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The 2.06 Ga Bushveld Magmatic Province (BMP) hosts the largest platinum group
element (PGE) reserve of the world that occurs mainly as sulfide-rich layers within the
Rustenburg Layered Suite (RLS), and also in mineralized layers of the Waterberg Project (WP).
Despite extensive studies, many questions remain on the origin and evolution of this large

igneous province, and on the source of sulfur that allowed for the extensive PGE mineralization.

This study looks systematically into the multiple sulfur isotope composition of the RLS,
finding that all layers show the presence of a mass-independently fractionated sulfur component
(A*S#0), which are all distinguishable from the expected A**S value of the mantle. The exogenic

sulfur reflects contamination by Archean surface-derived material (e.g. sediments, altered



oceanic crust). Such contamination can occur in many different stages of the evolution of these
intrusions: either by assimilation of wall rock during ascent and emplacement, or in a staging

chamber in the lower crust, or by recycling of crustal material in an ancient subduction zone.

The WP, an intrusion related to the BMP that was emplaced off-craton, has a similar
sulfur composition to the Main Bushveld Series of the RLS. It is, however, a separate intrusion
that crystallized in a separate magma chamber and was emplaced in a different unit than the
RLS, which suggests that the contamination of the parental magma occurred at a deeper level,
prior to emplacement of magma in the upper crust. Rocks from the Vredefort Dome, used as a
proxy for the sulfur composition of the lower crust underneath that region, yield a sulfur
composition that cannot account for the composition of the RLS or the WP. Finally, the sub-
continental lithospheric mantle has been studied through xenoliths carried by the Premier
Kimberlite. These xenoliths, such as what was observed in sulfide inclusions in diamond, also
have A**S#0, evidencing that the sub-continental lithospheric mantle may contain recycled sulfur

that contributed this sulfur to primitive magmas during the Bushveld magmatic event.
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Chapter 1: Introduction

1.1. The Bushveld Magmatic Province

Large igneous provinces (LIP) are short duration (< 5Ma) magmatic events that inject a
high volume of magma (> 0.1Mkm?; Bryan and Ernst, 2007), into the crust. These processes are
not related to plate boundary processes (such as subduction), and the mechanism of formation
remains uncertain, with mantle plume (Richards et al., 1989; Campbell, 2007) and lithospheric
delamination (Elkins-Tanton et al., 2005) being proposed as possible models. Their distribution
in time is widespread, but older examples tend to be not as well preserved. Some large magmatic
provinces have been associated with both mass extinction events (Wignall, 2001; Ernst and

Youbi, 2017), and mineral deposits (Mekhonoshin et al., 2016).

The Bushveld Magmatic Province (BMP) is a large igneous province that comprises a
group of intrusive and extrusive bodies of similar age that outcrop in Southern Africa. This LIP
intruded the Kaapvaal Craton around 2.06-2.05 Ga (Zeh et al., 2015), and encompasses mafic-
ultramafic suites, felsic rocks and a carbonatite. It extends over a large geographic area, from
Botswana (Molopo Farms Complex) in the west, to the border between South Africa and
Mozambique (Phalaborwa Carbonatite Complex) to the east (Figure 1.1). The BMP is thought to
have formed from a mantle plume (Hatton, 1995; Wilson et al., 2017), given the volume of
magma emplaced and the estimated ultramafic composition of the parental magma (Wilson et al.,

2017).

The most famous intrusion of the BMP is the Rustenburg Layered Suite (RLS) due to its

reserves of platinum group elements (PGE). The RLS is a mafic-ultramafic layered intrusion that
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Figure 1.1. Map of Bushveld Magmatic Province igneous bodies in the context of the geography of
Sourthern Africa. The Vredefort Dome and the Premier Kimberlite are not related to the BMP, but are

considered locations of interest for this thesis. Figure adapted from Walker (2010).

has been studied since the beginning of the 20th century (Wagner, 1929). It covers an area in
excess of 65,000 km?, twice the size of the state of Maryland, and its volume has been estimated
to reach up to 650,000 km?® (Cawthorn and Walraven, 1998). The RLS is spatially associated
with the Rooiberg Volcanics, Rashoop Granophyres and Lebowa Granite Suite, and together
constitute what is known as the Bushveld Complex. Both informally and in the literature, the

terms Bushveld or Bushveld Complex have been used to refer to the mafic-ultramafic



counterpart (RLS), given its predominant importance over the other suites. In this thesis, these

terms will not be used interchangeably.

The intrusion has five different limbs, denominated Eastern, Western, Southern,
Northern, and Far Western (also known as Koster Complex). Connectivity between the Eastern
and Western limbs has been suggested by Cawthorn and Webb (2001), but still remains
controversial. The RLS can be divided in the Lower Bushveld Series and Main Bushveld Series
(Wilson et al., 2017). The first encompasses the Basal Ultramafic Sequence, the Marginal Zone,
and the Lower Zone, which represent the earlier magmas of the intrusion. The Main Bushveld
Series contains the Critical Zone, Main Zone, and Upper Zone. There is still a lack of consensus
on major questions about the RLS origin and evolution, such as how this intrusion was emplaced
(Kruger, 2005; Mungall et al., 2016), the source of contamination (McCandless et al., 1999;
Maier et al., 2000; Zirakparvar et al., 2014; Magalhaes et al., 2018), and competing hypotheses

over the composition of parental magmas (Maier et al., 2000; Wilson et al., 2017).

The other intrusion that this thesis will focus on is the Waterberg Project (WP), a newly
described intrusion situated in the southern margin of the Limpopo Belt (Huthmann et al., 2016;
Kinnaird et al., 2017). The WP was discovered recently through a combination of geological and
geophysical surveys, and although its 2.05 Ga age and geochemistry link it to the BMP
(Huthmann et al., 2018), it is inferred to be a completely separate intrusion from the RLS
(Kinnaird et al., 2017; Huthmann et al., 2018). The WP is also a PGE mineralized body, with
two distinct mineralized layers, but the mineralization has different characteristics compared to

the RLS (McCreesh et al., 2018).



1.2. PGE Mineralization

The RLS PGE reserves represent 75% of the known PGE reserves in the world. The ore
occurs as a concentration of PGE-rich sulfides in a few layers within the intrusion, such as the
Merensky Reef, UG2 chromitite, both located in the Upper Critical Zone, and the Platreef, which

occurs exclusively in the Northern Limb.

Sulfur is essential in the concentration of PGEs because of its role in PGE geochemistry.
Sulfur saturation in a magma and formation of an immiscible sulfide liquid are called upon by
most models that seek to explain the PGE reserves. This sulfide immiscible liquid would interact
with large quantities of silicate magma and “extract” the PGE from the magma (Campbell et al.,
1983, Mavrogenes and O’Neill, 1999). In some models, the sulfur necessary for the saturation
results from assimilation of the country rock. The Transvaal Supergroup, composed of
sedimentary rocks with variable age from 2.6 to 2.0 Ga (Lenhardt et al., 2012) is the country
rock for the Bushveld Complex and is therefore regarded as a potential source of crustal material
possibly assimilated by the RLS. In other models the final concentration of PGEs is caused by
other processes, such as the migration of late fluids (Boudreau and McCallum, 1992) or sulfide
self-destruction (Kerr and Leitch, 2005), but these models still call for an earlier stage of sulfur

saturation to occur within the magma.

In this thesis, information from the four stable sulfur isotopes is used to evaluate the
sources of sulfur and processes that fractionate sulfur in the various parts of the BMP. Two
measures are used, 5°*S, which describes the variations of 3*S/**S, and A*S which describes the
deviation of §**S from the expected terrestrial fractionation line. This approach allows for one to
identify the presence of anomalous Archean sulfur by using A*S, and builds upon previous

studies that only focused on §**S (Buchanan et al., 1981). Hypotheses constructed in the prior
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studies using only &°*S led to the conclusion that evidence for surface-derived sulfur was lacking.
Thus, while surface-derived sulfur was required by some of the ore genesis models, it was
generally inferred that all sulfur would come from a pristine, mantle source. Tracing A*S, as is
done here, provides an additional window into sulfur that allows for better tracing of the
signature of Archean exogenic sulfur (sedimentary, or derived from other rocks that interacted

with mass-independently fractionated sulfur from Archean oceanic and atmospheric reservoirs).

Penniston-Dorland et al. (2008) used multiple sulfur isotopes to evaluate the magma-
country rock interaction at the Platreef, a PGE-rich layer in the Northern Limb. In that location,
there is clear evidence for interaction between the magma and the country rock, and many
studies postulated that this would have caused the sulfur saturation and subsequent precipitation
of the PGE-rich layer (Buchanan et al., 1981; Sharman-Harris et al., 2005). However, that study
showed that while there is, indeed, interaction between the magma and the sediments of the
Transvaal Supergroup, there is evidence for fluid transport and advection into the host rock (i.e.
from the intrusion rather than into the intrusion). A second finding was that the Archean
exogenic component did not disappear deeper within the RLS, further away from the contact.
This result opened up the possibility that the primary magmatic sulfur composition of the RLS

was not what we consider mantle-like.

Penniston-Dorland et al (2012) explored this further, aiming to understand if other parts
of the intrusion had this same signature. They observed that samples from the UG2 layer and a
few samples of the Critical and Main Zones, collected in the Eastern and Western Limbs, also
had this seemingly uniform value of sulfur isotopic composition. In this line of thought, further
work was then necessary to understand very basic questions on whether this signature was

homogeneous within the intrusion or even if it was present in the other layers.



1.3. Sulfur isotopes

Sulfur (S) is a non-metal with atomic number equals to 16. Sulfur has twenty-five known
isotopes, but only four of them are stable, with mass 32, 33, 34 and 36. Their natural abundances
are: *2S 95.02%, >*S 0.75%, 3*S 4.21%, and ¢S 0.02% (Coplen et al., 2002). It behaves as a
chalcophile element; for this reason it is possible that most of the sulfur is currently located in
Earth’s core, which makes it difficult to estimate its concentration in the bulk Earth (McDonough
& Sun, 1995). There is a range of sulfur contents reported for fertile mantle; from values less
than 100 ppm to values up to 300 ppm (Mitchell & Keays, 1981; Garuti et al., 1984; Lorand,
1990). Mid-Ocean ridge basalt (MORB) analyses are consistent with higher values and suggest
an upper-mantle value of 250+50 ppm (McDonough & Sun, 1995). However, metasomatic
processes might increase the amount of S in the mantle wedge up to ~500ppm (de Hoog et al.,

2001).

Sulfur occurs with oxidation states from -2 to +6 (S*; S% SO,; SO24). It is introduced as
sulfur dioxide and hydrogen sulfide and other S-bearing gases to the atmosphere; it accumulates
as sulfate in the oceans; and it is an important mineral-forming element in sedimentary,
metamorphic, and igneous rocks. In a magma, sulfur partitions between water-rich volatile
phases and sulfur-bearing minerals, in either sulfide and/or sulfate form (Fincham and
Richardson, 1954). The transition between sulfide-dominated to sulfate-dominated systems
occurs in a narrow oxygen fugacity interval, close to FMQ buffer conditions (Jugo et al., 2005;
Jugo, 2009). Oxidized and high water content basaltic magmas can carry up to 1.5 wt% of sulfate
(Jugo et al., 2005), while in reduced magmas the saturation of sulfur depends on the
concentration of an immiscible Fe-S-O melt phase, which is controlled by temperature and

quantity of Fe in the melt (Liu et al., 2007).



The sulfur cycle can be tracked using isotope measurements. Urey (1947) and Bigeleisen
and Mayer (1947) were the first to describe the thermodynamic basis for isotope partitioning
(fractionation). When the first-order control on isotopic fractionation relates directly to the role
of mass in partitioning of energy (chemical or physical), isotopic fractionations are referred to as
mass-dependent fractionation (MDF). Both equilibrium and kinetic isotope effects can be mass-
dependent. However, they can also reflect contributions to the partition function from factors
other than mass (e.g. nuclear radius, nuclear spin, factors that influence rates of state-to-state

transitions in reaction kinetics) and are then referred to as mass-independent.

The equilibrium isotope effect derives from the exchange of isotopes between two
coexisting phases (e.g. pyrite and chalcopyrite) when reactions are fully reversible and free
energy associated with isotopic substitution is minimized. Isotope partitioning is analogous to
element partitioning between two or more different minerals. For sulfur, free energy differences
associated with isotopic substitution arise because of the effect of mass on vibrational,
translational and rotational motions of sulfur atoms and groups in different materials.
Equilibrium constants are temperature-dependent, and isotopic fractionations are generally more

prominent at low temperature.

Kinetic isotope effects stem from a physical phenomenon where reaction rates depend on
isotope composition (e.g. C'®O» and C'80, may react at different rates because the C - '*0 bond
is stronger than the C - °O bond); in many cases the molecule containing the lighter isotope
reacts more quickly because the difference in zero point energy between the reactant state and

the transition state is smaller, and this affords a rate advantage.

The sulfur isotopic composition of materials are reported using the delta (8) notation,

which is reported with reference to the *2S isotope (equations 1.1 to 1.3):
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where the values are expressed in permil (%o). Note that the factor of 1000 is omitted following

IUPAC recommendation and the 1000 is included with the permil symbol.

Mass-independent fractionation (MIF), on the other hand, is a process where the
fractionation observed cannot be explained solely by the difference in isotope masses and hence
deviates from the expected values defined by MDF. It is less common, and can be a product of
photochemical (Farquhar et al., 2001) or spin-forbidden reactions (Turro, 1983). These

anomalies are quantifiable in terms of a capital delta (A) notation (equations 1.4 and 1.5):
A33S = 8335 — [(1+ 63490515 —1] (1.4)
A36S = 6365 — [(1+ 63912 —1] (1.5)

which describe the deviation of a 6**S (or 6**S) from a mass dependent reference frame defined
by the §**S. The capital delta is also described in permil and the factor of 1000 is not included in

this definition.



The distribution of sulfur with different isotopic characteristics (6**S, A*’S and A*S) in
different terrestrial reservoirs has been documented by numerous studies of the past decades.
Farquhar et al. (2000) recognized mass-independent fractionation of sulfur in the geological
record preserved in metasedimentary rocks of Archean/Early Proterozoic age. Sedimentary rocks
that are older than ~2.4Ga usually show a distinct mass-independent fractionation signature for
sulfur isotopes, while younger rocks lack it (Figure 1.2). The interpretation for such abrupt
change correlates the rise of oxygen in the atmosphere to the disappearance of MIF from the
record (Farquhar et al., 2000; Pavlov & Kasting, 2002; Johnston, 2011; Halevy, 2013). Farquhar
et al. (2000) noted that the reason for the disappearance of the MIF signal as the atmosphere
composition became more oxidizing was that photochemical reactions involving SO that
previously took place in the atmosphere were not possible in an oxygen-rich atmosphere. Pavlov
and Kasting (2002) extended this connection to the way that atmospheric oxygen levels affect
how sulfur exits the atmosphere. At low oxygen levels, a second channel for deposition of zero-
valent sulfur emerges that allows for the mass independent signal to be effectively transferred to
surface environments. The transfer of sulfur to the rock record occurs via pyrite formation
processes (e.g., Ono et al., 2003; Farquhar et al., 2013; Rickard et al., 2017) and hydrothermal
reactions that form sulfate minerals or reduce sulfate to sulfide (e.g., Ueno et al., 2009). Transfer
of mass independent sulfur from surface reservoirs to deeper mantle reservoirs has been inferred
from sulfide inclusions in diamond (Farquhar et al., 2002; Thomassot et al., 2009) and from
ocean island basalts containing HIMU and EMI components (Cabral et al., 2013; Delavault et al.,

2016).
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Figure 1.2. Evolution of A3S over geological time. Data compilation by Johnston (2011).

1.4. Outline of dissertation

The primary aim of this thesis is to answer questions regarding the source of anomalous
sulfur in the Rustenburg Layered Suite. Insights on the sulfur composition can provide
information on which stage of the RLS evolution the contamination occurred, which materials
are likely to have been the source of the sulfur, and whether any PGE formation model can be
favored. This work also provides a window to understand questions related to the shallow mantle

underneath the continents (sub-continental lithospheric mantle).

This dissertation is divided into 6 chapters and appendices A-B. Chapter 2 addresses
basic questions on whether anomalous sulfur is present in the Main Bushveld zones, and assesses

whether there is variability of the sulfur isotopic composition in different layers, such as what is
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seen in radiogenic isotope systems. Chapter 3 gathers mineral chemistry and sulfur isotope data
for the Lower Bushveld Series, which is a newly described portion of the RLS that might
represent the first magmas of this intrusion. This chapter aims to evaluate the story of these most
primitive magmas and how those relate to the information described in Chapter 2, for a more
global view of the RLS. A discussion on practices for sulfur measurement in rocks is also
presented. Chapter 4 will argue that the anomalous sulfur in the RLS is not a result of upper
crustal contamination by looking at the Waterberg Project, a genetically related intrusion that is
hosted by a different country rock. Chapter 5 describes peridotite and eclogite xenoliths from the
Premier Kimberlite to evaluate whether the sub-continental lithospheric mantle could be a source
of anomalous sulfur for the RLS. Chapter 6 summarizes the work presented and discusses

remaining outstanding questions and future directions for research.

Appendix A consists of the raw mineral chemistry data obtained for Chapter 3 and of
backscattered electron (BSE) images of mineral textures that were not essential for the main text.
Appendix B consists of BSE images of mineral textures in xenoliths and kimberlite matrix,

particularly focusing on the sulfide minerals.
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Chapter 2: Variable sulfur isotope composition of sulfides provide evidence
for multiple sources of contamination in the Rustenburg Layered Suite,

Bushveld Complex

2.1. Abstract

The Rustenburg Layered Suite (RLS) of the Bushveld Complex (BC) is famous for its
platinum group element (PGE) ore, which is hosted in sulfides. The source of sulfur necessary to
generate this type of mineralization is inferred to be the host rock of the intrusion. The RLS has a
sulfur isotopic signature that indicates the presence of Archean surface-derived material (A**S#0)
in the magma. This signature, with an average value of A¥S=0.112+0.024%o, deviates from the
expected A*S value of the mantle of 0+£0.008%o. Previous work suggested that this signature is
uniform throughout the RLS, which contrasts with radiogenic isotopes which vary throughout

the igneous stratigraphy of the RLS.

In this study, samples from key intervals within the igneous stratigraphy were analyzed,
showing that A%S values vary in the same stratigraphic levels as Sr and Nd isotopes. However,
the variation is not consistent; in some levels there is a positive correlation and in others a
negative correlation. This observation suggests that in some cases distinct magma pulses
contained assimilated sulfur from different sources. Textural analysis shows no evidence for late
addition of sulfur. These results also suggest that it is unlikely that large-scale assimilation
and/or efficient mixing of host rock material in a single magma chamber occurred during

emplacement.

