 228.5 229
235.51 | 3W 1133.5P 0.00 | 0.26 | 463.2 463.2 6.5 12.7 | 239.5 239
108.17 | 3W 1272.9P 0.00 | 0.26 | 385.4 385.4 24 14.6 | 185.9 186
58.93 | 3W 1326.8P 0.00 | 0.30 | 400.3 400.3 3.0 12.2 | 227.6 228
9.19 | 3W 1381.25 P 0.00 | 0.28 | 413.1 413.1 1.6 13.9 | 205.0 205
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Trace Element data (ICP, University of Cape Town 2009)

Height (m) sample # Rb Sr Ba Pb Th U
(ppm) | (ppm) | (ppm) | (ppm) | (ppm) (ppm)

1824.7 | 1W443.8P 36.3 602.2 731.5 11.8 1.6 0.6
1824.7 | 1W443.8L 33.3 592.1 705.0 10.7 0.1 0.2
1818.4 | 1W450.7P 325 666.0 628.4 9.2 1.2 0.7
1818.4 | 1wW450.7L 29.9 636.3 576.6 6.8 0.3 0.4
1729.5 | 1W548P 24.8 624.8 598.6 10.1 1.0 0.4
1729.5 | 1W548L 22.9 589.1 563.5 8.7 0.2 0.2
1727.5 | 1W550.2P 23.3 648.9 576.9 9.1 1.3 0.4
1727.5 | 1W550.2L 22.5 636.0 568.4 8.5 0.1 0.1
1718.0 | 1W560.6P 16.3 658.5 493.1 8.6 0.8 0.3
1718.0 | 1W560.6L 13.7 592.5 436.0 6.8 0.1 0.1
1709.4 | 1W570P 17.0 640.8 475.2 8.7 1.2 0.4
1709.4 | 1W570L 15.1 614.7 450.5 7.2 0.1 0.1
1708.0 | 1W571.6P 14.9 659.1 338.8 8.7 1.5 0.6
1708.0 | 1W571.6L 13.9 635.3 315.7 6.6 0.1 0.1
1684.6 | 1W597.25P 3.8 629.8 332.2 7.4 2.0 0.5
1684.6 | 1W597.25L 2.4 564.8 297.2 5.4 0.0 0.0
1650.1 | 1W635.6P 1.3 543.2 209.2 10.5 7.8 2.6
1650.1 | 1W635.6L 1.0 582.7 290.9 9.7 0.0 0.0
1648.2 | 1W637.3P 1.8 551.5 216.4 10.5 7.0 2.4
1648.2 | 1W637.3L 1.8 547.6 268.7 9.3 0.1 0.0
1629.6 | 1W657.45P 12.8 610.6 358.0 6.8 1.4 0.5
1629.6 | 1W657.45L 10.8 550.7 322.9 5.6 0.1 0.1
1620.7 | 1W667.1P 3.8 639.5 290.7 5.5 0.5 0.2
1620.7 | 1W667.1L 3.1 632.6 278.0 4.5 0.1 0.1
1225.2 | 1W1100.15P 1.8 557.4 164.7 4.2 4.7 2.5
1225.2 | 1W1100.15L 2.4 625.6 249.4 3.2 0.0 0.0
928.4 | 3W375P 2.6 643.9 259.0 34 0.8 0.3
928.4 | 3W375L 15 517.5 215.7 2.4 0.0 0.0
913.3 | 1W1441.5P 0.4 616.1 202.7 3.0 0.6 0.2
913.3 | 1W1441.5L 0.2 453.8 148.0 1.6 0.0 0.0
908.3 | 1W1447P 0.8 592.3 231.1 3.5 0.4 0.1
908.3 | 1W1447L 0.8 559.7 225.2 3.2 0.0 0.0
884.6 | 1W1473P 26| 596.9 | 2019 4.3 05 0.1
884.6 | 1W1473L 18| 4950 | 163.8 2.9 0.0 0.0
879.6 | 1W1478.4P 16| 573.7 | 216.1 3.3 0.3 0.1
879.6 | 1W1478.4L 0.6 | 459.6 | 168.7 25 0.1 0.0
878.3 | 1wW1479.8P 15| 5739 | 2143 3.2 0.3 0.1
878.3 | 1wW1479.8L 09| 5046 | 183.1 2.6 0.1 0.0
869.0 | 1W1490.1P 15| 584.7 | 196.7 4.9 0.2 0.0
869.0 | 1W1490.1L 0.9 | 430.8| 1473 35 0.1 0.0
862.6 | 1W1497P 0.7 | 5721 | 1897 2.1 0.1 0.0
862.6 | 1W1497L 0.4 | 562.1| 189.0 2.0 0.1 0.0
861.1 | 1W1498.7P 44| 607.6 | 238.2 6.4 0.1 0.0
861.1 | 1W1498.7L 4.0 | 570.2 | 2215 2.7 0.0 0.0
856.7 | 1W1503.4P 2.2 | 4948 | 149.7 1.6 0.1 0.0
856.7 | 1W1503.4L 15| 4706 | 1513 1.3 0.0 0.0

Trace Element data (ICP, University of Cape Town 209)
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Height (m) | sample # Rb Sr Ba Pb Th U
(ppm) | (ppm) (ppm) (ppm) (ppm) (ppm)

850.4 | 1W1510.4P 1.0 576.0 208.7 2.9 0.3 0.1
850.4 | 1W1510.4L 0.6 563.4 200.2 2.6 0.1 0.0
848.4 | 1W1512.6P 0.7 584.8 220.7 2.4 0.1 0.0
848.4 | 1W1512.6L 0.5 566.9 209.6 2.1 0.0 0.0
846.2 | 1IW1515P 1.3 584.5 208.8 3.1 0.3 0.1
846.2 | IW1515L 0.7 538.7 183.9 2.6 0.1 0.0
814.2 | 1W1550P 1.8 517.9 169.1 1.4 0.1 0.0
814.2 | 1W1550L 1.3 441.7 150.8 0.9 0.0 0.0
320.9 | 3W1040P 1.0 520.8 164.3 2.6 0.1 0.0
320.9 | 3W1040L 0.5 438.0 137.3 2.2 0.0 0.0
235.5 | 3W1133.5P 0.8 517.8 168.3 7.2 0.1 0.0
235.5 | 3W1133.5L 0.4 402.5 129.1 5.7 0.0 0.0

58.9 | 3W1326.8P 2.9 471.4 172.7 5.3 0.3 0.1

58.9 | 3W1326.8L 1.6 430.2 1574 4.7 0.1 0.0
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Appendix D. Variables used in modeling the Upper Zoe of the
Bushveld Complex and resulting calculated composains

This section presents the variables used in maglehe Upper Zone of the Bushveld
Complex and calculated bulk Ds, Sr and Ba contatdiquid, cumulus and re-
equilibrated plagioclase. Values for F (fractiommdgma remaining) were calculated from
the height of each sample with respect to the basiee Upper Zone. The column- F for
each step represent the vertical distance betwdjacemnt samples relative to the vertical
interval to the top such that for each step sofhalues become extremely close to unity.
Dga in plagioclase is constant at 0.4 throughout atiization and [Q; in plagioclase
changes from 1.5 to 2.1. The cumulus plagioclasden® estimated as follows:

Cumulus mode = observed mode — (TL %/2). Due toeffect of alkali feldspar on the
analyses of Ba, modeling for Ba was terminated=ad H.
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Variables and resulting

compositions of modeling (Ba)