The data do not uniquely identify the source of sulfur in the different layers of the RLS,

but the variation in sulfur isotope composition and its relationship to radiogenic isotope data calls
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for a reevaluation of the models for the formation and evolution of the RLS, which has the

potential to impact the knowledge of how PGE deposits form.

2.2. Introduction

Platinum group elements (PGEs) are of significant economic importance due to their
technological application. The Paleoproterozoic Rustenburg Layered Suite (RLS) of the
Bushveld Complex (BC) is the world's largest mafic-ultramafic layered intrusion, and it is host to
the largest reserves of platinum group elements (PGEs) on Earth. Although it has been the
subject of many petrologic, geochemical and geophysical studies, many questions remain on the

origin and evolution of this fascinating intrusion and its PGE-rich layers.

The enrichment of PGEs in the ore horizons of the Bushveld has been explained by a
variety of models that generally involve exchange of sulfide-rich horizons with large volumes of
silicate melt in either closed-system magma chamber or open-system magma conduit
environments (e.g. Campbell et al., 1983; Mavrogenes and O’Neill, 1999; Kerr and Leitch,
2005). Therefore, sulfur can be a powerful tool to investigate the source and timing of crustal
contamination in the RLS, which has a direct impact on assessing the formation of sulfide-hosted
PGE ore. The Transvaal Supergroup, a 2.6-2.0 Ga sequence of sedimentary and volcanic rocks in
the Kaapvaal Craton (Walraven, 1997), is usually considered a source for the sulfur in the

intrusion and therefore plays a part in precipitation of PGE sulfides.

Mass independent fractionation (MIF, A*3S#0) of sulfur isotopes was widespread during
the Archean, as the anoxic atmosphere on early Earth facilitated the occurrence of photochemical

reactions that produced it (Farquhar et al., 2001). The production of MIF ended after the Great
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Oxidation Event (GOE) at approximately 2.4 Ga, and its presence in rocks, particularly those
with ages younger than the GOE, has been associated with an Archean surface material
component. This MIF is not known to result from mass-dependent magmatic processes; and for
this reason any MIF present in the RLS should be a direct result of assimilation of materials with
a surface-derived signal, such as the aforementioned sedimentary rocks from the Transvaal

Supergroup.

The current hypothesis for the origin of the RLS infers a mantle source for its parental
magmas, which may have originated from a plume (Hatton, 1995; Wilson, 2012), and are not
expected to carry any MIF signature. The method of emplacement in the crust is still debated;
evidence for sill-like, out-of-sequence emplacement comes from U-Pb geochronology (Mungall
et al.,, 2016), in opposition to crystal deposition in a constantly replenished magma chamber
(Kruger, 2005, and references therein). A variety of different isotopic signatures provide
evidence for crustal contamination of the magmas, including high (¥’Sr/®Sr); and low enq values
observed throughout the stratigraphy of the RLS (Kruger, 2005; Maier et al., 2000; and
references therein). The Os isotopic composition is more radiogenic than expected for magmas
with a mantle component (e.g., McCandless et al., 1999), and the Hf isotopic compositions also
cannot be explained using the depleted mantle model (Zirakparvar et al., 2014). However, the
timing and the source of contamination remain largely unconstrained. Lead isotope analysis in
plagioclase and sulfides point to a complex evolution of the system, with both minerals not
recording the original Pb isotopic composition of the parent magmas (Mathez and Waight,

2003).

Stable isotope systems also point to an interaction between the magmas and a material

with a crustal signature (Harris et al., 2005; Penniston-Dorland et al., 2008; 2012). Whereas
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radiogenic isotope signatures vary throughout the intrusion in a systematic and correlatable
fashion, which is thought to reflect different magma pulses and/or different sources of
contamination, there is no discernible systematic change in the values of the calculated oxygen
isotope composition of the magma. This lack of variation was interpreted to suggest that
homogenization of the contaminant took place in a staging chamber before magma ascension and
emplacement in the upper crust (Harris et al., 2005) and calls for a decoupling of the behavior of

oxygen isotopes and others such as Sr and Nd.

Initial findings using multiple sulfur isotopes in the Platreef, an ore horizon in the
Northern Limb of the RLS (Penniston-Dorland et al., 2008), indicated the presence of an
Archean surface-derived sulfur component (MIF, A**S#0) in the magma, suggesting that the RLS
itself has a surface-derived sulfur signature that is unrelated to assimilation of the local Archean
host rock. Penniston-Dorland et al. (2012) analyzed fifteen samples from other parts of the
intrusion and observed the same apparently uniform S isotope signature of A%S =0.11 = 0.02. In
this paper, we report the multiple sulfur isotopic composition of bulk rock samples for the entire
stratigraphy of the RLS in order to assess if there is variability in A**S such as what is observed
in radiogenic systems, or whether it is homogeneous as seen in the oxygen isotopes. When
considering the model of emplacement as sill-like (Mungall et al., 2016), if there is one single
contaminant in the magma, the sulfur isotope composition is expected to vary directly with
radiogenic isotopes. This covariation is used to provide insight into the origin of the crustal
contamination, evolution of the magmas, constrain the source(s) of sulfur, and the mechanisms
operating during the magmatic evolution of the Rustenburg Layered Suite that might be

responsible for the PGE-rich layer formation.
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2.3. Geological Background

2.3.1. The Rustenburg Layered Suite (RLS)

The Bushveld Complex intruded the sedimentary rock sequence of the Transvaal
Supergroup in Northeastern South Africa at 2.06 Ga (Buick et al., 2001) and includes four
different igneous suites: the volcanic rocks of the Rooiberg Group, the mafic-ultramafic
Rustenburg Layered Suite (RLS), the Lebowa Granite Suite and the Rashoop Granophyre

(Figure 2.1). The RLS, which is the focus of this study, outcrops in three main areas, classified

after their geographical disposition: Eastern, Western and Northern Limbs.
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Figure 2.1. Map of the Bushveld Complex and stratigraphic column of the RLS with the approximate
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The Rustenburg Layered Suite (RLS) is a bowl-shaped layered mafic-ultramafic intrusion
composed of progressively more fractionated cumulus rocks towards the top (Figure 2.1). The
intrusion is subdivided vertically into several zones. Above the basal Marginal Zone, which
marks the contact between the magma and the floor rocks of the intrusion, is the Lower Zone,
which is dominated by pyroxenite and harzburgite (Cameron, 1978). The overlying Critical Zone
is subdivided into the Lower Critical and Upper Critical Zones. The former mostly consists of
pyroxenite interbedded with chromitite layers, whereas the Upper Critical Zone possesses layers
of norite and anorthosite. The latter includes the well-known UG2 Chromitite layer and the
Merensky Reef (in the Eastern and Western Lobes) and the Platreef (in the Northern Limb),
which are PGE—ore layers (Cawthorn and Walraven, 1998). Above this is the Main Zone, which
consists of gabbro and gabbronorite, and the Upper Zone, which is a layered sequence of
magnetite-gabbro, gabbronorite, anorthosite, and diorite (VanTongeren and Mathez, 2010). The
layers were originally thought to form from mineral deposition in a large single magma chamber,
however new models have challenged that belief, as U-Pb ages suggests out-of-order
emplacement (Mungall et al., 2016). The entire RLS sequence is about 7-8 km at its thickest

(Cawthorn and Walraven, 1998).

2.3.2. Isotope composition of the RLS

The Rb-Sr and Sm-Nd isotope systems provide evidence for crustal contamination of the
magma. The (¥’St/*Sr); values for the RLS rocks are high relative to primitive mantle and are
variable within the stratigraphy, ranging from 0.705 to 0.709 (Kruger, 2005). These correlate
inversely with the negative end2.06Ga) values of -5.3 to -7.9 (Maier et al., 2000). Variation of both

(¥’Sr/*®Sr); and ena values appear also to be correlated with stratigraphy, which Maier et al.
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(2000) interpret as related to the composition of different parental RLS magmas, serving as
evidence for multiple magma pulses. Lead isotopes highlight that not only there is a
disequilibrium between sulfide and plagioclase, but also a range of Pb isotope compositions
require multiple sources for Pb, which indicates a contribution from the host rock (Mathez and
Waight, 2003), suggesting that the Transvaal Supergroup is one potential source of crustal

contamination in the magma.

Osmium isotope analysis of laurite (RuSz) from ore horizons of the RLS yield ¥’0s/!#0s
values ranging from 1.28 to 1.60, which are more radiogenic than expected for a mantle-derived
magma (McCandless et al., 1999). Radiogenic Os isotopic compositions of sulfide inclusions in
diamonds from peridotite xenoliths in the Premier Kimberlite, an intrusion located in the same
geographical area as the RLS that brings xenoliths from the mantle underneath that region
suggest that the sub-continental lithospheric mantle might be the source of crustal contamination
of the Bushveld Complex, and subsequently the Rustenburg Layered Suite (Richardson and

Shirey, 2008).

The Hf isotope composition of the RLS is homogeneous and distinct from the depleted
mantle reservoir at 2.06 Ga, as the measured euf(2.06Ga) of the RLS varies from —9.0 to —6.8,
values that overlap within the uncertainty of the measurements (Zirakparvar et al., 2014). These
values suggest the occurrence of crustal contamination, but simple calculations of mixing of a
primitive mantle-derived liquid with crustal material from the Limpopo Belt (chosen as a proxy
for crustal composition because it is Archean crust, and also due to its close proximity to the
RLS) cannot generate the Hf concentrations, !"®Hf/!7"Hf ratios and major-element compositions

observed in the RLS. Zirakparvar et al. (2014) suggest that the crustal Hf compositions are a
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characteristic of the magma source, and hypothesize that this source might be the metasomatized

sub-continental lithospheric mantle.

Analyses of oxygen isotopes in plagioclase, pyroxene and olivine from the RLS suggest a
magmatic value of %0 up to 7.1%o, which is higher than expected for mantle-derived basaltic
rocks (5.7%o0; Muehlenbachs and Clayton, 1976), supporting the hypothesis of contamination
from crustal sources (Harris et al., 2005). However, there is no systematic change in the oxygen
isotope values throughout the stratigraphy of the RLS such as the ones observed in (¥’Sr/%¢Sr);,

end(2.06Ga) and '¥70s/'¥80s profiles.

Sulfur isotopes further support the hypothesis of magma contamination. One of the
models of formation of the Platreef had proposed that the sulfur in the Platreef was incorporated
in the magma due to local interaction between the country rock and the magma (Harris and
Chaumba, 2001). Yet, Penniston-Dorland et al. (2008) found that although sulfur isotopes
recorded evidence for interaction between the host rock and the mafic magma within 5 meters of
the contact between units, a surface-derived sulfur signature (A**S) was present in samples
physically distant from the contact. The data in the Penniston-Dorland et al. (2012) study of
rocks from the Critical and Main Zones in the Eastern and Western Limbs show a uniform value
of A¥S = 0.11£0.02%o (20) that is similar to that of the Platreef. This homogeneity led the
authors to suggest the possibility that whatever processes added this surface-derived sulfur signal

to the RLS took place prior to final emplacement of the magma in the crust.
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2.4. Methodology

2.4.1. Sulfide characterization

The samples reported in this paper were collected in the Eastern Bushveld (except for B-
4, Figure 2.1; Table 2.1). The dataset encompasses surface samples and drill core pieces from the
entire RLS stratigraphy, from the Lower Zone to the Upper Zone, and also includes two
granophyre samples from the roof of the intrusion that are described as differentiates from the
Upper Zone magma. We chose samples that cover the entire depth of the intrusion, but focused
on parts of the stratigraphy that showed the most significant variation in the radiogenic isotope

profile.

Characterization of the sulfide phases was conducted using reflected light petrography of
polished thin sections. Energy-dispersive spectroscopy (EDS) analysis was conducted using a
JEOL 8900R electron probe microanalyzer (EPMA) at University of Maryland to confirm

mineral identities.

2.4.2. Sulfur extraction

The multiple sulfur isotope composition was analyzed in bulk rock samples from
different zones within the RLS stratigraphy. Approximately 10 grams of material of each sample
was manually crushed using a steel mortar and pestle and then crushed further with a ceramic
mortar and pestle, in order to guarantee that the rock was pulverized and sieved to a grain size

smaller than 250 pm.

Sulfur was extracted from sulfide minerals by reaction with a heated Cr(II) solution in 5N

HCL, in a boiling flask, purged with nitrogen. This combination was used in order to extract
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sulfur present in sulfide and disulfide forms. The reaction of the sulfides with these solutions
releases hydrogen sulfide gas (H2S) that is carried by the nitrogen through a condenser and a
bubbler filled with MilliQ water and then trapped in a 0.3M AgNOs3 solution, where it reacts and
precipitates silver sulfide (AgxS). The experiment is set up for a reaction time of at least three

hours (Canfield et al., 1986).

After these procedures were carried out, some samples did not yield enough silver sulfide
to guarantee a reliable analysis due to their low sulfur concentration. A new experimental
procedure was developed in order to enable the measurement of these samples. For those
analyses, larger amounts of rock powder (up to ca. 80 grams) were used and a magnet stir bar

was placed into the boiling flask to mix the sample and the solution using a magnetic stirrer.

After the sulfur extraction was completed, the silver sulfide samples were then stored in a
dark box for at least 7 days, after which they were washed in a multistage process with MilliQ

water and 1M NH4OH. They were subsequently dried at 50°C.

Weighed aliquots of the dried silver sulfide (approximately 3 mg) were sealed in
aluminum foil capsules and placed into heated Ni vessels. Fluorine gas was added and left
overnight to react with the silver sulfide to produce SFs. The resulting SF¢ is separated from
possible byproducts (e.g. HF) through a thorough purification process that involves cryogenic
separation, passivation, and gas-chromatography. After purification, the SFs samples were frozen
into glass fingers in a manifold and were subsequently analyzed using a ThermoFinnigan
MAT253 gas source mass spectrometer in the Stable Isotope Laboratory of the University of

Maryland.
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The sulfur isotopic composition of materials is reported using the delta (8) notation,
which is referenced to the *2S isotope, using the V-CDT (Vienna-Canyon Diablo Troilite)
standard (equations 1.1 and 1.2). The correction value was obtained after the Wing and Farquhar

(2015) calibration.

( 33S

TS) sample

838 = | Z35¢ -1 (11
(T) V-CDT
( 34—S
TS) sample

84S = |Z3rg -1 (12)
(T) V-CDT

Variations in mass independent compositions are quantifiable in terms of a capital delta

(A) notation, as seen in Equation 1.3:

ABS = 835 — [(1 + 835)0515 — 1] (1.3)

The uncertainty in the measurements for samples with high sulfur concentration is
estimated from the long-term laboratory reproducibility of fluorinations of IAEA-S1, which
yields 26 variations of §°3S=0.15%o; 5°*S=0.30%0; and A*S=0.016%o. We estimate that the
chemical extraction of sulfur will not affect the values of A**S, but could double the uncertainty

of §**S and §**S. For samples with low concentration of sulfur, the reproducibility was based on
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11 repeat analyses of sample ECG (Ellicott City Granodiorite): §*3=0.43%o; 6°*S=0.84%o; and

A3S$=0.023%0 (20).

2.5. Results

Sulfur is present in its reduced form (sulfide) in all samples; the most abundant sulfide
minerals are pentlandite [(Fe,Ni)9Sg], chalcopyrite (CuFeS,), pyrite (FeS,), and pyrrhotite (Fei-
xS). Sample DT28 909.1, of the UG2 chromitite, also had PGE sulfides such as cooperite (PtS)
and laurite (RuS), generally associated spatially with pentlandite, either as an inclusion or just in
contact with each other. The §**S values of all the samples analyzed in this study range from -
1.19%o to 3.27%o, whereas those for A*¥S range from 0.057%o to 0.157%o, with an average of
0.110+£0.030%0 (10) (Table 2. 1). The sulfur isotope data obtained for the samples, including the
associated granophyres (average: 0.153%o), are generally comparable with measurements of the
sulfur isotopic composition of samples previously published in the literature for the Western and
Eastern Limbs, and parts of the Northern Limb (Penniston-Dorland et al., 2008, 2012; Figure
2.2). The calculated average after adding the data from Penniston-Dorland et al. (2012) is

0.112%0%0.024%o (15).

All the samples have a sulfur signature that differs from mid-ocean ridge basalts
(MORB), used in this study as a proxy to represent the sulfur composition of the uncontaminated
mantle (MORB is by far the best-documented mantle reservoir for sulfur isotopes, especially
A*S measurements). Despite being sourced from the depleted mantle, MORB has a similar
range of sulfur composition as uncontaminated ocean island basalts (OIB), which result from

plume ascension into the crust (Sakai et al., 1984; Peters et al., 2010; Labidi et al, 2012);
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however, OIB can incorporate recycled components. Measurements of MORB composition
(Sakai et al., 1984; Peters et al., 2010) yielded values that range from -2%o to +2%o, (5**S);
however, Labidi et al. (2012) demonstrated that a different chemistry extraction technique
produced a narrower range, mostly negative (from -1.8%o to 0.02%o), challenging the previous
knowledge. The refined A*S value is 0+£0.008%o (Peters et al., 2010; Labidi et al., 2012), lower
than any value found in the RLS. We chose to use the larger range of §**S values to represent the
MORB composition (Figure 2.2) with the aim to show that despite some compositional overlap,
the RLS sulfur differs from any measurement of MORB samples. A significant number of §*4S
data from the RLS cluster between +1%o and +2%o, more positive than the MORB values of
Labidi et al. (2012), with a few samples displaying higher values up to 3.27%o. Only one sample
presents a 3°*S composition within the Labidi et al. (2012) MORB range, a negative value of -

1.19%o (B06-060). All the samples fall outside the A**S MORB composition.
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Figure 2.2. Multiple sulfur isotope composition of the Rustenburg Layered Suite, Bushveld Complex,
compared to uncontaminated mantle values given by MORB composition (gray rectangle; data from
Sakai et al., 1984; Chaussidon et al., 1991; Peters et al., 2010). Grey diamonds represent data from this
study, while white triangles are Critical and Main Zones samples studied in Penniston-Dorland et al.
(2012). Select Northern Limb samples (black circles) were also plotted for comparison (Penniston-

Dorland et al., 2008). Error bars are 2¢ uncertainty.
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Table 2.1. Sulfur isotope composition of Bushveld samples.