F Height (m) Sample # F for each DBa TL (%) plag mode cumulus Bulk D C. Ba in cumulus [Ba in re-equilibrated |Observed Ba
step mode plagioclase plagioclase
0.09 1688.4|1W593.0P 1.0 0.4 10 45 42 0.24 1867 747 955 601
0.10 1684.6|1W597.25P 1.0 0.4 10 45 42 0.24 1835 734 940 468
0.10 1681.3|1W 600.8P 1.0 0.4 10 45 42 0.24 1810 724 927 420
0.10 1680.1|1W 602.1P 1.0 0.4 10 45 42 0.24 1801 720 922 462
0.10 1676.7|1W 605.8P 1.0 0.4 10 46 43 0.24 1776 710 909 453
0.10 1673.8|1W 609P 1.0 0.4 10 46 43 0.24 1755 702 899 383
0.10 1672.5|1W 610.4P 1.0 0.4 10 46 43 0.24 1746 698 894 378
0.10 1669.2|1W 614.1P 1.0 0.4 10 a7 44 0.24 1723 689 882 378
0.11 1663.8|1W 620.0P 1.0 0.4 10 a7 44 0.24 1687 675 864 1026
0.11 1658.3|1W 626.0P 1.0 0.4 10 47 44 0.24 1652 661 846 375
0.11 1656.6|1W 627.8P 1.0 0.4 10 a7 44 0.24 1642 657 841 408
0.11 1654.7|1W 629.9P 1.0 0.4 10 47 44 0.24 1631 652 835 432
0.11 1649.5|1W 635.6P 1.0 0.4 10 a7 44 0.24 1600 640 820 321
0.11 1649.0|1W 636.2P 1.0 0.4 10 47 44 0.24 1597 639 818 416
0.12 1648.0|1W 637.3P 1.0 0.4 10 47 44 0.24 1591 636 815 328
0.12 1645.9|1W 639.6P 1.0 0.4 10 a7 44 0.24 1579 632 809 448
0.12 1645.4|1W 640.1P 1.0 0.4 10 47 44 0.24 1577 631 808 430
0.12 1644.7|1W 640.9P 1.0 0.4 10 a7 44 0.24 1573 629 806 278
0.12 1643.7|1W 642P 1.0 0.4 10 47 44 0.24 1567 627 803 355
0.12 1642.5|1W 643.3P 1.0 0.4 10 a7 44 0.24 1561 624 800 543
0.12 1639.3|1W 646.8P 1.0 0.4 10 a7 44 0.24 1544 618 791 651
0.12 1637.9|1W 648.3P 1.0 0.4 10 47 44 0.24 1537 615 788 529
0.12 1637.3|1W 649.0P A 1.0 0.4 10 a7 44 0.24 1533 613 786 617
0.12 1637.3|1W 649.0P B 1.0 0.4 10 47 44 0.24 1533 613 786 628
0.12 1637.3|1W 649.0P C 1.0 0.4 10 a7 44 0.24 1533 613 786 632
0.12 1636.5|1W 649.9P 1.0 0.4 10 47 44 0.24 1529 612 784 693
0.12 1634.3|1W 652.3P 1.0 0.4 10 47 44 0.24 1518 607 778 561
0.12 1630.6|1W 656.3P 1.0 0.4 10 a7 44 0.24 1500 600 769 393
0.13 1629.6|1W 657.45P 1.0 0.4 10 47 44 0.24 1494 598 766 519
0.13 1627.2|1W 660P 1.0 0.4 10 a7 44 0.24 1483 593 760 485
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Variables and resulting compositions of modeling (Ba

F Height (m) Sample # F for each DBa | TL (%) | plag mode cumulus Bulk D C. Eljln;r:llus Sc?ulilnit:?ated Observed Ba
step mode plagioclase plagioclase
0.13 1620.7 | 1W 667.1P 09| 04 10 47 44 0.24 1453 581 745 411
0.15 1578.2 | 1W 713.7P 1.0 0.4 10 47 44 0.24 1284 514 659 385
0.17 1540.6 | 1W 754.8P 0.9 0.4 10 48 44 0.24 1169 468 601 478
0.19 1518.7 | 1W 778.8P 1.0 0.4 10 48 45 0.25 1112 445 572 441
0.19 1501.0 | 1W 798.2P 10| 04 10 48 45 0.25 1071 428 551 351
0.20 1487.6 | 1W 812.9P 09| 04 10 48 45 0.25 1042 417 536 609
0.22 1454.9 | 1W 848.7P 0.9 0.4 10 48 45 0.25 978 391 504 360
0.25 1402.7 | 1W 905.8P 0.9 0.4 10 49 45 0.25 893 357 460 414
0.27 1358.7 | 1W 954P 09| 04 10 49 46 0.25 834 334 430 362
0.30 1313.0 | 1W 1004P 09| 04 10 49 46 0.26 782 313 404 321
0.34 1225.2 | 1W 1100.15 P 10| 04 10 50 46 0.26 700 280 362 354
0.37 1179.2 | 1W 1150.5P 1.0 0.4 10 51 47 0.26 665 266 344 327
0.38 1151.8 | 1W 1180.5P 1.0 0.4 10 51 47 0.26 646 258 335 294
0.40 1124.8 | 1W 1210P 09| 04 10 51 47 0.26 628 251 326 343
0.42 1081.0 | 3W 207.9P 10| 04 10 51 47 0.27 602 241 312 279
0.43 1073.0 | 1W 1266.7P 10| 04 10 51 47 0.27 598 239 310 281
0.44 1042.6 | 3W 250P 1.0 0.4 10 52 48 0.27 581 232 302 321
0.44 1039.7 | 1W 1303.2P 1.0 0.4 10 52 48 0.27 580 232 301 337
0.47 996.9 | 3w 300 P 10| 04 10 52 48 0.27 559 223 290 387
0.47 996.6 | 1W 1350.4 P 10| 04 10 52 48 0.27 558 223 290 327
0.48 969.1 | 1w 1380.4 1416.5P 1.0 0.4 10 52 48 0.27 546 218 284 331
0.49 960.3 | 3W 340.1 P 1.0 0.4 10 52 48 0.27 542 217 282 326
0.50 951.2 | 3W 350P 1.0 0.4 10 53 48 0.27 528 211 275 335
0.51 928.4 | 3W 375P 10| 04 10 53 48 0.27 523 209 272 326
0.51 914.7 | 3W 390 P 10| 04 10 53 48 0.27 522 209 272 247
0.51 913.3 | 1W 1441.5P 1.0 0.4 10 53 48 0.27 520 208 271 323
0.53 908.3 | 1W 1447P 1.0 0.4 10 53 49 0.28 511 205 266 281
0.53 885.2 | 1W 1472.25P 1.0 0.4 10 53 49 0.28 511 204 266 288
0.53 884.6 | 1W 1473P 10| 04 10 53 49 0.28 509 204 265 311
0.53 879.6 | 1W 1478.4P 10| 04 10 53 49 0.28 509 203 265 301

AppeEniz D 178



Variables and resulting compositions of modeling (B)

F Height (m) Sample # F for each | DBa TL (%) | plag mode cumulus Bulk D C. Eljlnl:lljlus S(?ulilnit;?ated Observed Ba
step mode plagioclase plagioclase
0.53 878.3 | 1W 1479.8P 1.0 0.4 10 53 49 0.28 506 203 264 349
0.54 869.5 | 1W 1489.45P 1.0 0.4 10 53 49 0.28 505 202 263 279
0.54 868.9 | 1W 1490.1P 1.0 0.4 10 53 49 0.28 503 201 262 268
0.54 862.6 | 1W 1497P 1.0 0.4 10 53 49 0.28 502 201 262 264
0.54 861.1 | 1W 1498.7P 1.0 0.4 10 53 49 0.28 502 201 262 318
0.54 859.3 | 1W 1500.6 P 1.0 0.4 10 53 49 0.28 502 201 261 301
0.54 856.7 | 1W 1503.5P 1.0 0.4 10 53 49 0.28 501 200 261 184
0.55 850.7 | 3W 460.1P 1.0 0.4 10 53 49 0.28 499 199 260 340
0.55 850.4 | 1W 1510.4P 1.0 0.4 10 53 49 0.28 499 199 260 293
0.55 848.4 | 1W 1512.6P 1.0 0.4 10 53 49 0.28 498 199 259 313
0.55 846.2 | 1W 1515P 1.0 0.4 10 53 49 0.28 497 199 259 297
0.56 823.4 | 3W 490P 1.0 0.4 10 53 49 0.28 489 196 255 276
0.57 814.2 | 1W 1550P 1.0 0.4 10 53 49 0.28 486 194 253 239
0.59 777.7 | 3W 540P 1.0 0.4 10 54 49 0.28 474 190 247 259
0.61 732.0 | 3W 590P 1.0 0.4 10 54 50 0.28 460 184 240 302
0.61 724.9 | 1W 1647.8P 1.0 0.4 10 54 50 0.28 458 183 239 228
0.64 667.7 | 3W 660.4P 0.9 0.4 10 55 50 0.29 442 177 231 300
0.68 593.1 | 3BW 742 P 1.0 0.4 10 55 50 0.29 424 169 222 273
0.70 558.4 | 3W 780 P 1.0 0.4 10 56 51 0.29 416 166 217 235
0.73 517.3 | 3W 825P 1.0 0.4 10 56 51 0.29 407 163 213 238
0.74 485.4 | 3W 860P 1.0 0.4 10 56 51 0.29 400 160 209 254
0.76 448.8 | 3W 900P 1.0 0.4 10 56 51 0.30 392 157 206 263
0.78 420.0 | 3W 931.5P 0.9 0.4 10 57 51 0.30 387 155 203 159
0.83 320.9 | 3W 1040P 1.0 0.4 10 57 52 0.30 369 148 194 204
0.86 275.3 | 3W 1090P 1.0 0.4 10 58 53 0.30 362 145 190 229
0.88 235.5 | 3w 1133.5P 0.9 0.4 10 58 53 0.31 356 142 187 239
0.95 108.2 | 3W 1272.9P 1.0 0.4 10 59 54 0.31 338 135 178 186
0.97 58.9 | 3W 1326.8P 1.0 0.4 10 60 55 0.31 331 132 174 228
1.00 9.2 | 3W 1381.25 P 1.0 0.4 10 60 55 0.32 325 130 171 205
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Variables and resulting compositions of modeling ($