Sample 53S | 8%S A*S Rock Type BC Zone Location
BC16-05D 1.74 | 3.27 0.060 | Norite Marginal Zone Eastern Limb
LZ10-02 1.27 |2.34 0.067 Harzburgite Lower Zone Eastern Limb
TW477 660.3 0.89 | 1.57 0.078 | Orthopyroxenite | Lower Critical Zone | Eastern Limb
TW477 440.57 | 036 | 0.58 0.057 | Orthopyroxenite | Lower Critical Zone | Eastern Limb
TW477 202.15 | 1.09 | 1.93 0.101 Orthoyroxenite Lower Critical Zone | Eastern Limb
DT28 910.3 0.90 | 1.58 0.087 | Orthopyroxenite | Upper Critical Zone | Eastern Limb
DT28 909.1 1.72 | 3.10 0.124 Chromitite Upper Critical Zone | Eastern Limb
DT28 904.7 0.85 | 142 0.113 Orthopyroxenite | Upper Critical Zone | Eastern Limb
DT28 847.2 0.94 | 1.58 0.122 Orthopyroxenite | Upper Critical Zone | Eastern Limb
B-4 0.97 | 1.68 0.103 Anorthosite Upper Critical Zone | Western Limb
MP24D2 1.02 | 1.68 0.157 Orthopyroxenite | Upper Critical Zone | Eastern Limb
B90-01 1.66 |2.97 0.129 | Norite Main Zone Eastern Limb
B07-018 1.09 | 1.86 0.131 Gabbro Main Zone Eastern Limb
B06-060 0.68 | 1.04 0.144 Orthopyroxenite | Main Zone Eastern Limb
B06-061 -0.51 | -1.19 0.098 | Norite Main Zone Eastern Limb
B06-011 091 |1.52 0.132 Magnetitite Upper Zone Eastern Limb
B06-024 0.92 | 1.54 0.123 Troctolite Upper Zone Eastern Limb
B06-026 0.78 | 1.25 0.131 Gabbro Upper Zone Eastern Limb
B07-039 0.94 | 1.57 0.131 Diorite Upper Zone Eastern Limb
B10-054 1.16 | 1.98 0.145 Granophyre Granophyre Suite Eastern Limb
B10-042 0.83 | 1.31 0.161 Granophyre Granophyre Suite Eastern Limb




Figure 2.3 presents the A*S data arranged in order of estimated stratigraphic height. The
sample BC16-05D, which was collected at the contact of a norite with a calcsilicate rock, is
plotted with an arbitrary depth equal to zero. The values of A*¥S for samples lower in the
stratigraphy (Marginal and Lower Zone) are distinctly different from the granophyre samples at
the top of the intrusion: they have systematically lower values than the Upper Zone and
granophyres. Variations in A*S, Nd, and Sr isotope profiles, can be found in the same
stratigraphic levels for the three isotope systems (Figure 2.4; Maier et al., 2000; Kruger, 2005,
this study). The correlation is not systematic; in some places, increases in ’Sr/%Sr; are
associated with increases in A**S, for example at the lowest part of the Main Zone, but in other
places they are inversely correlated, such as in the Upper Zone. The Upper Zone is characterized
by a A¥S composition of 0.132%o and *’Sr/*®Sr; of 0.7073, the Main Zone is characterized by
average A*S equal to 0.120%o and ®’Sr/%6Sr; within the 0.708-0.709 range; the Critical Zone has
a variable isotopic profile for both sulfur and strontium isotopes, and the Lower Zone has A**S of
0.067%0 and ¥'Sr/*®Sr; between 0.705 and 0.707. When available, the eng data negatively

correlate with Sr (Maier et al., 2000).

2.6. Discussion

The sulfur isotopic composition of the Rustenburg Layered Suite appears to be
homogeneous laterally over large geographic distances, although further testing of this
hypothesis is needed; A*S values of samples from the Main Zone of both Eastern and Western
Lobes overlap within uncertainty of measurement (4 samples from the Eastern Lobe have

A*8=0.12-0.13; 2 samples from the Western Lobe have A**S=0.13-0.14; Penniston-Dorland et
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29



al., 2012, this study). Additionally, the similarity of the A*S signature of the Upper Zone
(average: 0.132%o) and the granophyre at the roof of the intrusion (average: 0.153%o), which
overlap within the uncertainty of measurement, suggests that the granophyre may be genetically
related to the cumulus mafic rocks, instead of resulting from melting of crustal rocks at depth,

reinforcing the findings of VanTongeren et al. (2016).

Subtle variations in A*S values with increasing stratigraphic height within the intrusion
occur and can be linked to variations in other isotope systems such as ¥’Sr/*®Sr; and enq. The lack
of a systematic correlation suggests the addition of different materials instead of a single
contaminant for the intrusion, as the relationship between sulfur and the other elements cannot be
explained simply by different amount of contamination of the magma with the same material.
While increases in A3*S are associated with increases in 87Sr/%6Sr; values in the Critical and Main
Zones, increases in A**S are associated with decreases in %’Sr/%®Sr; in the Upper Zone. These
differences in contaminants likely relate to different pulses of magma, with different pulses
assimilating different materials. On a smaller scale, the variability in strontium and sulfur
isotopes observed in the Critical Zone ranges from 0.057%o to 0.157%o for A**S, and ®7Sr/%6Sr;
between 0.705 and 0.707. The highest A**S values are observed in the Merensky Reef and UG2
ore horizons. This variation implies that the Critical Zone was formed by pulses of the same
magma that assimilated the same material but in different proportions, congruent with sill-like
out of order emplacement of the layers. The magma that originated the Upper Zone is likely to
have gone through homogenization before emplacement, given its very uniform average isotope

composition of 0.132%0+0.008%, 1 s.d..

The decrease observed in both §°*S and A*S at the top of the Main Zone (Figures 2.3 and

2.4) occurs just below the Pyroxenite Marker, a layer that marks the transition between the Main
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and Upper Zones. The occurrence of this layer is also thought to coincide with a new pulse of
magma (e.g., VanTongeren and Mathez, 2013), which further suggests that the occurrence of a
distinguishable shift of the isotope profiles directly reflects different magma pulses with different
isotope characteristics. The inverse behavior of A**S and 8’Sr/*Sr; at the boundary between the
Main and Upper Zones also highlights the possibility that these zones have been contaminated by

different materials with different isotopic characteristics.

2.6.1. Source of surface-derived sulfur in the RLS

Hypotheses on what is the source of the anomalous sulfur of the Rustenburg Layered
Suite and how it acquired its isotopic composition include (a) assimilation of the host rock
during emplacement; (b) contamination by crustal rocks during a staging chamber phase, which
would have been then homogenized; (c) contamination during passage of the melt through the
sub-continental lithospheric mantle, which would already have a non-zero A**S composition, or
(d) the original composition of an asthenospheric source that already had an anomalous sulfur

signature. These hypotheses are not mutually exclusive.

The lack of a systematic variation between A*’S, (¥’Sr/*Sr);, and eng, shows that the
Rustenburg Layered Suite has incorporated sulfur from at least more than one source during its
history, so there may not be a unique solution to this question. Petrographic analysis has
provided little evidence for extensive post-magmatic processes, which suggests that the RLS
sulfur isotope A**S signature is not a result of homogenization or late addition of sulfur by

hydrothermal fluids. Below, each of these sources of sulfur are further discussed.
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2.6.1.1. Assimilation of S upon emplacement: Transvaal Supergroup as a contaminant

One explanation for the crystallization of PGE sulfides in the RLS invokes large-scale
contamination and sulfur addition into an unsaturated mafic magma (e.g. Mavrogenes and
O’Neill, 1999). One possible source for this sulfur could be assimilated Transvaal Supergroup
sedimentary rocks. However, many studies have shown that the different formations of the
Transvaal Supergroup, the host rock for the RLS, have highly variable §**S and A**S (Kaufman
et al., 2007; Guo et al., 2009). The average values of 6°*S and A**S of the Rustenburg Layered
Suite are, respectively, +1.86%0+0.88%0 and 0.112%0+0.024%o0 and are relatively homogeneous
when compared to the variability of Transvaal sedimentary rocks values. The sedimentary rocks
in the Transvaal Basin vary in °*S between -14.47%o and +20.67%o, and A*S between -0.36%o
to +5.04%0 (Figure 2.5a). There is a high degree of variability in local sedimentary rocks in

lithology, layer thickness, sulfur concentration and sulfur isotopic composition.

The expanded dataset detailed in this study includes samples from different stratigraphic
layers that likely represent multiple pulses of magma. For the different pulses of magma to have
such a narrow A*S composition when compared to the ranges observed in the surrounding
sedimentary rocks it would require both efficient mixing and a fortuitous combination of amount
of assimilation and host rock A**S composition to result in a similar A%S. Although efficient
mixing needs to have happened if the compositions are indeed homogeneous laterally
(Penniston-Dorland et al, 2012), the isotope variability is still recorded in the intrusion vertically

(given the variations in A%S).

Calculations performed by Penniston-Dorland et al. (2012) show that if the contaminant

of the RLS magma were a Transvaal shale containing 1 wt% sulfur with an average A*S
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Figure 2.5a. Multiple sulfur isotope composition of the Transvaal Supergroup rocks located at the

Transvaal Basin (+) compared to the Rustenburg Layered Suite (data from Penniston-Dorland et al. 2008,

Guo et al. 2009) and Vredefort Dome sulfur isotope composition, as seen in Figure 2.5b. The sedimentary

rocks show a highly variable composition, both in **S and A*S, compared to the igneous rocks of the

RLS and the metamorphic rocks of the Vredefort Dome.

composition of 2.8%o, the minimum amount of 0.3 wt% shale would have been necessary to

create the RLS average A*S composition. Higher amounts of assimilation, such as needed to

explain oxygen isotopes (~40%) or trace elements (70%), are in direct contrast to the measured

sulfur composition and to the estimate of sulfur concentration in the RLS (800 ppm), requiring

assimilation of materials with a much lower sulfur concentration.
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The lack of a higher A**S signature in the sample at the base of the stratigraphic column,
which is in direct contact with sedimentary rocks (sample BC15-05D), contrasts to what is
observed in the Platreef of the Northern Limb, where high A*’S values are observed at the
contact with the floor rocks (Penniston-Dorland et al., 2008; Sharman et al., 2013). This suggests
that assimilation of wall rock upon emplacement may not dictate the sulfur isotopic composition

of the intrusion.

2.6.1.2. Contamination by deep crustal rocks in a staging chamber

One hypothesis for the formation of the Rustenburg Layered Suite postulates the
existence of a staging chamber in the lower crust, in which the magma resided before the final
emplacement into the upper crust, and where it would have assimilated the surrounding material
(e.g. McCandless et al., 1999). If the rocks from the lower crust in the Kaapvaal Craton have an

anomalous sulfur isotopic composition, it could explain the sulfur isotope composition of the

RLS.

Previously published data present conflicting requirements for contamination by deep
crustal rocks, including varying amounts of assimilation required and varying types of material
assimilated. While the radiogenic osmium isotopic composition may be explained by
assimilation of 5% of mafic granulite into tholeiitic magma during a staging chamber phase in
the lower crust (McCandless et al., 1999), such assimilant may not provide the necessary Sr to
produce the observed radiogenic Sr isotopic compositions (Schoenberg et al., 1999). Harris et al.
(2005) considered two possible regions as proxies for the lower to middle crust when calculating
the amount required to produce the elevated oxygen isotopic composition observed in the RLS:

Archean basement rocks of the Vredefort impact structure and those of the southern marginal
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zone of the Limpopo Belt. These calculations indicate that the oxygen isotope composition
requires a much greater amount of assimilated lower crust, of up to 36-41%. A higher amount of
assimilant is also required by the trace element composition of the RLS, requiring up to 70%
contamination (Maier et al., 2000). In addition, the Hf isotopic compositions of the RLS
(Zirakparvar et al., 2014) argue against the existence of a staging chamber, as calculations show
that no amount of mixing between a komatiitic magma, representative of the primitive Bushveld-
magma, and gneiss or sediments from the lower crust, using rocks from the Limpopo Belt as a

proxy, could produce the observed Hf compositions (Zirakparvar et al., 2014).

We have analyzed samples from the Vredefort Dome, a 2.02 Ga impact crater located
approximately 300 km southwest of the RLS that exhumed rocks of the middle to lower crust
(Lana et al., 2003), using the same protocols described in the methodology section. Samples of
the Limpopo Belt were not available for study. The analyzed samples include metasedimentary
rocks, metagranitoids, and metamafites. The §°*S of these rocks varies from 0.74%o to 5.22%o
and the A3*S varies between -0.010%o and 0.145%o (Figure 2.5b; Table 2.2). These compositions
are in a similar range as the RLS. However, the maximum A*S value observed is still slightly
lower than that observed in the RLS, and we did not find any composition that when mixed with
an uncontaminated mantle could have produced the RLS composition. The concentration of
sulfur in some of these rocks is very low, at times less than 100 ppm (as evidenced by the wet
chemistry stage). Although unlikely, it is possible that such low concentrations could have been
caused by devolatilization upon impact, and therefore would not correspond to the original
concentration, and a shift in $**S could occur. However, devolatilization is not expected to alter
the A**S values. A similar range of §**S compositions have been observed in lower crustal

granulite-facies rocks from Australia (Hammerli et al., 2016), which suggests that if
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devolatilization occurred, it did not significantly impact the §**S values of the Vredefort Dome

rocks.

Table 2.2. Sulfur isotope composition of rocks from the Vredefort Dome.

Sample 5338 534S A»S Rock type
VF14-004B 1.23 2.41 -0.010 Pseudotachylite
VF14-008A 2.44 4.45 0.145 Metasediment
VF14-008B 2.45 4.49 0.139 Metasediment
VF14-008C 2.78 5.22 0.095 Metasediment
VF14-016 0.71 1.22 0.079 Granitoid
VF14-018 0.38 0.74 0.003 Wehrlite
VF14-019C 1.11 2.00 0.080 Granitoid
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Figure 2.5b. Composition of the Vredefort Dome (squares, other symbols as in Figure 2.2) rocks
compared to the Rustenburg Layered Suite (this study; Penniston-Dorland et al, 2008; 2012), and the
uncontaminated mantle composition (MORB data, Sakai et al., 1984, Chaussidon et al., 1991; Peters et
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al., 2010). All the A3S values of the Vredefort Dome rocks are lower than the maximum values of the
RLS, which suggests that these rocks are not end members of mixing with magma with uncontaminated

mantle composition. Error bars are 2c uncertainty.

Given the calculations performed by Penniston-Dorland et al. (2012), it is not possible to
reconcile the concentration of sulfur in these rocks and their isotopic composition in a realistic
way such that they could have, alone, generated the composition of the RLS. However, the actual
composition of the middle and lower crust underneath the intrusion is not known, and might

differ from the data presented in this study.

2.6.1.3. The sub-continental lithospheric mantle as a contaminant

The Kaapvaal Craton has seen many episodes of amalgamation, including the subduction
of the Witwatersrand Block underneath the Kimberley Block at ~2.9 Ga and the formation of the
Limpopo Belt from 3.0 to 2.0 Ga, dominated by a major tectonothermal event at 2.6 Ga (e.g.
Kamber et al, 1995; Schmitz et al., 2004), resulting from the collision between the Zimbabwe
and Kaapvaal Cratons. The sub-continental lithospheric mantle (SCLM) underneath the
Kaapvaal Craton has experienced multiple episodes of melting and metasomatism during its
geological history (e.g. Carlson et al, 2005; Shu et al., 2013; and references therein). Growth of
the SCLM in this area is thought to have started early in the Archean, with reported ages of 3.4
Ga in Eastern Kaapvaal (Eglington and Armstrong, 2004). Rhenium depletion model ages in
mantle xenoliths range from 3.7 to 2.0 Ga, some of which overlap with the timing of the
Bushveld magmatic event (Carlson et al., 1999; Richardson and Shirey, 2008) reflecting
extensive melt depletion related to crustal growth. The SCLM was also modified during the
Bushveld magmatic event at approximately 2.06 Ga (Richardson and Shirey, 2008), which

further supports the hypothesis that the SCLM beneath the Kaapvaal Craton interacted with the
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magma that generated the RLS. Later, some portions of the craton have experienced an episode

of metasomatism at 1.3 Ga (Shu et al., 2013).

Mantle recycling of ancient surface (likely oceanic) reservoirs with sulfur MIF
compositions is suggested by anomalous sulfur isotopic compositions (non-zero A*S) preserved
by sulfide inclusions in diamonds from the Orapa and Jwaneng kimberlites, both located in edges
of the Kaapvaal Craton in Botswana (Farquhar et al., 2002; Thomassot et al., 2009). The sulfide
inclusions in diamonds from the Orapa kimberlite yield values of A**S from -0.11%o to +0.61%o
(Farquhar et al., 2002), while in the Jwaneng Kimberlite, the A**S values range from -0.5%o to
+0.9%0 (Thomassot et al., 2009). These values suggest that S concentrations in SCLM of 200 to
20,000 ppm would be required to reach the mass fractions of SCLM contaminant predicted by

Os isotopes (Penniston-Dorland et al., 2012; Richardson and Shirey, 2008).

Evidence for recycling of sulfur into the mantle can be found in both modern and fossil
subduction zones. Isotope data from modern arc volcanic rocks suggest that sulfur is recycled by
subduction today and transferred from subducting slabs to the mantle wedge beneath volcanic
arcs. Basaltic arc volcanic rocks from Indonesia preserve positive 3**S values of +2.0%o to
+7.8%o, and despite possible fractionation caused by degassing or sulfur loss, the data still can be
interpreted as enrichment of the mantle source by addition of slab-derived sediments (De Hoog
et al., 2001). Eclogite-hosted sulfides also preserve elevated &°*S, suggesting the role of
metamorphic fluids in transferring sulfur within the slab during subduction (Evans et al., 2014).
In the Mariana Island Arc, Alt et al. (1993) described §**S values of up to 21%o in volcanic rocks,
a value similar to the present-day seawater sulfate §**S value of ~21%o, suggesting that the sulfur

composition derived from seawater sulfate-related sources. Evidence from both A*S and §**S of
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fossil magmatic arc rocks from the Glenburgh Terrane in Western Australia also indicates

cycling of Archean sulfate and sulfide in a subduction setting (Selvaraja et al., 2017).

Melting and melt depletion cannot explain the observed non-zero A*S signature as these
are mass-dependent processes, but recycling of sulfur during subduction and metasomatism
could transfer material bearing a non-zero A*S signature to the SCLM (Selvaraja et al., 2017).
Evidence for incorporation of crustal material in the SCLM is also observed in other systems,
such as Re-Os (Richardson and Shirey, 2008), although the sulfur composition constrains that
this material needs to be of Archean age. The occurrence of MIF in sulfides from Orapa and
Jwaneng Kimberlites suggests that sulfur MIF signatures are present in at least some parts of the
SCLM underlying the Kaapvaal Craton. Despite the lack of a MIF signature, transfer of a surface
signature due to mantle metasomatism was inferred to produce the variability in §**S values in
sulfides from xenoliths in the Bultfontein Kimberlite, located in the southern portion of the
craton (Giuliani et al.,, 2016), further adding evidence to a heterogeneity of the SCLM
underneath the Kaapvaal Craton. Work on peridotite and eclogite xenoliths from the Premier
Kimberlite, geographically associated with the RLS, is currently being done in order to assess

whether this hypothesis is viable.