TL Srin Srinre-
F Height sample F for each | Dsrin | Plagioclase | (%) cumulus Apatite | Dgrin BukD | C. cumulus equilibrated | Observed Sr
(m) # step Plag | mode mode mode Apatite plagioclase | plagioclase
0.00 | 1861.6 | 1W 403.4P 0.0 2.1 45 10 42 1 2 0.92 484 968 974 330
0.02 | 1828.6 | 1W 439.6P 1.0 2.1 45 10 42 1 2 0.92 337 671 676 592
0.02 | 1827.7 | 1W 440.5P 0.9 2.1 45 10 42 1 2 0.92 337 670 675 576
0.02 | 1825.5 | 1W 443P 1.0 2.1 45 10 42 1 2 0.92 335 667 671 588
0.02 | 1824.7 | 1W 443.8P 1.0 2.1 45 10 42 1 2 0.92 334 666 670 585
0.02 | 1823.8 | 1W 444.8P 1.0 2.1 45 10 42 1 2 0.92 334 664 669 594
0.02 | 1823.5 | 1W 445.15P 1.0 2.1 45 10 42 1 2 0.92 334 664 668 757
0.02 | 1823.1 | 1W 445.6P 1.0 2.1 45 10 42 1 2 0.92 333 663 668 677
0.02 | 1821.3 | 1W 447.6P 0.9 2.1 45 10 42 1 2 0.92 332 661 665 612
0.02 | 1818.4 | 1W 450.7P 1.0 2.1 45 10 42 1 2 0.92 330 657 662 635
0.02 | 1816.9 | 1W 452.4P 0.7 2.1 45 10 42 1 2 0.93 330 655 660 616
0.04 | 1796.1 | 1W 475.1P 0.7 2.1 46 10 42 1 2 0.93 320 635 639 626
0.05 | 1769.1 | 1W 504.7P 0.8 2.1 46 10 43 1 2 0.93 312 617 621 495
0.06 | 1742.2 | 1W534.15P 0.9 2.1 46 10 43 1 2 0.93 307 604 608 601
0.07 | 1731.8 | 1W545.5P 1.0 2.1 46 10 43 1 2 0.93 305 599 603 609
0.07 | 1730.5 | 1W547P 1.0 2.1 46 10 43 1 2 0.93 305 599 603 608
0.07 | 1729.5 | 1W548P 1.0 2.1 46 10 43 1 2 0.93 305 599 602 596
0.07 | 1728.6 | 1W 549P 1.0 2.1 46 10 43 1 2 0.93 305 598 602 573
0.07 | 1727.5 | 1W550.2P 0.9 2.1 46 10 43 1 2 0.94 304 598 602 615
0.08 | 1718.0 | 1W560.6P 0.9 2.1 46 10 43 1 2 0.94 303 594 598 626
0.08 | 1709.4 | 1W570P 1.0 2.1 46 10 43 1 2 0.94 302 591 595 612
0.08 | 1708.0 | 1W571.6P 1.0 2.1 46 10 43 2 2 0.94 302 591 595 628
0.09 | 1704.4 | 1W575.5P 0.9 2.0 46 10 43 2 2 0.94 301 590 594 740
0.09 | 1693.4 | 1W587.6P 1.0 2.0 46 10 43 2 2 0.94 300 586 590 598
0.09 | 1688.4 | 1W593.0P 1.0 2.0 46 10 43 2 2 0.94 299 585 589 582
0.10 | 1684.6 | 1W597.25P 1.0 2.0 46 10 43 2 2 0.94 299 584 588 602
0.10 | 1681.3 | 1W 600.8P 1.0 2.0 46 10 43 2 2 0.94 299 583 587 602
0.10 | 1680.1 | 1W 602.1P 1.0 2.0 46 10 43 2 2 0.94 299 583 587 580
0.10 | 1676.7 | 1W 605.8P 1.0 2.0 46 10 43 2 2 0.94 298 582 586 602
0.10 | 1673.8 | 1W 609P 1.0 2.0 47 10 43 2 2 0.94 298 581 585 568
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Variables and resulting compositions of modeling (Sr)