2.6.1.4. Asthenospheric mantle source with a 43S # 0

Studies of rock and mineral chemistry indicate a mantle origin for the primary magma of
the RLS, likely originating from a mantle plume given the calculated initial composition and
volume of magma produced in this event (Hatton, 1995; Wilson, 2012). The most primitive
magma is found in the lower part of the intrusion (Wilson, 2012), although its Sr isotope

composition is unlike that expected of uncontaminated mantle.
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Studies on the isotopic composition of asthenospheric mantle are constrained by the rarity
of material available, and what is known results mostly from indirect observation. It is possible
to distinguish multiple geochemical reservoirs in the mantle based on different isotope
characteristics (White, 2015). These reservoirs (HIMU, EMI, EMII, DMM, among others) are
sampled by the ascension of mantle-originated magma to the crust; for some of these reservoirs,
the isotopic signatures reflect addition of surface-derived material to the mantle. However, this

classification is done mostly for modern basalts.

Evidence for recycled sulfur in the asthenospheric mantle comes from anomalous A**S
sulfur compositions of primary magmatic sulfide inclusions in olivine phenocrysts from
Mangaia, Cook Islands, which samples the HIMU reservoir (e.g., Cabral et al., 2013). Although
it is not possible to infer at which depth the contamination took place, Mangaia samples Archean
material that was subducted into the mantle. Delavault et al. (2016) also observed negative A*S
values (down to -0.8%o) in sulfides from Pitcairn, of the Pitcairn-Gambier chain in the Pacific.
The same authors also modeled the source age to be 2.5 to 2.6 Ga. Further evidence for recycling
comes from other isotope systems, such as elevated §'30 values of OIB (Eiler et al., 1997), and
light 8'*C values of diamonds from a Cretaceous kimberlite in Brazil (Walter et al., 2011).
Recycling of surface material in the mantle below the Kaapvaal Craton is seen in the
Jagersfontein kimberlite, where diamonds present light §'*C signatures (ranging from -17.4%o to
-23%0) and their majorite inclusions have high &'80 values (+8.5%o to +10%o) (Ickert et al.,

2015).

Findings of recycled sulfur in both Mangaia and Pitcairn could open the possibility that
the mantle plume that originated the Bushveld Complex and the Rustenburg Layered Suite

originally contained this signature; however, the RLS composition would not fall within a field
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of any known end-member defined by Sr and Nd isotopes. Therefore, although the present
knowledge points towards the recycling of surface material into the asthenospheric mantle, we
do not expect that the sulfur isotope composition of the RLS comes from recycled component in

the primitive magma.

2.7. Conclusions

The Rustenburg Layered Suite, a mafic-ultramafic intrusion that is part of the Bushveld
Complex, has a sulfur isotope composition that reflects the presence of a surface-derived
material in the magma. This study reveals subtle variations in A**S in the igneous stratigraphy of
this intrusion. The RLS was likely formed by the injection of multiple pulses of magma, and the
correlation of variations in sulfur isotopes with variations in ¥’Sr/%Sr; and eng further supports
that hypothesis. However, the lack of systematic correlation between these isotopic systems and
A*S shows that these variations cannot be accounted for by assimilation of a single contaminant

in different proportions and calls for multiple contaminants.

Sedimentary rocks of the Transvaal Supergroup or rocks from the lower crust are
possible sources of surface sulfur in the RLS. It is unlikely that contamination occurred during
emplacement, since the isotopic compositions appear laterally homogeneous over large scales
(except in particular circumstances; e.g., Penniston-Dorland et al., 2008; Sharman et al., 2013).
Homogenization of assimilated crustal material may have occurred in a staging chamber prior to
intrusion, regardless of the small-scale variations in S, Sr, and Nd within the stratigraphy. Slight
increases of A*S values coincide with the UG2 Chromitite and Merensky Reef, suggesting that

surface-derived sulfur may have played a part in the formation of the PGE-rich layers.
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It is also possible that the interaction between a rising asthenospheric magma and a
compositionally altered SCLM could have provided the magma with anomalous sulfur. Evidence
for such interaction is seen in multiple studies and encompasses Bushveld-like Re depletion ages,
depletion in Pt and Pd and Sr, Nd and Os isotopic composition of mantle xenoliths, and the
SCLM-like trace element chemistry pattern of the Lower Zone (Carlson et al., 1999; Maier et al.,
2005; Richardson and Shirey, 2008, Wilson et al., 2017). However, it is unlikely that the
asthenospheric source of the RLS magma had a signal of surface-derived sulfur such as what is
observed in ocean island basalts, given how different the processes that generate these magmas

arc.

At this point, there is no way to reconcile the petrogenetic constraints from the multiple
isotopic systems into one single story. Although the presence of a MIF sulfur component implies
the presence of Archean surface material in a mantle-derived magma, sulfur isotopes alone do
not provide conclusive evidence for one source of sulfur over the others. The results of this study
suggest that sulfur from multiple sources were incorporated into the magma in order to generate
the measured Sr, S, and Nd isotope compositions and that different layers assimilated sulfur from

different sources.
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Chapter 3: The sulfur composition of the Lower Bushveld Series

3.1. Abstract

The Basal Ultramafic Sequence (BUS) was recently discovered and described as the most
basal unit of the Rustenburg Layered Suite (RLS). The BUS, together with the Marginal Zone,
and the Lower Zone, form the Lower Bushveld Series (LBS) and represent the early stages of the

emplacement of the RLS.

Previous work has shown that the RLS has a sulfur signature unlike that expected from a
melt derived from unaltered mantle (A**S = 0+£0.008%o), and that subtle shifts of composition
within the stratigraphy suggest that there are multiple contaminants in this intrusion. In this
study, we look at the sulfur composition of the LBS as sampled by a drill core at the Clapham
Section. In addition to sulfide, some samples of the BUS have primary sulfate, which makes it

one of the few localities worldwide of a mafic magma with sulfate.

Like the RLS, the Lower Bushveld Series also has a non-zero A*’S, unlike primitive
mantle, and exhibits some variability in A**S with stratigraphic depth. The BUS has the lowest
values in the entire RLS (avg. sulfide A**S = 0.057%o) and the Marginal Zone, considered
residual liquid from the BUS, has the highest values of A**S, up to 0.322%o. These higher values
for the Marginal Zone are associated with layers with pelite xenoliths. The lack of any levels
with sulfur having A**S = 0 in any of the RLS units, including the most primitive magmas (BUS)
continues to support the hypothesis that the intruded melts carried a mass independent signature
at the time of injection, and keeps open the possibility that some part of the A*S signature

originates at the source of primitive Bushveld magmas.
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3.2. Introduction

The Marginal and the Lower Zones of the Bushveld were often considered to be the
lowermost zones of the Rustenburg Layered Suite, until a mining drill core exposed rocks
beneath the Marginal Zone, subsequently named as the Basal Ultramafic Sequence (Wilson,
2015). The Basal Ultramafic Sequence (BUS), a 750m layered sequence that comprises
ultramafic and mafic rocks, represents the most primitive part of the Rustenburg Layered Suite.
The BUS records the first stage of emplacement of the intrusion, which has been shown to have a
different, more primitive composition than the Lower Zone, indicating a different initial magma
composition and also different evolution story (Wilson et al., 2017). The grouping of the Lower
Zone, Marginal Zone, and BUS is referred to as the “Lower Bushveld Series” (Wilson et al.,

2017; LBS).

In this chapter I present the first multiple sulfur isotopic composition data of the LBS and
assess how it relates to what is observed in the main Bushveld series. Being the earliest magmas
of the RLS, the LBS can be regarded as the most representative sample available of the initial
magma composition (Wilson, 2015), and could therefore better represent the initial sulfur
isotopic composition of the intrusion. Insight from the sulfur isotope composition of these rocks
and comparisons with other BMP rocks may also provide important insights into the larger

question of whether the deep melts already carried a signal of exogenic sulfur.

Unlike the Main Bushveld Series (MBS), the LBS is not mineralized. Moreover, the BUS
and the Lower Zone contain anhydrite, a calcium sulfate. The occurrence of anhydrite in the LBS
was first described by Wilson et al. (2017), but no further studies have been conducted since

then. Therefore, this chapter will also explore the relationships between sulfide and sulfate, by
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examining the sulfur isotope composition in the light of petrography of silicate, sulfide, and

sulfate minerals.

3.3. Background

3.3.1. The Clapham Section

Until recently, the Marginal Zone was considered to be the most basal sequence in the
RLS, given evidence for interaction of the magma with the footwall rocks. However, drill core
sampling of the Clapham Section, a compartment in the Eastern Limb of the Rustenburg Layered
Suite, revealed that in some locations, the Marginal Zone is underlain by the Basal Ultramafic
Sequence (BUS). The Clapham Section has been sampled via three drill cores totaling 2100m in
length (Wilson, 2012; Wilson, 2015; Wilson et al., 2017), two of which were analyzed for this

study, CH6 and CH7. The drill cores sample all units of the LBS (Figures 3.1a; 3.1b).

The BUS comprises harzburgite, dunite, and orthopyroxenites that accumulated in
structural troughs and were inferred to have crystallized from an ultramafic primitive magma
with 19 wt% MgO (Wilson, 2015). Occurrences of these ultramafic rocks have been described in
three locations: Olifants River, Clapham, and Burgersfort, and each location presents a different
stratigraphy, which reinforces the interpretation that their crystallization occurred separately.
These rocks contain sulfide, but anhydrite has also been observed. This was the first observation
of anhydrite in the Rustenburg Layered Suite. Since then, anhydrite has also been described in
the Northern Limb (Yudovskaya et al 2018), where it was proposed to be the product of in-situ

assimilation of an anhydrite-rich host rock. Observations from the BUS are also relevant because
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they bear on the question of whether a similar assimilation process is supported for rocks

crystallized deeper/earlier in the evolution of the BMP.

In the Clapham Section, the Marginal Zone is ca. 430 meters thick and mostly consists of
norite and orthopyroxenite, having been thought to have developed directly from accumulation
of low-density felsic magma that resulted from the fractional crystallization of the BUS (Wilson,
2015; Wilson et al., 2017). Xenoliths of country-rock within norites mark the interaction between
the magma and the metapelites forming roof of the magma chamber (Wilson, 2015).
Replenishment of the chamber with new incoming magma is responsible for a reversal in

pyroxene composition at the contact between Lower and Marginal Zones (Wilson, 2015).

Discontinuities in geochemical trends in the BUS, Marginal Zone, and Lower Zone, show
that the magma that was being emplaced was not of uniform composition at the time of
emplacement. Four geochemical reservoirs are needed to explain the observed mineral
compositions (e.g. Mg# in olivine and orthopyroxene), trace element patterns, and Sr isotope
compositions. These include contributions from the primitive mantle, subcontinental lithospheric
mantle (SCLM), lower crust of the Kaapvaal Craton, and metapelites of the Pretoria Group

(Wilson et al., 2017), based on field, petrological, and isotopic evidences.
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Figure 3.1. (a) Location of the study area within the country of South Africa; (b) location of the

boreholes CH6 and CH7, where the samples in this study were collected.

3.3.2. Occurrence of anhydrite in mafic magmas

The first occurrence of anhydrite in the Rustenburg Layered Suite was described by

Wilson et al. (2017). They reported magmatic anhydrite as an ubiquitous mineral in the BUS,

and as well as in samples from the Lower Zone. Anhydrite-bearing mafic rocks were recently

discovered in the Northern Limb (Turfspruit farm), but such occurrence was interpreted by

Yudovskaya et al. (2018) to be the result of assimilation of anhydrite-rich sediments by an

ultramafic melt.
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Globally, the occurrence of anhydrite-bearing magmas is uncommon and typically
associated with arc magmatism (Luhr, 2008; Ripley et al., 2010). The first reported occurrence of
primary magmatic anhydrite was found in the trachyandesitic pumices from the El Chichon
volcano in Mexico (Luhr et al., 1984), which contained anhydrite both in the matrix of the
pumice but also as inclusions in the silicate minerals. Other occurrences of primary magmatic
anhydrite include Mt. Pinatubo dacites (Evans and Scaillet, 1997), Julcani rhyodacites (Drexler
and Munoz, 1995), Piedras Grandes andesite (Matthews et al., 1999), Eagle Mountain andesite
(Parat et al., 2002), and Redoubt Volcano andesites (Nye et al., 1994; Swanson and Kearney,
2008), among others. These intermediate-to-felsic magmas are water-rich and oxidized
(>NNO+1; Luhr, 1998), with a main mineralogy of hornblende and plagioclase. Experimental
work by Carroll and Rutherford (1988) and Jugo et al. (2005) showed that sulfide and sulfate can
coexist in a magma under a restricted range of oxygen fugacities, between AFMQ +1.5 and
AFMQ +2, where sulfide is stable with values below AFMQ +1.5, and sulfate will be the sulfur
species when the oxygen fugacity is above AFMQ +2. One factor that may contribute to the
scarcity of magmatic anhydrite in the geological record could be its high water solubility; Luhr et
al. (1984) demonstrated that anhydrite was completely dissolved from the rocks within one year

of exposure to surface conditions.

The Kharaelakh intrusion in the Noril’sk region (Russia) is the only location, aside from
the RLS, where coexisting sulfide and sulfate have been reported in mafic magmas (Li et al.,
2009; Ripley et al., 2010). Kharaelakh (previously known as NW Talnakh; Ripley et al., 2010) is
a Ni-Cu-(PGE) mineralized sill, formed during the magmatism that generated the Siberian Traps,
another large igneous province (Starostin et al., 2011). At this location, assimilation of a sulfate-

bearing country rock, where the sulfate has high §**S (18.8%0-22.8%o), is required to produce the
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higher §*S sulfide values (chalcopyrite values of 9.3%o-13.2%o) and to explain the presence of
anhydrite in the rock (Ripley et al., 2010). Therefore, the sulfide values would represent a
mixture between a mantle-derived sulfide, and sulfate-reduced sulfide, while the sulfate would

represent the preserved sedimentary anhydrite.

3.4. Methodology

The 25 samples studied here come from the two distinct drill cores (CH6 and CH7,
Figures 3.2) through the Clapham Section, which have been described in more detail by Wilson
(2015). Eleven samples represent the BUS, seven samples represent the Marginal Zone, and
seven samples from the Lower Zone. The depth was calculated based on their known depth
within each core, adjusted to the composite depth of the Clapham Section described by Wilson
(2015). The mineral abbreviations used in this chapter are: opx (orthopyroxene), cpx
(clinopyroxene), ol (olivine), plag (plagioclase), kfs (K-feldspar), bt (biotite), sulf (sulfides), anh
(anhydrite), rt (rutile), ap (apatite), and chr (chromite). The estimate of ferric iron (Fe*") was
made through charge balance based on the charge relationship between cation and oxygen

(Droop, 1987).

Ten samples were chosen for petrographic and mineral chemical analyses based on
lithology and stratigraphic position, aiming to cover a diverse range of rock types in the different
units of the LBS. The thin sections were made using oil instead of water, in order to preserve
potential anhydrite. The mineral chemistry of silicate, sulfide, and sulfate phases was determined
using the JEOL 8530F electron probe microanalyzer (EPMA) at the Geophysical Laboratory,

Carnegie Institution for Science. The WDS (wave-dispersive X-ray spectroscopy) operating
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conditions were: accelerating voltage of 15 kV, beam current of 20 nA, and variable beam
diameter from 1-5um, depending on size of the mineral. Analyses reported in this study have
compositional totals between 99.5 wt% and 101.5 wt%. The same equipment was used to take
backscatter electron (BSE) images. Whenever the grain was too small to conduct a satisfactory
WDS measurement, the identification was done using a qualitative method (EDS — energy-
dispersive X-ray spectroscopy), using accelerating voltate of 15 kV, aperture of 60 um, and

working distance of § mm.

The multiple sulfur isotope composition of various forms of sulfur were measured.
Individual aliquots of sample rock powder were extracted using a chromium reduction method
(described below) to yield data referred to as “total sulfide”. A separate set of individual aliquots
of sample rock powder were extracted using a solution known as “Thode” solution (also
described below), referred henceforth to as “Thode extracts”. Initially, these experiments were
conducted to test for sulfate extraction; however it was found that the Thode solution extracts
total monosulfide and total sulfate. This extract is not referred to as total sulfur because the
efficacy of Thode solution for extracting disulfide (pyrite) is not efficient, but pyrite
concentrations are generally low in these samples, meaning that the Thode extracts are good
proxies for total sulfur. A third form of sulfur (referred to as “water-soluble sulfate”) was
extracted from water-soluble fractions using this same Thode solution. All analyses were

conducted at the Stable Isotope Laboratory of the University of Maryland, College Park.

The chromium solution consists of a mixture of 20 mL of SN HCI and 20 mL of a 0.3M
Cr (II) reducible solution (Canfield et al., 1986). Samples are reacted with this solution in a
heated boiling flask that is purged with flowing nitrogen gas to carry evolved hydrogen sulfide

from the solution. The reaction is allowed 3 hours to complete. The Thode solution (Thode et al.,
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1961; Arnold et al., 2014) is a mixture of concentrated hydrochloric, hydriodic, and
hypophosphorous acids (52%, 32%, 16%, by volume; Thode et al., 1961; Arnold et al., 2014).
Samples are reacted with Thode solution in a heated boiling flask, also with a 3-hour reaction
time and also with evolved hydrogen sulfide carried by flowing nitrogen gas. In both cases, the
hydrogen sulfide is passed through a condenser and a water trap to remove chloride and then

collected as silver sulfide (Ag>S) by reaction with 20 mL of a 0.03M silver nitrate solution.

Deoxygenated MilliQ water was used to extract water-soluble sulfate, in a step previous
to the sulfur extraction chemistry. The sulfate was then precipitated as BaSO4 by addition of 1
mL of 1M BaCl. This BaSO4 was centrifuged, and reacted with Thode solution under the same
conditions as described above. As there was no evidence for insoluble sulfate from petrographic
studies or in the BUS literature, the residue was not analyzed. The expression Asulfate-sulfide (C.f.
O’Neil, 1986) will also be used to represent the difference in §**S values between sulfate and

sulfide.

Silver sulfide precipitates were aged for at least one week in the dark, and then washed in
6 steps with MilliQ water and ammonium hydroxide. Once dry, 3 mg of silver sulfide were
weighed and put into an aluminum capsule. The capsule was dropped inside a Ni vessel heated to
250°C, and fluorine was added and left to react overnight. The reaction produces the gas SFe,
which is then separated cryogenically and by gas chromatography from the leftover fluorine and
other contaminants. After purification, the SF¢ is stored in glass fingers in a manifold, and
analyzed for the sulfur isotope composition using the the Finnigan MAT 253 dual inlet isotope

ratio mass spectrometer by monitoring SFs+ ion beams at 127, 128, 129, and 131 Da.