TL Srin Srinre-
F Height sample F for each | Dsrin | Plagioclase | (%) cumulus Apatite | Dsin Bulk D | C. cumulus equilibrated | Observed Sr
(m) # step Plag | mode mode mode Apatite plagioclase | plagioclase
0.10 | 1672.5 | 1W 610.4P 1.0 2.0 47 10 43 2 2 0.94 298 581 584 562
0.10 | 1669.2 | 1W 614.1P 1.0 2.0 47 10 43 2 2 0.94 298 580 584 510
0.11 | 1663.8 | 1W 620.0P 1.0 2.0 47 10 43 2 2 0.94 297 578 582 152
0.11 | 1658.3 | 1W 626.0P 1.0 2.0 47 10 43 2 2 0.94 297 577 581 601
0.11 | 1656.6 | 1W 627.8P 1.0 2.0 47 10 43 2 2 0.94 296 577 580 596
0.11 | 1654.7 | 1W 629.9P 1.0 2.0 47 10 43 2 2 0.94 296 576 580 591
0.11 | 1649.5 | 1W 635.6P 1.0 2.0 47 10 43 2 2 0.94 296 575 579 550
0.11 | 1649.0 | 1W 636.2P 1.0 2.0 47 10 43 2 2 0.94 296 575 579 596
0.12 | 1648.0 | 1W 637.3P 1.0 2.0 47 10 43 2 2 0.94 296 575 578 554
0.12 | 1645.9 | 1W 639.6P 1.0 2.0 47 10 44 2 2 0.94 296 574 578 564
0.12 | 1645.4 | 1W 640.1P 1.0 2.0 47 10 44 2 2 0.94 296 574 578 580
0.12 | 1644.7 | 1W 640.9P 1.0 2.0 47 10 44 2 2 0.94 296 574 578 474
0.12 | 1643.7 | 1W 642P 1.0 2.0 47 10 44 2 2 0.94 295 574 577 563
0.12 | 1642.5 | 1W 643.3P 1.0 2.0 47 10 44 2 2 0.94 295 573 577 551
0.12 | 1639.3 | 1W 646.8P 1.0 2.0 47 10 44 2 2 0.94 295 573 576 532
0.12 | 1637.9 | 1W 648.3P 1.0 2.0 47 10 44 2 2 0.94 295 572 576 543
0.12 | 1637.3 | 1W 649.0P A 1.0 2.0 47 10 44 2 2 0.94 295 572 576 540
0.12 | 1637.3 | 1W 649.0P B 1.0 2.0 47 10 44 2 2 0.94 295 572 576 545
0.12 | 1637.3 | 1W 649.0P C 1.0 2.0 47 10 44 2 2 0.94 295 572 576 540
0.12 | 1636.5 | 1W 649.9P 1.0 2.0 47 10 44 2 2 0.94 295 572 576 543
0.12 | 1634.3 | 1W 652.3P 1.0 2.0 47 10 44 2 2 0.95 295 572 575 551
0.12 | 1630.6 | 1W 656.3P 1.0 2.0 47 10 44 2 2 0.95 295 571 574 582
0.13 | 1629.6 | 1W 657.45P 1.0 2.0 47 10 44 2 2 0.95 294 570 574 585
0.13 | 1627.2 | 1W 660P 1.0 2.0 47 10 44 2 2 0.95 294 570 574 592
0.13 | 1620.7 | 1W 667.1P 0.9 2.0 47 10 44 2 2 0.95 294 569 572 614
0.15 | 1578.2 | 1W 713.7P 1.0 2.0 47 10 44 2 2 0.95 291 560 564 533
0.16 | 1574.2 | IW 718 P 0.9 2.0 47 10 44 2 2 0.95 291 560 563 487
0.17 | 1544.0 | 1W 751.1P 1.0 2.0 48 10 44 2 2 0.95 290 555 558 574
0.17 | 1540.6 | 1W 754.8P 0.9 2.0 48 10 44 2 2 0.95 290 554 558 543
0.19 | 1518.7 | 1W 778.8P 1.0 2.0 48 10 44 2 2 0.96 289 551 554 594
0.19 | 1501.0 | 1W 798.2P 1.0 2.0 48 10 45 2 2 0.96 288 548 552 584
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Variables and resulting compositions of modeling (Sr)