The sulfur isotopic composition is described in terms of the delta (equation 3.1) and

capital delta (equation 3.2) notations,
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83%S = | m———1[ (3.1

(TS) REF

ABS = 835 — [(1 + 8%5)%515 — 1] (3.2)

which are reported in units of permil (%o) relative to independent measurements of CDT (Canyon
Diablo Troilite), since a V-CDT value for A**S and A*°S has not been established. This is
consistent with the procedure done in our recent meteorite studies (Antonelli et al., 2014; Dottin
et al., 2018). On this scale, IAEA S-1 will have a §°*S of -0.394%o and A*S and A*S of 0.116%o
and -0.795%o, respectively. Independent measurements indicate that the A*’S and A%*S of the
Earth is within error of 0%o for both capital delta values (Labidi et al., 2013; Wing and Farquhar,
2015). Errors are based on long-term standard reproducibility of fluorinations of IAEA-SI,
which yields 2o variations of §%S+0.15%o; §**S+0.30%o0; and A*S+0.016%o. For purposes of
comparison, we also have renormalized data from prior studies of Penniston-Dorland et al.,

2012, and Magalhaes et al., 2018, to this same scale. Those data are presented in Appendix A.

Samples of metasediments from the Magaliesberg Quartzite, Lakenvalei Quartzite, and
Vermont Pelite were also analyzed for their sulfur isotopic composition, but have not yielded any

sulfur (i.e. they do not contain sulfur).
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3.5. Results

3.5.1. Petrography

The ten samples described in detail encompass the Marginal Zone and the BUS, and thus
these two units will be the focus of this study. The main mineral phases in these rocks are
orthopyroxene, clinopyroxene, and plagioclase, always coexisting. Olivine, biotite, quartz, and
K-feldspar are present in some samples in significant quantities (>10 modal %), but appear only
in specific samples. Accessory phases include chromite, apatite, zircon, rutile, magnetite,

sulfides (pyrrhotite, pentlandite, pyrite, and chalcopyrite), and anhydrite (Figure 3.3).
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Figure 3.3. Mineral composition of the studied samples from the Clapham Core. This figure does not
present modal percentages, and the variation in the amount of each mineral between samples is not

portrayed.
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3.5.1.1. Pyroxenes

Both orthopyroxene and clinopyroxene are present in all the rocks. Orthopyroxene is very
enstatite-rich, from Enss to Engg. Clinopyroxene has a diopside composition (Table 3.1, Figure
3.4a). Neither orthopyroxene nor clinopyroxene exhibit growth zoning, but overgrowths of a
different composition are observed in Opx in a few samples. Exsolution lamellae of
clinopyroxene within orthopyroxene is common (Appendix A, Figure A.4), and can range from
very fine grained needle-like lamellae to large “blebs”. The fine-grained lamellae can interfere

with the pyroxene analysis (Figure 3.4a).

The orthopyroxenes are Mg-rich, with a Mg# from 71.5 up to 89.9 (Table 3.1, Figure
3.4b). The Marginal zone orthopyroxenes present consistently lower values of Mg#, while it is
variable in the BUS, with slightly lower values in the bottom of the rock pile and higher values
in the upper portion. The findings are consistent with the behavior observed by Wilson (2015),

who reported a similar behavior of orthopyroxene in the Clapham Section.
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Figure 3.4. a. Wo-En-Fs classificatory diagram for pyroxenes from drill core CH7. b. Variation of Mg#

with depth in orthopyroxene (blue circle) and olivine (green square).

3.5.1.2. Feldspar

Plagioclase is the dominant feldspar in the LBS samples. Minor anhedral K-feldspar
provides evidence for exsolution of high temperature ternary feldspars on cooling (see Fig 3.5a).
The composition of plagioclase varies from sample to sample and even within samples,
encompassing a wide range of anorthite contents, from Anss to Anzo. Most samples have zoned

interstitial plagioclase, always in a pattern of a Ca-rich core to a Na-rich rim. In some cases, it is
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Figure 3.5. a. An-Ab-Or classificatory diagram for feldspar shows two distinct groups of feldspar: the
predominant is plagioclase; the Ca-rich variety. In a lesser amount, K-feldspar (orthoclase) is also present.
b. Ca-Na-K compositional map of feldspar from sample CH7 1108.46, showing a “euhedral” Ca-rich

core, with strong zoning filling in for the interstitial spaces, where an “anhedral” Na-rich rim formed.

56



Table 3.1. Mineral composition of orthopyroxene from samples studied. Results shown here correspond to average of all measurements of

orthopyroxene in a sample (total amount given by n). The Mg# is calculated based on the average composition.

Sample
n

Na20
FeO
TiO2
K20
Al203
MgO
MnO
Cr203
CaO
Si02
NiO
Total
Mg#

CH7
21

0.02
16.79
0.13
0.00
1.11
26.77
0.31
0.31
1.41
54.18
0.06
101.08
74.0

149.77
37

0.01
18.47

0.00
0.80
26.00

0.11
1.20
54.41
0.06
101.05
71.5

201.15
44

0.01
16.69
0.18
0.00
0.82
27.24
0.29
0.24
1.05
54.46
0.06
101.06
74.4

ORTHOPYROXENE
471.84 580.51 672.36
33 8 24
0.01 0.02 0.02
17.83 6.77 12.71
-- 0.14 0.11
0.00 0.00 0.00
0.96 1.14 1.32
26.79 33.98 30.54
-- 0.16 0.23
0.18 0.35 0.33
0.91 1.04 0.95
54.44 56.65 54.40
0.07 0.09 0.12
101.19 100.34 100.73
72.8 89.9 81.1

708.24
15

0.07
8.42

0.00
1.41
31.04

0.54
2.80
55.87
0.11
100.28
86.8

970.00
28

0.03
9.65

0.00
1.18
31.30

0.32
1.91
55.60
0.09
100.08
85.3

1076.40
32

0.02
8.77
0.05
0.00
1.35
32.59
0.18
0.53
1.19
56.49
0.14
101.32
86.9

1108.46
30

0.03
13.99

0.00
1.34
28.67

0.25
1.18
54.36
0.10
99.90
78.5
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Table 3.2 Mineral composition of clinopyroxenes from the Clapham Section. Results shown here correspond to average of all measurements of

clinopyroxene in a sample (total amount given by n). Measurements of exsolved Cpx from sample CH7 49.59 are also presented.

Sample
#

NaxO
FeO
TiO2
K-0
Al>03
MgO
MnO
Cr203
CaO
Si02
NiO

Total

49.59
25

0.31
6.78
0.24
0.00
1.82
15.89
0.17
0.61
22.49
52.65
0.05

101.01

49.59 Exs
8

0.34
6.19
0.24
0.00
1.73
15.51
0.15
0.66
23.56
52.85
0.05

101.29

149.77
25

0.25
7.25

0.00
1.40
16.11

0.21
21.94
53.54
0.04

100.74

CLINOPYROXENE
201.15 471.84 580.51
15 12 14
0.33 0.34 0.48
6.25 7.11 2.81
0.34 -- 0.27
0.01 0.00 0.00
1.34 1.71 2.00
15.95 15.60 17.49
0.15 -- 0.08
0.45 0.32 0.97
23.10 22.26 23.15
53.16 53.10 53.34
0.04 0.04 0.06
101.11  100.48  100.67

672.36
17

0.57
5.14
0.32
0.04
2.92
16.08
0.11
0.78
22.74
52.06
0.06

100.84

708.24

15

0.33
6.25
0.34
0.01
1.34
15.95
0.15
0.45
23.10
53.16
0.04

101.11

970.00
23

0.34
5.57
0.70
2.33
21.36
0.50
14.78
54.63
0.07

100.28

1076.40

7

0.50
3.48
0.25
0.00
2.29
16.92
0.09
0.86
23.46
53.42
0.07

101.35

1108.46
2

0.42
5.17

0.00
1.43
16.15

0.32
23.36
52.97
0.05

99.86
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Table 3.3. Mineral composition of plagioclase from the Clapham Section. Results shown here correspond to average of all measurements of
plagioclase in a sample (total amount given by n).

FELDSPAR
Sample = CH749.59 149.77 201.15 471.84 580.51 67236 708.24 970.00 1076.40 1108.46
# 37 52 39 43 27 24 26 33 31 64
Si02 49.79 51.66 51.62 54.97 51.90 52.82 50.31 54.80 53.11 56.40
TiO2 0.02 0.02 0.02 0.04 0.02 0.02 0.03 0.02 0.02 0.02
ALOs3 30.35 31.11 30.84 28.34 29.15 29.88 3241 29.82 30.23 28.60
FeO 0.95 0.22 0.49 0.22 0.07
MgO 1.13 0.02 1.85 0.02 0.01
CaO 14.21 13.77 13.05 10.24 11.76 11.76 14.91 11.66 11.90 10.41
Na;O 2.84 3.63 3.98 3.98 4.33 4.78 3.27 4.66 4.79 5.27
K>O 0.19 0.28 0.21 2.51 0.17 0.12 0.06 0.23 0.06 0.33
BaO 0.00 0.03 0.00 0.13 0.02 0.01 0.05 0.04 0.03 0.01
SrO 0.05 0.08 0.05 0.10 0.06 0.09 0.07 0.07 0.09 0.07
Total 99.54 100.58  100.01  100.29  99.75 99.71 101.11  101.30 100.30 101.11
Avg. An 71.76 66.28 63.71 58.76 59.50 53.05 71.29 60.01 57.80 52.83

59



possible to distinguish a subhedral to euhedral core of plagioclase, and compositional zoning
towards a more Na-rich plagioclase composition, where the borders of the crystals are very Na-
rich (Figure 3.5b). K-Feldspar is a minor occurrence in few samples and is usually is associated

with the interstitial phases.

3.5.1.3. Olivine

Olivine is present in only four of the analyzed samples. In three of those, it is the main
mineral constituent and forms euhedral grains in a cumulate texture. The most abundant
interstitial material varies from biotite in sample CH7 708.24, to clinopyroxene in sample

580.51. In sample 672.36, olivine is rare and only two grains were found in the thin section.

The Mg# of the olivine of all samples is high. (Table 3.4; Figure 3.4), with values from

85-89. This is a small range of variation when compared to orthopyroxene.

3.5.1.4. Accessory phases

Biotite is a main mineral in sample 708.24, as it appears as an intercumulus mineral,
surrounding olivine (Figure 3.6a). However, biotite appears as small grains in other samples.
Biotite is interpreted to be igneous in origin. Apatite is present in many samples and has varying
textures, from euhedral to anhedral. It has compositional variation in some samples, while in
others it is homogeneous. It can be rich in CI and/or F (Appendix A). Quartz appears as an
intercumulus phase in a few samples, but never associated to olivine, usually as large shapeless

grains. Biotite and apatite compositions can be found in Appendix A.
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Table 3.4. Composition of olivine from the Clapham Section. Results shown here correspond to average

of all measurements of olivine in a sample (total amount given by n).

Sample

n

NaxO
FeO
TiO2
K20
ALO;

MnO
CaO
Si0»
NiO
Total

580.51
30

0.00
9.35
0.01
0.00
0.01
49.45
0.14
0.02
40.64
0.49
100.11

88.8

672.36
2

0.00
13.42
0.00
0.00
0.01
45.67
0.17
0.00
39.73
0.84
99.85

85.9

708.24
140

14.11
0.01

0.02
44.29
0.19
0.02
41.19
0.46
100.29

84.8

1076.40
40

0.00
12.45
0.01
0.00
0.01
46.79
0.15
0.01
40.26
0.69
100.38

89.4

100pm JEOL

Figure 3.6. a. Scan of thin section CH7 708.24, where it is possible to see cumulate olivine enclosed by

biotite; b. Cumulate olivine in sample CH7 580.51, where the intercumulus material is clinopyroxene.
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3.5.1.5. Sulfur-bearing phases

All samples analyzed contain sulfides as accessory minerals. The sulfides are pentlandite
(pn; [Fe,Ni]oSsg), chalcopyrite (ccp; FeCuSz), pyrite (py; FeS»2), and pyrrhotite (po; FeixS), that
occur as single grains or in mineral aggregates that show intergrowth and/or exsolution features
(Figures 3.7a; 3.7b). In most samples, the sulfide grains are very small (< 20um), and not

abundant.

We observe anhydrite (anh; CaSQOj4) in three thin sections (CH7 672, CH7 970, and CH7
1108). Following the chemistry procedure described in the methods section, we identify
significant concentrations of soluble sulfate in at least 5 samples within the CH7 core (the three
aforementioned, plus CH7 749.68 and CH7 884.85); considering the presence of anhydrite in
some samples, we will proceed with the assumption that the soluble sulfate present in these other

samples is also anhydrite.

When present, anhydrite can be as abundant as the sulfides. Anhydrite is normally found
as single crystals up to >200um in diameter (Figure 3.7a), that are commonly surrounded by
small grains of pyrite (Figure 3.7c¢), suggesting reduction on cooling. Anhydrite has also been
observed as an inclusion in pyroxene (Figure 3.7d), and in contact with larger sulfides (Figure
3.7a, 3.7b) or associated with apatite (Figure 3.7f). In the samples with anhydrite, sulfide can

also be associated with grains of magnetite (mag), including encapsulating it (Figure 3.7¢).
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Figure 3.7. Images showing diverse anhydrite textures observed in samples CH7 970.00 and CH7
1108.46. 3.7a. Coexisting sulfides and anhydrite; 3.7b. Fe-Ni-S-Cu-Ca compositional map of the
coexisting sulfide and anhydrite from figure a; 3.7c. Pyrite grains growing on the rim of an anhydrite
crystal, 3.7d. inclusion of anhydrite in zoned orthopyroxene; 3.7e. Sulfide aggregate with magnetite in the
core; 3.7f. anhydrite associated with apatite.
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3.5.2. Sulfur Isotopes

The sulfur isotope composition of total sulfide, water-soluble sulfates, and the Thode
extracts (proxy for total sulfur) of the Clapham core is given in Tables 3.5, 3.6, and 3.7, and
shown in Figure 3.8. We compare these values to the previously measured values of the adjacent
units of the Rustenburg Layered Suite (Penniston-Dorland et al., 2012; Magalhaes et al., 2018),
and to the values of MORB (Sakai et al., 1984, Chaussidon et al., 1991, Peters et al., 2010,
Labidi et al., 2014), representing an uncontaminated mantle. The sulfur isotopic composition is
variable in both §**S and A**S for both sulfide and sulfate in this drill core; this variability occurs

both within and between units (Figure 3.9).

The sulfur isotopic composition of the Clapham Core sulfides shows clear distinctions
between the three zones of the LBS: A¥S = 0.057%o (£0.018 s.d.), §**S = 3.29 (£2.99%o s.d.) for
the sulfides in the BUS; A**S = 0.216%o (£0.087 s.d.) and low &°*S = 2.02%o (£1.14 s.d.) in the
Marginal Zone; A*S = 0.106%o (£0.040 s.d.), §**S = -0.18%o (+4.71 s.d.) in the Lower Zone.
A®S is resolved from zero in all cases and has the most positive values in the Marginal Zone.
The §**S is markedly positive for the BUS compared to the other zones. The Lower Zone has
A®S and §**S that are most similar to that already seen in the RLS (Chapter 2). The high A%S
values observed for the Marginal Zone (up to 0.322%o in sulfides) are not accompanied by
significant changes in 8**S values (1.08%0-4.36%o), except for one Thode extract sample with a

5%*S of -22.71%o.

Omitting one significant exception from the Marginal Zone with §**S = -22.8%o, the 5°*S
for Thode extract sulfur is, on average, similar to those observed for sulfide in the Lower and
Marginal Zones (Lower Zone: 1.45%0t2.01%0, Marginal Zone: 1.95%0+0.52%o0), and slightly

higher in the BUS, where 8°*S = 4.52%0+2.34%o. Only five samples, all from the BUS, yielded
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water-soluble sulfate in measurable quantities, compatible with the slightly higher §**S in the
Thode extract values. The §*S is more positive than the sulfide (4.12%0+2.84%o s.d.), while the
A*S for these are within error of the sulfides (A*3S =0.070%0+0.17%o s.d.). The five measured
A¥*Sguifate-sulfice Tange from 0.4 to 4.0%o with a median value of 2.9 %o which corresponds to an
equilibrium sulfate-sulfide fractionation temperature of ~1200°C (calculated using Eldridge et
al., 2016). Note that I interpret the &°*S value of sample CH7 749.68 (0.45%0) as not
representative of the value of actual anhydrite, given the similarity with the values of the sulfides

(0.08%o).

While the average A*’S matches between measurements of sulfides and water-soluble
sulfates, ten samples exhibit differences in A**S between sulfide and total sulfur greater than
0.020%o, and three samples exhibit differences in A**S greater than 0.050%o (0.06%o, 0.10%o, and
0.11%o). The two most extreme samples exhibit different 5**S by 11%o and 24%o between total

sulfur and sulfide analyses.

65



0.400

0.350

0.300

0.250

0.200

0.150

A33S (%eo)

0.100

0.050

0.000

-0.050

-0.100

534S (%o)

@ Total Sulfide
O Thode Extract
O Soluble Sulfate
Main Bushveld
Series
MANTLE
-25 -20 -15 -10 -5 0 5 10 15

Figure 3.8. Sulfur isotope composition of total sulfide, Thode extract, and soluble sulfate obtained for

samples of the Clapham Core. The mantle field was determined with data from Sakai et al. (1983), Peters

et al. (2010) and Labidi et al. (2012). Main Bushveld Series data recalculated from Penniston-Dorland et
al. (2012) and Magalhaes et al. (2018) (Appendix A).
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Figure 3.9. a) Variation of 8*S with stratigraphic depth of the Clapham core. b. Variation of A*S with

stratigraphic depth. Grey rectangle corresponds to the mantle value (Sakai et al., 1983; Labidi et al.,
2012). Values for 8**S and A**S are in the permil (%o) unit.
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Table 3.5. Sulfur isotope composition of total sulfide extracts from the Clapham Core, organized by stratigraphic depth.

Core

CH6
CH6
CH6
CH6
CH6
CH6
CH6
CH7
CH6
CH7
CH7
CH6
CH7
CH7
CH7
CH7
CH7
CH7
CH7
CH7
CH7
CH7
CH7
CH7
CH7

Zone

Lower
Lower
Lower
Lower
Lower
Lower
Lower
Marginal
Marginal
Marginal
Marginal
Marginal
Marginal
Marginal
BUS
BUS
BUS
BUS
BUS
BUS
BUS
BUS
BUS
BUS
BUS

Depth (m)

59.83
182.70
256.23
256.56
439.81
441.77
450.00
49.59
549.15
149.77
201.15
650.00
471.84
481.06
580.51
631.01
672.36
708.24
749.68
798.02
803.63
884.85
970.00
1076.4
1108.46

8°°S

0.410
1.291
0.910
0.931
-5.390
0.707
1.204
1.500
0.848
1.057
1.176
1.177
0.688
2.335
1.050
0.070
0.820
3.256
0.100
3.342
3.329
1.122
2.266
4.021
-0.125

5**S

0.662
2317
1.568
1.614
-10.799
1.244
2.106
2.566
1.220
1.478
1.756
1.661
1.081
4.368
1.944
0.019
1.489
6.257
0.075
6.398
6.282
2.036
4.342
7.743
-0.364

5°°S

1.333
4.288
2.976
3.167
-21.326
2.494
4.135
4.720
2.255
2.131
2.992
3.124
1.828
8.479
3.575
-0.231
2.588
11.780
0.020
12.151
12.040
4.037
8.285
14.864
-0.714

A>S

0.068
0.099
0.102
0.100
0.187
0.066
0.120
0.179
0.220
0.296
0.272
0.322
0.131
0.088
0.049
0.060
0.053
0.038
0.062
0.052
0.098
0.073
0.033
0.041
0.062

A3°S

0.074
-0.119
-0.005
0.097
-0.907
0.130
0.130
-0.162
-0.064
-0.679
-0.348
-0.034
-0.226
0.164
-0.122
-0.268
-0.243
-0.142
-0.123
-0.039
0.070
0.165
0.018
0.102
-0.024

Corrected
Depth (m)
489.83
612.70
686.23
686.56
869.81
871.77
880.00
899.59
979.15
999.77
1051.15
1080.00
1321.84
1331.06
1430.51
1481.01
1522.36
1558.24
1599.68
1648.02
1653.63
1734.85
1820.00
1926.40
1958.46
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Table 3.6. Sulfur isotope composition of the Thode extracts from the Clapham Core, organized by stratigraphic depth.

Core

CH6
CH6
CH6
CH6
CH6
CH6
CH6
CH7
CH6
CH7
CH7
CH6
CH7
CH7
CH7
CH7
CH7
CH7
CH7
CH7
CH7
CH7
CH7
CH7
CH7

Zone

Lower
Lower
Lower
Lower
Lower
Lower
Lower
Marginal
Marginal
Marginal
Marginal
Marginal
Marginal
Marginal
BUS
BUS
BUS
BUS
BUS
BUS
BUS
BUS
BUS
BUS
BUS

Depth (m)

59.83
182.7
256.23
256.56
439.81
441.77
450.00
49.59
549.15
149.77
201.15
650.00
471.84
481.06
580.51
631.01
672.36
708.24
749.68
798.02
803.63
884.85
970.00
1076.4
1108.46

8°°S

0.582
-1.164
1.986
1.729
0.480
0.958
1.290
1.367
-11.688
0.924
1.011
1.658
1.086
1.208
1.558
0.859
1.616
3.344
0.755
3.399
3.037
2.088
3.992
3.930
1.692

58
0.920
-2.411
3.670
3.159
0.786
1.716
2.292
2.307
-22.799
1.341
1.392
2.636
1.789
2.213
2913
1.511
3.011
6.444
1.321
6.486
5.768
3.895
7.680
7.567
3.169

5°°S

0.421
-4.652
7.165
6.079
1.445
3.329
4.522
4.344
-43.632
2.442
2.327
5.097
3.181
4.154
5.524
2.640
5.383
11.760
2.192
12.444
11.040
7.530
14.696
14.581
5.987

A>S

0.108
0.078
0.098
0.103
0.075
0.075
0.111
0.179
0.119
0.234
0.294
0.301
0.165
0.069
0.059
0.081
0.066
0.031
0.074
0.064
0.071
0.084
0.044
0.040
0.061

A3°S

-1.329
-0.076

0.069
-0.049
0.066
0.162
-0.044
-0.759
-0.107
-0.320
0.082
-0.220
-0.055
-0.019
-0.232
-0.346
-0.520
-0.320
0.085
0.051
0.117
0.053
0.153
-0.042

Corrected
Depth (m)
489.83
612.70
686.23
686.56
869.81
871.77
880.00
899.59
979.15
999.77
1051.15
1080.00
1321.84
1331.06
1430.51
1481.01
1522.36
1558.24
1599.68
1648.02
1653.63
1734.85
1820.00
1926.40
1958.46
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Table 3.7. Sulfur composition of the water-soluble sulfate from BUS samples.

Core

CH7
CH7
CH7
CH7
CH7

Zone

BUS
BUS
BUS
BUS
BUS

Depth (m)

672.36
749.68
884.85
970.00
1108.46

8*3S

2.30
0.32
2.34
4.34
1.65

8*S

4.35
0.45
4.37
8.34
3.10

8°°S

8.19
0.82
8.26
15.81
6.06

A*S

0.066
0.084
0.091
0.056
0.054

A®S

-0.089
-0.046
-0.061
-0.090
0.161

Corrected
Depth (m)
1522.36
1599.68
1734.85
1820.00
1958.46
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3.6. Discussion

This discussion section will be divided in two major themes in order to allow for a more
detailed discussion of the geological meaning of the data obtained. It will start with a discussion
of the sulfur isotope data, focusing on the rationale for collecting the Thode extracts data
obtained in this study. The second part focuses on the sulfur composition of each of the Lower

Bushveld Series units and what it tells us about the early stages of the Rustenburg Layered Suite.

3.6.1. Rationale for collection of Thode extracts

The experiment of Thode extract analysis was conducted because of a low yield of sulfur
during total sulfide extraction, which suggested that those samples may have contained sulfur in
a form other than sulfide such as sulfate. The ubiquitous presence of sulfate-bearing minerals in
the Clapham core has been described by Wilson et al., 2017, which found anhydrite in all
stratigraphic levels of the BUS, and in the lower portion of the Lower Zone. However, the
extraction of sulfate using Thode solution on whole-rock powder did not give a clear sulfate
signature and also did not improve the yields of sulfide in samples without sulfate, as the
extraction of water-soluble sulfate in these samples showed that many samples do not actually
have water-soluble sulfate in significant amounts (concentrations lower than 100 ppm), different

than what is reported in the literature.

The lack of a sulfate phase reflects on the calculated Athode extract-suifide from the Thode
extracts and total sulfide analyses in samples from the Clapham core (Table 3.5, Table 3.6),
which are incompatible with the expected value in case sulfide and sulfate co-exist (Athode extract-

sufide > 0; Table 3.7). The Thode solution extracts other types of sulfur (e.g. sulfide) from a
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sample, including minerals such as pyrrhotite, and can explain why the sulfide and Thode extract
values are similar in some of the samples where anhydrite is not present. Other types of sulfur
that are accessed by the Thode extracts include insoluble sulfate minerals (such as barite) and
minerals that include sulfate. Apatite can accommodate sulfate ions in its structure (Economos
and Boehnke, 2014) and has been described to reflect values at time of crystallization
(Economos et al., 2017). A distinct possibility exists that these extracts include sulfate from

apatite that is known to be present (Appendix A; Table A.4).

Another source of sulfur that we might have missed in the petrographic study due to the
limited amount of samples is insoluble sulfate minerals such as barite. However, there is no
previous description in the literature (Wilson, 2015; Wilson et al., 2017) of insoluble sulfates in
the Bushveld samples, nor it was observed in this study. If insoluble sulfate minerals were indeed
present, the AThode extract-sulfide might represent evidence for its origin as assimilated from the host
rock, in which case it would not have reached chemical equilibrium with the sulfide after

assimilation.

I want to clearly make the point that the analyses reported as “Thode extracts” do not
represent the sulfate values of the rock and should not be considered as such (Figure 3.10), but
that the Thode extract sulfur still provides valuable information that allows for the identification
of samples with sulfate and other nonsulfide sources of sulfur. If the need arises to measure
sulfur isotopes in samples that are poorly characterized in terms of mineralogy, the sulfur
extraction protocols should contain a soluble sulfate extraction prior to the total sulfide
extraction, and a sequential extraction for possible insoluble sulfate after the total sulfide

extraction.
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Figure 3.10. Venn diagram exemplifying the overlap between phases containing different sulfur species
(sulfide, sulfate) and what is extracted by each method. Note that the Thode extracts intersect both fields
for water-soluble sulfate and chromium reducible sulfur, with the potential to extract almost all the phases

in a sample.

An additional complication for the whole-rock Thode extract measurements obtained in
this study comes from the rocks from the Marginal Zone and one sample from the Lower Zone.
As noted above, a few samples yield total sulfide and Thode extracts with A*}S values that are

resolvable outside of uncertainty, and two have very dissimilar §**S. The §**S of these two
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Table 3.8. Values calculated for the Athode extract-sutfige in €ach sample.

489.83 0.920 0.662 0.258
612.7 -2.411 2.317 -4.728
686.23 3.670 1.568 2.102
686.56 3.159 1.614 1.544
869.81 0.786 -10.799  11.585
871.77 1.716 1.244 0.472
880 2.292 2.106 0.186
899.59 2.307 2.566 -0.259
979.15 -22.799  1.220 -24.019
999.77 1.341 1.478 -0.137
1051.15 1.392 1.756 -0.364
1080 2.636 1.661 0.976
1321.84 1.789 1.081 0.708
1331.06 2.213 4.368 -2.155
1430.51 2913 1.944 0.969
1481.01 1.511 0.019 1.491
1522.36 3.011 1.489 1.522
1558.24 6.444 6.257 0.188
1599.68 1.321 0.075 1.246
1648.02 6.486 6.398 0.088
1653.63 5.768 6.282 -0.514
1734.85 3.895 2.036 1.859
1820 7.680 4.342 3.338
1926.4 7.567 7.743 -0.175
1958.46 3.169 -0.364 3.532

samples are sufficiently different to preclude high temperature equilibrium and thus may reflect a
sulfur contaminant (not necessarily in the sulfate form) in these samples with different isotopic

characteristics. The same can be inferred from the difference in A*3S. The origin of such a
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contaminant is unclear, although, for samples from the Marginal Zone, addition of sulfur from

sedimentary rocks can explain these differences.

From here forward, I will discuss only the results of the total sulfide data, except for the

samples containing anhydrite.

3.6.2. Sulfur isotope composition of the Lower Bushveld Series and its geological

significance

The values of sulfur isotope composition in sulfides of the Lower Bushveld Series are
similar to the Main Bushveld Series, and show that the entire Rustenburg Layered Suite, from its
basal unit, to its top, is contaminated with surface-derived sulfur. The average A**S of the BUS
(0.057%o) is the lowest among all units of the RLS, while the Marginal Zone encompasses rocks
with the highest values found in this intrusion (A*S up to 0.322%oc). Comparison of the sulfide
profile with the ¥’Sr/*®Sr profile data obtained by Wilson et al. (2017) shows coincident
changes in intervals with different A**S characteristics and intervals with different 3’Sr/*¢Sr in
the Lower and Marginal Zones (Figure 3.12). This behavior is consistent with the pattern
reported by Magalhaes et al. (2018) (Chapter 2), which showed different contaminants in the
RLS. The same pattern can be observed in the BUS, but the range of A*’S variations are very

subtle compared to the large variations of ’Sr/%6Sr.
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Figure 3.12. Variation of A*S, §*S and ¥’Sr/*%Sr(;, with depth in the Clapham Section. The *'Sr/*Sr

data are in-situ measurements in plagioclase from Wilson et al. (2017).

Four sources have been postulated to explain the observed mineral compositions, trace
element patterns, and Sr isotopic composition of the Clapham section (Wilson et al., 2017).
These include primitive mantle source, subcontinental lithospheric mantle, lower crust of the
Kaapvaal Craton, and the metapelites of the Pretoria Group of the Transvaal Supergroup, which
are in contact with the BUS. Wilson et al. (2017) also inferred, based on incompatible trace
elements and the Sr isotopic compositions, that the base of the Lower Zone and the base of the
BUS are more influenced by crustal contamination than the rest of the RLS. This is reflected in
the sulfur isotope composition (sample with very negative 5°*S in the Lower Zone, overall higher

53S in the bottom part of the BUS), but there is no significant change in the A**S values.
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The Lower Zone data match the sulfur isotope values previously reported by Magalhaes
et al. (2018) for the same unit (recalculated values of §**S of 2.24%o and A3*S of 0.088%o). A
single Marginal Zone analysis previously had yielded a slightly higher than average value
(recalculated §**S and A*S measured as 3.17%o and 0.081%o, respectively), and could either be
explained by where within the Marginal Zone it is being sampled, or that the composition of this
unit is dependent on the local sedimentary rocks, such as what is seen at the Northern Limb
(Penniston-Dorland et al., 2008; Sharman et al., 2013). No significant mineralogical change has
been observed with these rocks, and their lowest Mg# can be attributed to the differentiation
from the BUS, as proposed by Wilson (2015), instead of being Lower Zone magmas that

interacted with the floor of the intrusion.

The increase of A*S values in Marginal Zone in the Clapham section is interpreted to
represent crustal contamination of the residual melt following settling of the cumulates that
formed the BUS. This is also supported by the coincidence of the highest A*S values
corresponding to layers where pelitic xenoliths have been reported in hand sample and in the
field (Wilson, 2015) and suggests that a shedding of material from the then roof of the intrusion
occurred after significant crystal settling. Although none of the Marginal Zone samples analyzed
here contained xenoliths, these pelites from the Pretoria Group are well described in the literature

(Wilson, 2015).

The chilled margin of the RLS is in contact with the Magaliesberg Quartzite (Wilson,
2012), estimated to be ~2.1 Ga (Lenhardt et al., 2012). Considering that the Marginal Zone has
xenoliths of rocks that are stratigraphically higher than the Magaliesberg Quartzite, it is not
expected that these sediments would have any significant mass-independently fractionated

sulfur. Additionally, measurements conducted for this study in rocks from the Pretoria Group
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(Magaliesberg Quartzite, Lakenvalei Quartzite, and Vermont Pelite; both metamorphosed and
pristine samples) have not yielded any sulfur (i.e. sediments are very sulfur-poor and therefore
would not contribute with sulfur in case of assimilation). Other units (Houtebeck Fm., Silverton
Fm.) measured by Guo et al. (2009) have yielded A*S that are close to zero. Therefore, despite
clear evidence for assimilation of crustal material and an apparent correlation between pelite
xenolith appearance and higher A*S values in the rocks, there is a discrepancy between the
measured sulfur isotope composition in these sediments and what is observed in the Marginal

Zone.

Despite being a more primitive magma, the BUS shows a sulfur isotope signature that is
different than what is expected for an uncontaminated mantle melt (A*3S=0+0.008; Labidi et al.,
2014). This assessment is valid regardless of the high Mg# in olivine and orthopyroxene that
reflects rocks crystallized from a primary ultramafic magma, or the overall mineralogy of the
samples. The relatively constant A¥S of the BUS suggests that the magmas had a near-
homogeneous sulfur isotopic composition during the main phase of crystal settling, without
significant addition from sulfur from the country rocks. The absence of BUS sulfur with A¥S =0
also continues to support the hypothesis that the intruded melts carried a mass independent
signature at the time of injection. Evidence from the ¥’Sr/%6Srg values has led Wilson et al.

(2017) to infer that the BUS magmas assimilated TTGs from the lower crust.

Most occurrences of primary anhydrite are linked to arc magmatism, and usually occur in
rocks with an intermediate to felsic composition that contains hydrous minerals such as
amphibole (Luhr et al., 1998). The fO. values for anhydrite stability in a magma were
determined to be around AFMQ +1.5 to AFMQ +2 (Carroll and Rutherford, 1987; Jugo et al.,

2005), which would place the magmas at a higher fO> than previously described for the RLS
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(oxygen fugacity condition at FMQ or more reduced; Naldrett et al., 2012). No hydrous phases
are present in the BUS rocks that contain anhydrite, as biotite is a very minor component in
those. Samples where biotite composes the main mineralogy of the rock (CH7 708.24) do not
contain anhydrite. Quartz and K-feldspar are typical in these anhydrite-bearing rocks, which is
contrasting to its inferred initial ultramafic composition (Wilson, 2012). The presence of these
phases (i.e. quartz, K-feldspar, and anhydrite) might reflect a change in whole-rock chemistry
due to contamination by crustal rocks. The samples with abundant anhydrite, measured as water-
soluble sulfate, show a positive Aguifate-sulfide, between 2.3%o-4.0%o (Figure 3.13), corresponding to
sulfate-hydrogen sulfide equilibration temperatures between 1000 and 1400°C (Eldrigde et al.,
2016). A sample with similar sulfide and soluble sulfate values (CH7 749.68) is interpreted as
not representing the value of actual anhydrite. The Asuifate-sufide are much smaller than observed
for Norils’k (8.5%0-11.9%0; Ripley et al., 2010), or the Northern Limb (~6.5%0; Yudovskaya et
al., 2018), locations with field relationships clearly evidencing assimilation of an anhydrite-
bearing host rock. Note however, that the fractionations between sulfate and sulfide for
fractionations of this magnitude of Eldridge et al. (2016) are between ~500 and 700°C and
indicate either that equilibrium was not attained at magmatic temperatures, or that these other
sulfates equilibrated with sulfide at much lower temperature. The BUS does not preserve either
field or petrographic evidence for assimilation of sulfate. The floor rock does not have anhydrite
or any sulfur and sulfate is seen included in pyroxene and with textures that imply an igneous

origin. The similar A**S (within uncertainty) of sulfate and sulfide also support this suggestion.
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Figure 3.13. Comparison of the §**S values for total sulfide, Thode extracts, and water-soluble sulfate.

An other constraint on the temperatures is given by experiments conducted by Miyoshi et
al. (1984) using chloride melts, which are the only available experimental sulfide-sulfate
fractionation determined for high temperature systems. They have obtained Asuifate-sulfide from
3.7%o to 5.1%0 for fractionation at temperatures between 900-1100°C, similar to the values
obtained for the BUS. These fractionation values, in conjunction with the petrography (Figures
3.7a through 3.7f), suggest crystallization of magmatic anhydrite and sulfate-sulfide fractionation
at higher temperatures. Although previously described as a late-magmatic phase (Wilson et al.,
2017), anhydrite was found here to be an early magmatic mineral in the BUS. Anhydrite was

found included in pyroxenes, and the precipitation of pyrite and apatite grains surrounding the
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anhydrite shows interaction with a liquid that was becoming more reduced during crystallization.
If sulfate was a direct result of assimilation from a country rock, rather than crystallization from
the magma, either both sources of sulfur (sulfide in magma, sulfate in contaminant) would need
to have exactly the same A*’S, or be well-mixed in the magma in order for both sulfide and
sulfate to have similar A*>S composition. These findings do not preclude the assimilation of other
sulfate-bearing material, but it does strongly suggest that such assimilation did not happen post
emplacement. The appearance of quartz and K-feldspar suggests that either a crustal material
was added into the magma, or the initial composition of some of the BUS magmas reflect an

unusual composition, likely with contributions from more than one source.