F for TL Srin re-

F Height sample each Dsrin Plagioclase | (%) cumulus Apatite | Dsrin BulkkD | C. Srin cumulus equilibrated Observed Sr

(m) # step Plag mode mode mode Apatite plagioclase plagioclase
0.20 | 1487.6 | 1W 812.9P 0.9 2.0 48 10 45 2 2 0.96 288 546 550 549
0.22 | 1454.9 | 1W 848.7P 0.9 1.9 48 10 45 2 2 0.96 287 542 545 591
0.25 | 1402.7 | 1W 905.8P 0.9 19 49 10 45 2 2 0.97 285 535 539 571
0.27 | 1358.7 | 1W 954P 0.9 1.9 49 10 46 3 2 0.97 284 530 534 569
0.30 | 1313.0 | 1W 1004P 0.9 1.9 49 10 46 3 2 0.97 284 525 529 542
0.34 | 1225.2 | 1W 1100.15 P 1.0 1.9 50 10 46 3 2 0.98 283 517 520 606
0.35 | 1215.1 | 1W 1111.2P 0.9 19 50 10 47 3 2 0.99 282 516 519
0.37 | 1179.2 | 1W 1150.5P 1.0 19 51 10 47 3 2 0.99 282 513 516 555
0.38 | 1151.8 | 1w 1180.5P 1.0 2.0 51 10 47 3 2 0.99 282 510 514 529
0.40 | 1124.8 | 1W 1210P 0.9 1.8 51 10 47 3 2 0.99 282 508 512 491
0.42 | 1081.0 | 3W 207.9P 1.0 1.8 51 10 47 3 2 1.00 282 505 508 456
0.43 | 1073.0 | 1W 1266.7P 1.0 1.8 51 10 48 4 2 1.00 282 504 507 436
0.44 | 1042.6 | 3W 250P 1.0 1.8 52 10 48 4 2 1.00 282 502 505 601
0.44 | 1039.7 | 1w 1303.2P 1.0 1.8 52 10 48 4 2 1.00 282 501 505 596
0.47 996.9 | 3W 300 P 1.0 1.8 52 10 48 4 2 1.00 282 498 502 558
0.47 996.6 | 1W 1486.4P 1.0 1.8 52 10 48 4 2 1.01 282 498 502 513
0.48 996.6 | 1W 1350.4 P 1.0 1.8 52 10 48 4 2 1.01 282 496 500 546
0.49 969.1 | 1W 1380.4 1.0 1.8 52 10 48 4 2 1.01 282 496 499 540
0.49 960.3 | 3W 340.1 P 1.0 1.8 52 10 48 4 2 1.01 282 495 498 426
0.50 951.2 | 3W 350P 1.0 1.8 53 10 49 4 2 1.01 282 493 497 505
0.51 928.4 | 3W 375P 1.0 1.8 53 10 49 4 2 1.01 282 492 496 499
0.51 914.7 | 3W 390 P 1.0 1.8 53 10 49 4 2 1.01 282 492 496 575
0.51 913.3 | 1W 1441.5P 1.0 1.8 53 10 49 4 2 1.01 282 492 495 572
0.53 908.3 | 1W 1447P 1.0 1.8 53 10 49 4 2 1.01 282 490 494 490
0.53 885.2 | 1W 1472.25P 1.0 1.8 53 10 49 4 2 1.01 282 490 494 568
0.53 884.6 | 1W 1473P 1.0 1.8 53 10 49 4 2 1.01 282 490 493 542
0.53 879.6 | 1W 1478.4P 1.0 1.8 53 10 49 4 2 1.02 282 490 493 546
0.53 878.3 | 1W 1479.8P 1.0 1.9 53 10 49 4 2 1.02 282 489 493 519
0.54 869.5 | 1W 1489.45P 1.0 1.9 53 10 49 4 2 1.02 282 489 493 543
0.54 868.9 | 1W 1490.1P 1.0 1.9 53 10 49 4 2 1.02 282 489 492 565
AppeEniz D 182