3.7. Conclusions: Implications for sulfur source and processes occurring during

emplacement of the RLS

The multiple sulfur isotope compositions of the Clapham core provides insight into the
processes taking place in the early stages of emplacement of the Rustenburg Layered Suite. The
Basal Ultramafic Sequence, the lowermost unit of the RLS, has olivine, pyroxene, and
plagioclase with chemical composition that reflect crystallization from a primitive ultramafic
magma. It also has the presence of anhydrite, a sulfate, which is puzzling given the inferred
initial reduced nature of the RLS magma (Naldrett et al., 2012). Although considered the most
primitive unit, the BUS has a sulfur isotope signature unlike what is expected of an
uncontaminated mantle source, demonstrating that the earliest magmas were also contaminated.
The composition of sulfide and sulfates suggest equilibrium at high temperatures, and, coupled

with textural evidence, suggest a magmatic origin for the anhydrite.
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The Marginal Zone, as it occurs in the Clapham Section, was interpreted by Wilson
(2015) to represent the result of interaction between the roof of the intrusion and residual melts
from fractional crystallization of the BUS. This unit has the highest A¥S observed in the
Clapham core; this spike in A*S can be associated with field evidence for contamination from
rocks from the Pretoria Group. However, the pelites of the Pretoria Group do not have an

adequate composition to contribute significant anomalous sulfur to this intrusion.

Following the crystallization of the BUS and Marginal Zone, a new magma batch then
intruded the proto-RLS chamber and formed the Lower Zone. Wilson et al. (2017) inferred that
this unit has a contribution from the sub-continental lithospheric mantle. The lack of any samples
with A**S having values of zero further suggests that the injected melts already carried an
anomalous signature, which could potentially imply that the source of magmas was impacted by
recycling of ancient material. Anhydrite has been reported in some of the Lower Zone rocks

(Wilson et al., 2017), but was not observed in any of the analyzed samples.

The size of the BMP and the widespread appearance of a very homogeneous signature
within a large area raises the possibility that the A*S is an intrinsic property of the magma
source. Possible sources of these signals are the upper crust (see discussion in Chapter 4), lower
crust, and the mantle. The values of S isotopes in the lower crust of the Kaapvaal Craton are not
well-constrained, although evidence that its composition cannot fully explain the values observed
in the RLS exists (Vredefort Dome, Chapter 2). Chapter 5 will explore the possibility of whether
the sub-continental lithospheric mantle (SCLM) has contributed with anomalous sulfur to the
Bushveld Magmatic Event, given the evidence for participation of the SCLM in the Bushveld
event (James et al., 2001; Richardson and Shirey, 2008; Wilson et al., 2017) and the findings of

peridotite xenoliths with a positive A**S signature (see Chapter 5). Modern mantle plumes can
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contain a non-zero, negative A3S signature (Cabral et al., 2013; Delavault et al., 2016), albeit the

A®S is smaller than what is observed in the RLS, and also not positive.
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Chapter 4. Multiple sulfur isotope composition of the Waterberg Project
shows that upper crustal assimilation did not play a major role in magma

contamination

4.1. Abstract

The source of the crustal-derived sulfur (A**S#0) is one of the major questions related to
the origin of the platinum group element mineralization in the Rustenburg Layered Suite (RLS).
The 2.06 Ga Waterberg Project (WP) is a mafic-ultramafic intrusion related to the Bushveld
Magmatic Province that, like the RLS, has significant PGE-rich horizons. While the RLS is
hosted in the Transvaal Supergroup in the Kaapvaal Craton, the Waterberg is hosted in the
Waterberg Supergroup in the southern margin of the Limpopo Belt. Although they are linked to
the same magmatic event, they are separate intrusions that intruded different upper crust

material.

The Waterberg Project has a signature of anomalous sulfur (A*S = 0.113%0+0.016%o,
1.s.d.), similar to the RLS (A**S = 0.133%0+0.030%o). There is no evidence for influence of the
host rock as a source of anomalous sulfur. The lack of significant variation in the A**S values
within the Waterberg stratigraphy shows that the addition of upper crust sulfur is not necessary
for PGE formation. We suggest that the contamination of the Waterberg and RLS magmas with a
surface-derived material of Archean age occurred at depth, either in the lower crust or in the sub-

continental lithospheric mantle.
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4.2. Introduction

The Waterberg Project (WP), also referred to as the “Far Northern Limb” (Huthmann et
al., 2016; 2017; 2018; Kinnaird et al., 2017; Figure 1), is a newly discovered platinum group
element (PGE) prospect. It is located in the southern margin of the 2.6 Ga Limpopo Belt in South
Africa (Kreissig et al., 2001), north of the Northern Limb of the Rustenburg Layered Suite (RLS)
(Figure 1), which contains the largest PGE deposit on Earth. The WP is coeval with the RLS, and
therefore can be associated with the Bushveld Magmatic Province, but differences in
geochemistry and mineralization style suggest the two intrusions are not connected (Kinnaird et
al., 2017; Huthmann et al., 2018). These relationships make the WP the ideal location to
investigate both the source of sulfur and the relationship between sulfur and the enrichment of

PGEs in the intrusions.

The RLS preserves evidence for a surface-derived sulfur-bearing component of Archean
age (A**S#0; Penniston-Dorland et al., 2008; 2012; Magalhdes et al., 2018), as magmas
originating from mantle with only primitive sulfur will yield near zero A*S (Labidi et al. 2012;
Peters et al., 2010). Such signatures were first described in the Northern Limb of the RLS by
Penniston-Dorland et al. (2008), and subsequently reported for both Eastern and Western Limbs
(Penniston-Dorland et al., 2012). Magalhdes et al. (2018) documented the presence of an
anomalous sulfur signature throughout the entire stratigraphy of the intrusion. No significant
variation of sulfur isotopic composition has been observed associated with the PGE-rich layers,
despite several models of PGE enrichment requiring interaction of the silicate magma with
sulfide immiscible liquids (Campbell et al., 1983; Kerr and Leitch, 2005). While the presence of
anomalous sulfur in the RLS is well described (Penniston-Dorland et al., 2008; 2012; Sharman et

al., 2013; Magalhaes et al., 2018), its origin remains unresolved. Mass-independent fractionation
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(A*3S) is a fingerprint of Archean surface material (Farquhar et al., 2000) due to its atmospheric
origin (Farquhar et al., 2003), and such a signature is recorded in the supra-crustal sediments of
the Transvaal Supergroup. However, rocks from the lower crust, or the sub-continental

lithospheric mantle are also possible source regions for the surface-derived sulfur.

The study of an intrusion that resulted from the same magmatic event as the RLS but that
occurs as an entirely separate body in a different geological and tectonic setting, like the WP,
provides a unique opportunity to understand how surface-derived sulfur was introduced into the
magmas of this igneous province. Here, we present multiple sulfur isotope compositions of the
WP and assess the possible source regions of anomalous sulfur, the timing of contamination, its

role in the PGE mineralization, and its implications for the evolution of the WP and the RLS.

4.3. The Waterberg Project

The WP is located north of the Hout River Shear Zone, which marks the boundary
between the Kaapvaal Craton, where the RLS is located, and the southern margin of the
Limpopo Belt (Smit et al., 1992, Kreissig et al., 2001). Evidence for the association of Waterberg
to the Bushveld magmatic event comes from the U/Pb zircon ages, which yielded values of
2.059+3 Ga and 2.053£5Ga (Huthmann et al, 2016). The ages overlap with the
2.0589+0.0008 Ga (U-Pb in titanite, Buick et al., 2001) ages of the Bushveld Complex, and
2052+16 Ma age of the Molopo Farms Complex (U-Pb in baddeleyite, De Kock et al. 2016),
another intrusion of the Bushveld Magmatic Province.

The WP reaches thicknesses of up to 1200 meters, dips 34°-38° to the west and is directly

overlain by sediments of the Waterberg Supergroup (Kinnaird et al., 2017). The stratigraphy of

86



the intrusion consists of, from bottom to top: Ultramafic Sequence (UmS), overlain by a
Troctolite-Gabbronorite-Anorthosite sequence (TGA), and an Upper Zone (UZ) of magnetite-
bearing gabbroic rocks to ferrogabbros. The PGE mineralization occurs in two different levels:
the F zone, which occurs within the UmS, and the T zone, which is located at the top of the
TGA. The footwall consists of Archean gneisses that are interfingered with pyroxenite near the
contact. The first pyroxenitic magmas caused the basement to melt, and mingling of pyroxenitic
and granitic magma occurred, leading to formation of granofels (Huthmann et al., 2018). The
layers were thought to form in two distinct magma pulses, and to have been homogenized in a
staging chamber in the lower crust (Huthmann et al., 2017) given the homogeneity of 'St/ S
(values between 0.7065-0.7075) throughout the stratigraphy. Further details and comparison with
the Northern Limb geology can be found in Huthmann et al. (2016), Kinnaird et al. (2017),
Huthmann et al., (2017), Huthman et al. (2018), and McCreesh et al. (2018a).

Differences in lithology, geochemistry, and mineralization style when compared to the
RLS suggest that this body was emplaced separately from the Northern Limb, in a single
magmatic basin (Huthmann et al., 2018).. In the RLS, the PGE-rich horizons occur in the Critical
Zone, with the PGE concentrated in sulfides and in chromite (Cawthorn, 2010). In the WP, the
PGE-mineralized T-layer is hosted in the TGA sequence, which is comparable to the Main Zone
of the RLS, and the PGE enrichment is associated to arsenides and bismuthotellurides, instead of

PGE-rich sulfides (McCreesh et al., 2018).
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Figure 4.1. Geological map of the Northern Limb of the Rustenburg Layered Suite, evidencing the
location of the Waterberg Project (does not crop out). The stratigraphic column of the WP is described on

the right, with emphasis on the mineralized zones F and T. Figure from Matthew McCreesh.
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4.4. Methods

The multiple sulfur isotope composition of sulfides from the WP was measured by using
a combined acid-volatile sulfur method to extract all inorganic sulfides. This procedure is the

same as described in Chapter 2, and therefore will not be repeated here.

The multiple sulfur isotope data are reported using the delta (§3%S = [

and capital delta notation (A33S = §33S — [(1 + 83%S)%515 — 1]). Uncertainties are estimated
on long-term standard reproducibility of fluorinations of IAEA-S1 and yield 2o variations of
833S£0.15%o; 5°*S£0.30%o0; and A**S+0.016%o. Data for samples are normalized directly to recent
high quality analyses of CDT (Antonelli et al., 2014) which yields an isotopic composition of
IAEA S-1 of §**S = -0.394%o; and A**S = 0.116%o relative to Canyon Diablo Troilite (CDT). We
recognize that this determination does not match the accepted &°*S of IAEA S1 on the V-CDT
scale, but use this normalization here because it allows a more direct comparision with
measurements of A*3*S made in our laboratory for both CDT and MORB, and also allows direct
comparisons with the data of Labidi et al. (2012) for A**S of MORB, both of which indicate no
resolvable difference for the A**S of MORB and CDT. We take the A¥S of MORB to be
representative of mantle without significant added sulfur from recycling. Our data can be
converted to V-CDT by renormalization so that IAEA S1 has a &°*S value of -0.3%o, but the

conclusions of this study will not change.
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4.5. Results

The &**S values are within the range of -0.65%o to +1.89%o, with the exception of one
sample that yields a higher value of +5.26%o (Figure 4.2, Table 4.1). The average is 0.84%o, with
a median value of 0.47%o and interquartile range of 0.44%o. The A**S values are within the range
0f 0.079%o to 0.135%o, with a mean of 0.113%o and interquartile range of 0.023%o. These values
compare to the corrected average values for the RLS of 1.82%o0 and 0.133%o, respectively. The

one measured host rock sample, a sulfur-rich granofels, has a composition of §**S of 1.89%o and

A3S of 0.034%o.
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Figure 4.2. Multiple sulfur isotope composition of the Waterberg Project (red circles), and its host rock, a
sulfur-rich granofels (green circle). The orange field denotes the range of compositions for the RLS
(Penniston-Dorland et al., 2012; Magalhdes et al., 2018), while the gray rectangle represents the
composition of sulfur from mantle-derived MORB glass (Labidi et al., 2012; 2013; 2014; Labidi and
Cartigny, 2015). Error bars are 2c.
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Table 4.1. Multiple sulfur isotope data of the Waterberg Project.

Sample 838 84S 3¢S A¥S A*S Unit

WB017 206.29 0.377 0.472 0.811 0.134 -0.085 Upper Zone

WBO017 294.00 0.580 0.883 1.621 0.125 -0.058 Upper Zone

WB027 537.64 0.329 0.387 0.792 0.130 0.057 Upper Zone

WB099 698.67 0.256 0.282 0.425 0.111 -0.110 Below Main-Upper Zone boundary
WB099 699.40 0.223 0.218 0.355 0.110 -0.059 Below Main-Upper Zone boundary
WB099 700.02 0.347 0.470 0.831 0.105 -0.062 Below Main-Upper Zone boundary
WB099 705.50 0.525 0.821 1.550 0.102 -0.010 Below Main-Upper Zone boundary
WB099 763.00 0.363 0.482 0.882 0.115 -0.034 Main Zone

WB099 825.73 -0.216 -0.647 -0.978 0.117 0.251 Main Zone

WB099 900.03 2.835 5.263 9.944 0.128 -0.079 Main Zone

WB099 1009.00 0.407 0.588 1.138 0.104 0.020 Main Zone

WEO035 603.70 0.305 0.400 0.898 0.099 0.137 Ultramafic Platreef

WEO035 616.68 0.998 1.784 3.434 0.079 0.041 Ultramafic Platreef

WB027 1116.10 0.288 0.370 0.627 0.098 -0.075 Ultramafic Platreef

WB029 1152.20 0.557 0.821 1.632 0.135 0.072 Ultramafic Platreef

WB027 1174.70 1.008 1.892 3.454 0.034 -0.144 Footwall




4.6. Discussion

The evidence collected so far (Kinnaird et al., 2017; Huthmann et al.; 2016; 2017; 2018)
suggest that the WP is a completely different intrusion that did not interact with the magmas that
formed the Northern Limb of the RLS, but is still associated to the Bushveld Magmatic Event.
Huthmann et al. (2017) postulated that the magmas never coexisted in the same staging chamber
given the different Sr isotope composition of the WP and the Northern Limb. Moreover, there is
no clear evidence for lateral movement of magma in the upper crust at this location, as opposed
to what is observed at the Uitkomst Complex, an ultramafic-mafic intrusion that is spatially
associated to the RLS (Gauert et al, 1995; de Waal et al., 2001). There is no evidence so far for a
physical connection between the WP and the Northern Limb, either on surface or subsurface.
Similarities exist, however, in the sulfur isotopic compositions.

The mean §**S value of 0.84%o for the WP, like that of the RLS (1.82%o), is slightly 34S-
enriched relative to the value inferred by Labidi et al. (2013) and Labidi and Cartigny (2015) for
the depleted mantle (-1.40+£0.50%o). This enrichment could reflect fractionations occurring
during the extraction of sulfur from a mantle source during melting, as the average 5°*S that is
within the range of mantle-derived magma composition (Sakai et al., 1983; Peters et al., 2010;
Labidi et al., 2012). An alternative explanation, that includes the one sample that yields a higher
value of +5.26%o, suggests a process that either added outside material (i.e. assimilation of host
rock) or fractionated sulfur by a loss process. While the **S enrichment, alone, cannot be used to
differentiate between these two, the A*’S of the WP samples in combination allows for an
additional insight into the processes taking place in these intrusions.

The A®S signature of 0.113%o indicates that the Waterberg magma requires an

assimilated surface-derived material of Archean age, and its relative homogeneity for samples

92



across the full range of §**S implies mass-dependent fractionation of sulfur without addition of
sulfur with A**S # 0.113%.. This inference includes the sample at the contact with the lower A*S
signature and higher S content (<1wt% S) granofels. Addition of material to primitive mantle
compositions is further supported by prior measurements of Sr isotopes (Huthmann et al., 2017),
which also exhibit a high degree of homogeneity. This compares with the relationship observed
for the RLS, which shows a subtle shift in the relationship between Sr, Nd, and A3S for its
different magma pulses (Magalhaes et al., 2018).

The lack of any variation of A**S values in the stratigraphy (Figure 4.3) also suggests a
decoupling between a crustal assimilant and the precipitation of PGE rich layers, a behavior that
is also seen at the Rustenburg Layered Suite (Magalhaes et al., 2018). The simplest explanation
for the near constant A**S argues against addition of significant amounts of upper crustal sulfur
with A**S # 0.113%o and therefore implies that assimilation upon emplacement is not a direct
pre-requisite for the PGE mineralization to occur. A similar relationship is seen for
mineralization in the RLS (Magalhaes et al., 2018). Huthmann et al. (2018) describe a lack of
correlation between S content and Pt and Pd contents, which supports this hypothesis.

The similar A¥S of sulfur in the WP and the RLS (0.113%o0 compared to 0.133%o,
respectively), combined with the inference that this signature is a property of the mafic melts
themselves, rather than attributable to late sulfur addition, raises the issue of understanding the
process by which these mafic magmas acquired a homogenous A**S signature. The RLS is
hosted by the Transvaal Supergroup, which is known to possess highly anomalous A**S, but the
WP is hosted in a much younger sedimentary sequence, the 2.0 Ga Waterberg Supergroup; thus
the similarity of A**S for the WP and the RLS suggests the surface-derived sulfur signature was

acquired by a process occurring at depth, rather than at the site of emplacement.
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Figure 4.3. Variation of the sulfur isotope composition of the Waterberg Project in the context of

stratigtaphic column (error bar is 0.016%o, 20).