Variables and resulting compositions of modeling (Sr)

F Height | sample F for each il.?sr Plagioclase Z}/i) cumulus Apatite | Dgrin BulkkD | C. Srin cumulus satlrilligiated Observed Sr
(m) # step Plag | mode mode mode Apatite plagioclase plagioclase

0.54 | 862.6 | 1W 1497P 1.0 1.8 53 10 49 4 2 1.02 282 489 492 561
0.54 | 861.1 | 1W 1498.7P 1.0 1.8 53 10 49 4 2 1.02 282 489 492 579
0.54 | 859.3 | 1W 1500.6 P 1.0 1.8 53 10 49 4 2 1.02 282 489 492 533
0.54 | 856.7 | 1W 1503.5P 1.0 1.8 53 10 49 4 2 1.02 282 488 492 472
0.55 | 850.7 | 3W 460.1P 1.0 1.8 53 10 49 4 2 1.02 282 488 492 478
0.55 | 850.4 | 1W 1510.4P 1.0 1.8 53 10 49 4 2 1.02 282 488 492 544
0.55 | 848.4 | 1W 1512.6P 1.0 1.8 53 10 49 4 2 1.02 282 488 491 557
0.55 | 846.2 | 1W 1515P 1.0 1.8 53 10 49 4 2 1.02 282 488 491 552
0.56 | 823.4 | 3W 490P 1.0 1.8 53 10 49 4 2 1.02 282 486 490 401
0.57 | 814.2 | 1W 1550P 1.0 1.8 53 10 49 4 2 1.02 283 486 489 458
0.59 | 777.7 | 3W 540P 1.0 1.8 54 10 50 5 2 1.02 283 483 487 486
0.61 | 732.0 | 3W 590P 1.0 1.8 54 10 50 0 2 0.93 283 480 484 560
0.61 | 724.9 | 1W 1647.8P 1.0 1.7 54 10 50 0 2 0.93 283 479 483 493
0.64 | 667.7 | 3W 660.4P 0.9 1.7 55 10 50 0 2 0.93 282 473 477 440
0.68 | 593.1 | 3W 742 P 1.0 1.7 55 10 51 0 2 0.93 281 466 469 497
0.70 | 558.4 | 3W 780 P 1.0 1.7 56 10 51 0 2 0.93 280 462 466 472
0.73 | 517.3 | 3W 825P 1.0 1.7 56 10 51 0 2 0.93 280 458 462 469
0.74 | 485.4 | 3W 860P 1.0 1.7 56 10 52 0 2 0.93 279 455 459 481
0.76 | 448.8 | 3W 900P 1.0 1.7 56 10 52 0 2 0.93 279 451 455 434
0.78 | 420.0 | 3W 931.5P 0.9 1.6 57 10 52 0 2 0.93 278 449 453 338
0.83 | 320.9 | 3W 1040P 1.0 1.6 57 10 53 0 2 0.93 277 439 443 454
0.86 | 275.3 | 3W 1090P 1.0 1.6 58 10 53 0 2 0.93 276 435 439 453
0.88 | 235.5 | 3W 1133.5P 0.9 1.6 58 10 53 0 2 0.93 276 431 435 463
0.95 | 108.2 | 3W 1272.9P 1.0 1.6 59 10 54 0 2 0.93 274 420 424 385
0.97 58.9 | 3W 1326.8P 1.0 1.5 60 10 55 0 2 0.93 274 415 419 400

1 9.2 | 3W 1381.25 P 1.0 1.5 60 10 55 0 2 0.93 273 411 415 413
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