One of the petrogenetic models for both the RLS and Waterberg Project include staging

chambers in the lower crust, where the magmas would have resided prior to emplacement in the
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crust and where they would have assimilated crustal material (McCandless et al., 1999;
Huthmann et al., 2017). As the WP and RLS have similar compositions, it would be necessary
that the country rocks have similar sulfur isotopic compositions, and that approximately the same
amount of material was assimilated. Tests of this hypothesis were conducted previously (Maier
et al., 2000; Harris et al., 2005; Magalhaes et al., 2018) for different isotope systems, using
analyses of exposed rocks from the Vredefort Dome as a proxy for the lower crust. The estimates
of amount of contamination for different units of the RLS do not show a complete agreement;
while the Sr, Nd, and oxygen composition of the Main Zone can be explained by 30%-40%
assimilation of Vredefort granitoids, the composition of the Lower Zone cannot (Maier et al.,
2000; Harris et al., 2005). Additionally, Magalhaes et al. (2018) found that the Vredefort
metagranitoids, metamafites, and metasediments have very low sulfur concentrations and a A**S
between 0.011%0-0.176%o0, which cannot account for the RLS sulfur isotopic composition, but
could account, qualitatively, for the WP. In order to evaluate if the Vredefort Dome rocks could
have provided sulfur for the RLS, I performed simple mixing calculations using previously
obtained sulfur and oxygen isotopic compositions for the Vredefort Dome and the RLS. The
mantle value was set at §'%0 equal to 5.7%o (Muehlenbachs and Clayton, 1976) and an oxygen
concentration of 44%, and A**S of 0%o (Labidi et al., 2014) with a mantle abundance of 250 ppm
(McDonough and Sun, 1995). I evaluated two rock types as potential end members, a granitoid
and a metasediment. The highest A*’S of 0.176%o was found in a metasediment with a sulfur
concentration of 500 ppm. An approximation for the §'%0 of these rocks is 10%o (among the
highest values found in metasediments by Fagereng et al., 2008) and an oxygen percentage of
48%. A granitoid was also used as an end member, with A*’S of 0.101%o, 150 ppm

concentration, §'%0 of 9.15%o (Fagereng et al., 2008) and oxygen percentage of 48.62%. I find
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that neither the metasediments nor the granitoids of the Vredefort Dome can generate the
composition of RLS magmas through mixing with the mantle. There is no §'0 data for the WP,

therefore such calculations were performed only for the RLS.
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Figure 4.4. Mixing calculations of sulfur and oxygen isotope compositions between three distinct
reservoirs: mantle, and granitoid and metasediments from the Vredefort Dome. Rustenburg Layered Suite
data is plotted as blue diamonds. Mantle composition as obtained by Labidi et al. (2014) for sulfur, and
Muehlenbachs and Clayton (1976) for oxygen. Oxygen data of the Vredefort Dome was estimated from
Fagereng et al., 2008, and the RLS was extracted from Harris et al. (2005). The sulfur isotope data was
obtained by Penniston-Dorland et al. (2012) and Magalhaes et al. (2018).

96



Another possible source for the anomalous sulfur is the sub-continental lithospheric
mantle (SCLM), as it was clearly modified in the Bushveld magmatic event. However, this
would require a way to impart nonzero A**S on the SCLM and a process that allowed for its
homogenization before or during transport to the site of emplacement. Several studies have
described evidence of recycling of Archean sulfur to various mantle reservoirs, such as in
diamond-forming regions (Farquhar et al., 2002; Thomassot et al., 2009) and in regions
associated with deeper mantle plumes (Cabral et al., 2013; Delavault et al., 2016). Studies of
lavas from the Mangaia and Pitcairn plumes suggest that other asthenospheric mantle domains
(HIMU and EMI) can carry anomalous A*S, albeit with a negative value (Cabral et al., 2013;
Delavault et al., 2016), intrinsically different than what is found in the WP and RLS magmas.
Eclogitic sulfide included in diamonds underlying the Kaapval Craton preserve evidence for a
positive A*S signature that has been interpreted as recycled Archean sedimentary material,
suggesting the possibility for its addition to and preservation in the SCLM (Farquhar et al., 2002;
Thomassot et al., 2009). Moreover, approaches using seismology (James et al., 2001; Shirey et
al., 2002), Re-Os isotope systematics (Richardson and Shirey, 2008), peridotite chemistry
(Viljoen et al., 2009), and diamond chemistry (Korolev et al., 2018) have also suggested
contributions via interaction between the SCLM and the mantle plume that gave rise to the
Bushveld Magmatic Province. If such SCLM carried anomalous sulfur such as seen in other

parts of the craton, it could be a source for such a signature in Bushveld province magmas.

4.7. Conclusions

The WP is a newly described platinum-group element prospect in South Africa that has

been geochronologically linked to the 2.06 Ga Bushveld Magmatic Province. It is thought to be a
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separate intrusive body from the Northern Limb of the RLS due to different petrological,
geochemical, and isotopic characteristics (Huthmann et al., 2016; Kinnaird et al., 2017). This
layered intrusion has &°*S values (0.84%o+1.32%o,) consistent with sourcing from a primitive
mantle, but possesses an anomalous sulfur isotope signature (A*’S of 0.113%0+0.016%o) that
requires an ancient (Archean) surface-derived sulfur component. The A*S value is homogeneous
in the different units and further suggests that assimilation of upper crust material did not
instigate the PGE precipitation in the WP.

The homogeneity of Waterberg Prospect A**S and its similarity to the A%S of the
Rustenburg Layered Suite, both emplaced in very different host rocks, implies a deep source for
the nonzero A*’S. These possible sources include the lower crust and a sub-continental

lithospheric mantle source that contained a recycled, surface-derived component.
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Chapter 5: Investigating the origin of anomalous sulfur in the Rustenburg
Layered Suite, Bushveld Complex: the sub-continental lithospheric mantle as

a potential source

5.1. Abstract

The sub-continental lithospheric mantle (SCLM) has been suggested as a source of an
anomalous sulfur component for the Rustenburg Layered Suite and other primitive magmas of
the Bushveld Magmatic Province. Previous studies have shown that sulfide inclusions in
eclogitic diamonds from the Kaapvaal-Zimbabwe Craton contain mass-independent fractionated
(MIF; A*S) sulfur ranging from -0.5%o up to 1.3%o, which differs from the expected mantle
value of A*3S=0. However, peridotite-type sulfide inclusions do not contain anomalous sulfur,
raising questions about whether the evidence from diamond forming regions are sufficient to

support the suggestion of a primary nonzero A*}S signal.

This study reports whole rock multiple sulfur isotope analysis of sulfides in peridotite and
eclogite xenoliths from the Premier Kimberlite, South Africa, that support an anomalous
Archean sulfur isotope signature for SCLM, as well as the primitive BMP magmas. Most
peridotite xenoliths in this study (n=16) yield variable §**S (-3.25%0 to +9.57%o), with near
constant A**S (avg. 0.062+0.034%o, 1 s.d.). One peridotite sample has a A¥S of 0.179%o, the
highest among all samples analyzed in this study. The eclogite xenoliths (n=2) yield negative
53S ranging from -5.33%o to -2.89%o, and average A**S of 0.047+0.004%o (1 s.d.), defining a
compositional field that differs from the peridotites. The kimberlite matrix material has a similar
A*S signature to the peridotite xenoliths, with an average of 0.077+0.021%o (1 s.d.), but

different §**S values, with a much narrower range of -0.67%o to +2.98%o.
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These results demonstrate the presence of a surface-derived sulfur signature in the
Premier Kimberlite and in the xenoliths it carries. The similarity of the signatures between
peridotites and kimberlites, and their similarity to values seen in the Rustenburg Layered Suite,
suggest that it is possible, from a qualitative perspective, that the SCLM is a potential source of
the anomalous sulfur observed in the RLS. Since MIF is chemically conservative, the most
efficient way to change it is by mixing of materials with different composition, which would
allow for its conservation in the mantle for long periods of time. It also would allow its
introduction in the system in the case of assimilation of crustal material with high A%S. There is
no evidence, either petrographic or isotopic, for large-scale introduction of sulfur to the system

during kimberlite emplacement.

5.2. Introduction

The occurrence of sulfides with a mass-independent sulfur isotope signature (S-MIF,
A¥S#0) and without a significant 5**S variability in the Rustenburg Layered Suite (RLS) and the
Waterberg Project (WP) of the Bushveld Magmatic Province (BMP) raises the question on the
source of sulfur in the intrusion. While evidence for local sulfur contribution from the wall rock
exists (Penniston-Dorland et al., 2008), a more pervasive anomalous sulfur signature is observed
in both intrusions, supporting the possibility that this signal was acquired prior to the transport of
Bushveld magmas to their ultimate site(s) of emplacement (Magalhaes et al., 2018). Such a
signature has been shown (Chapter 4) to not originate by assimilation of the country rocks in the
upper crust, as the RLS and WP share a similar sulfur isotopic signature despite being emplaced
in different country rocks, and in the case of the WP, one without anomalous sulfur. Moreover,

other lines of geochemical and geophysical evidence suggest that the sub-continental lithospheric
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mantle (SCLM) participated in the Bushveld Magmatic Event (Carlson et al., 1999; James et al.,
2001; Maier et al., 2005; Richardson and Shirey, 2008; Wilson et al., 2017), and could therefore
have contributed sulfur to these magmas.

This chapter focuses on determining whether sulfur from the SCLM presents a nonzero
A*S signature, and if it could therefore be considered a potential source for the nonzero A**S in
the Bushveld magmas. Xenoliths from the Premier Kimberlite, a Proterozoic intrusion in
Northeastern South Africa that is spatially associated with the Rustenburg Layered Suite, allow
for insight into the composition of the SCLM underlying the RLS. The data presented here builds
upon prior sulfur isotope evidence for recycling of Archean sulfur to the SCLM in the Kaapvaal-
Zimbabwe Craton where diamonds form (Farquhar et al., 2002; Thomassot et al., 2009). This
work extends the diamond work to the broader SCLM. This chapter presents the petrography and
sulfur isotope composition of sulfides from the Premier Kimberlite matrix and entrained
peridotite and eclogite xenoliths in order to evaluate whether there is evidence for recycling of
ancient material in the sub-continental lithospheric mantle underneath this particular area of the
Kaapvaal Craton, which could then have provided anomalous sulfur to the magmas that formed

the BMP.

5.3. The Premier Kimberlite

The nomenclature of the Premier Kimberlite refers the name to a famous group of
diamondiferous kimberlite pipes with a U-Pb perovskite age of ~1150 Ma (Wu et al., 2013) that
crop out near Pretoria, South Africa. The ¥7Sr/*®Sri) values of 0.7025-0.7031 and eNd(i150ma)
between +0.8 and +1.9 are cited as evidence that the kimberlite derives from a moderately

depleted mantle source (Wu et al., 2013). These kimberlite pipes intrude quartzites and
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conglomerates from the Paleoproterozoic Waterberg Group, the Rustenburg Layered Suite, the
felsic portion of the Rooiberg Group, and at depth also cut the dolomite, shale, and quartzite of
the Transvaal Sequence (Maier et al., 2005). The kimberlite was cut by a gabbroic sill at 1100Ma

(Allsopp et al., 1967), and the uppermost 300 m have been eroded and are no longer present.

The Premier Kimberlite is thought to be unrelated to the other kimberlites in South Africa
which have younger ages (Smith et al., 1994; Griffin et al., 2014). These other kimberlites have
brought peridotite xenoliths to the surface, and in some cases, diamonds. Studies conducted on
sulfide inclusions in diamonds from some of these younger kimberlites, Orapa and Jwaneng,
indicated the presence of Archean surface-derived sulfur within eclogites in the diamond forming
regions of the SCLM underneath the Kaapvaal-Zimbabwe Craton (Farquhar et al., 2002;
Thomassot et al., 2009). The Re-Os signature of eclogite-type sulfide inclusions from these and
other kimberlite pipes such as the Venetia Kimberlite also provides evidence for recycling, given

their very radiogenic initial isotope ratios (Shirey et al., 2002; Richardson and Shirey, 2008).

Intense carbonation of the Premier Kimberlite during ascent of the magma through the
crust and metasomatism are a feature of this intrusion (Wu et al., 2013), which makes
geochronological measurements challenging. Age constraints for this intrusion using radiogenic
isotope systems have yielded variable ages, which are thought to reflect resetting due to either
crustal contamination, alteration, or weathering (Wu et al., 2013). Tappe et al. (2018) recently
obtained U/Pb perovskite ages for the volcanoclastic infill of the Premier pipe of 1153.3+5.3 Ma,
and for a newly discovered kimberlite dike that yielded an 1139.8+4.8 Ma date which suggest

that the volcanism at Premier may have extended over millions of years.

The Premier Kimberlite has sampled eclogites, and garnet and spinel peridotites from the

SCLM underneath the Bushveld Complex. The peridotitic xenoliths can be divided in two
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groups: coarse and deformed varieties, based on textural and mineral compositions (Danchin,
1979; Viljoen et al, 2009). The deformed peridotites are thought to have originated from greater
depths than those with coarse textures, given their distinct pressure and temperature of
equilibration (Gregoire et al., 2003; Viljoen et al. 2009). Deformed lherzolites were equilibrated
at higher P-T conditions (1226-1371°C, 40 to 61 GPa; Gregoire et al., 2003), while the coarse
variety were equilibrated at much lower P-T (927-1190°C, 29 to 44 GPa, Gregoire et al., 2003).
This implies that the Premier Kimberlite has sampled material of different depths within the
SCLM, with most of the xenoliths coming from the diamond stability field (Viljoen et al., 2009).
Eclogite xenoliths from the Premier are interpreted to represent subducted material (Dludla et al.,
2006; Richardson and Shirey, 2008). The average calculated equilibration temperatures of the

eclogites is 1102 + 37° C, assuming a pressure of 5 GPa (Dludla et al., 2000).

Previous Re-Os work carried out on the peridotite xenoliths from the Premier Kimberlite
have shown that some peridotite xenoliths record a Trp age consistent with the Bushveld
magmatism (Carlson et al., 1999). Indirect evidence for refertilization also includes the Pt
content in sulfides from these xenoliths (Maier et al., 2005), and proposed links to geochemistry
of dunite pipes associated with the Bushveld Complex (Gunther et al., 2018). These discordant
dunite pipes that occur in the Critical and Lower Zones are thought to be related to the RLS.
Their high oxygen isotope values (5.7-7.0%0 in olivine and and 6.7-7.4%o in pyroxene) are
similar to those of the RLS zones they intrude in, but the olivine geochemistry provides no
evidence for assimilation-fractional crystallization processes. The high Ni/Mn ratio of the olivine
is interpreted to be inherited from the melting of a pyroxene-rich mantle source (Gunther et al.,

2018).
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5.4. The Sub-Continental Lithospheric Mantle underneath the Kaapvaal Craton

Several lines of evidence point towards connections linking the SCLM to the BMP. Low
P-wave seismic velocity in the mantle underneath the Bushveld Complex at 150 km (James et al,
2001), trace element patterns indicative of contribution of an eclogitic component in the Lower
Zone (Wilson et al., 2017), and Sr, Nd, and Os isotopic compositions suggesting a harzburgitic
component in addition to the eclogitic component in the RLS magmas (Richardson and Shirey,
2008; Wilson, 2015; Wilson et al, 2017) have all been cited as evidence for involvement of the
SCLM in the generation of the Bushveld magmas. A high-temperature, melt-related metasomatic
event in the mantle is thought to be associated with the Bushveld magmatism as well (Viljoen et
al., 2014), transporting elements such as Ca, Fe, Ti and Zr, and closely related to precipitation of
diamonds at a later stage (1930+40 Ma; Richardson et al., 1993). The nature of these links is also
connected to the growth and evolution of the SCLM underneath the Kaapvaal Craton (Figure
5.1) which is thought to have started as early as 3.6 Ga, as suggested by rhenium depletion model
ages of Premier peridotite xenoliths that range from 3.6 to 2.0 Ga (Carlson et al., 1999). The 2.0
Ga age coincides with the Bushveld magmatic event at approximately 2.06 Ga (James et al.,

2001; Shirey et al., 2002; Richardson and Shirey, 2008).
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Figure 5.1. Map of Southern Africa showing the location of the Kaapvaal-Zimbabwe Craton and location
of the Premier Kimberlite (white circle). Other kimberlite intrusions are Jwaneng,, Orapa, and Venetia.
The green area reflects the extent of the Bushveld Magmatic Province. Figure sketched after Richardson

and Shirey, 2008.

5.5. Samples and Methods

The samples reported in this paper were borrowed from the Boyd Collection at the
Smithsonian Institution. The sample set includes both peridotite and eclogite xenoliths, as well as
kimberlite matrix. A subset of the isotopic data was collected as part of a senior thesis by Greg

Polley (2011: https://www.geol.umd.edu/undergraduate/paper/polley.pdf) and other data

(petrographic and isotopic) were collected by me. The data evaluation presented herein is made

on the basis of the combined dataset.
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5.5.1. Petrography and Mineral Chemistry

Characterization of the mineral phases for selected samples was conducted using
transmitted and reflected light petrography of polished thin sections. Additional characterization
was done using a field emission Zeiss Auriga scanning electron microscope (SEM) at the
Geophysical Laboratory of the Carnegie Institution for Science, with a working distance of 8.5
mm, 15 kV acceleration energy, and 60um aperture.

The quantification of silicate mineral composition was made with WDS analysis
(wavelength-dispersive X-ray spectroscopy) in a JEOL 8900R electron probe microanalyzer
(EPMA) at University of Maryland. The calculation of Fe** was made through charge balance
based on the cation and oxygen charge relationship. The quantification of sulfide phases was
conducted at the Geophysical Laboratory of the Carnegie Institution for Science, using a JEOL
8530F electron microprobe analyzer, with accelerating voltage of 15kV, current of 20 nA, and
beam size of 1 um. Mineral abbreviations utilized in this chapter are: opx (orthopyroxene), ol

(olivine), cpx (clinopyroxene), grt (garnet), mag (magnetite), sulf (sulfide).

5.5.2. Sulfur Isotopes

Isotopic methods used to obtain sulfur isotope analyses are the similar to those described
in earlier chapters of this thesis. The samples are manually powdered in a ceramic mortar and
pestle until the grains were finer than 0.350 mm, as measured through sieving. Approximately
2.5 grams of sample are reacted with a mixture of 20 mL of 5N HCIl and 20 mL of CRS
(Chromium (II) reduced) solution to produce silver sulfide. After the chemical extraction, the
silver sulfide sample is kept in the dark for one week, and subsequently washed with MilliQ

water and ammonium hydroxide in order to clean impurities. At this stage, pure silver sulfide is
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dried and around 3 mg are wrapped in aluminum foil and put in a reaction vessel. Fluorine is
added and the reaction produces sulfur hexafluoride (SF¢), which is then cryogenically separated
from impurities and stored in glass manifold fingers.

The isotope composition of the SF¢ gas is measured with a Finnigan MAT 253 gas-source
mass spectrometer. The isotope ratios are corrected to the V-CDT scale using the calibration
presented in Dottin et al. (2018). Previous data of the Rustenburg Layered Suite (Penniston-
Dorland et al., 2012; Magalhaes et al., 2018) have also been recalculated to this calibration and
are presented in this paper. Variations in mass dependent fractionation are given by equation 5.1.
The mass independent composition is quantifiable in terms of a capital delta (A) notation

(equation 5.2).

3XS
63XS _ <TS> sample

X -1 GO
<TS) V-CDT

ABS = 835 — [(1+8%45)%51°5 — 1] (5.2),

with these values being reported in units of permil (%o).
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5.6. Results
5.6.1. Petrographic Observations of selected samples

5.6.1.1. Peridotites

The samples of peridotite xenoliths in this study consist of garnet-bearing lherzolites and
harzburgites, spinel-bearing harzburgites and dunites and a polymict breccia (Table B.1). The
xenoliths  display variable mineral textures, from coarse-grained/undeformed to
deformed/recrystallized (Figures 5.2a through 5.2d). The mineralogy of these xenoliths is
dominated by Mg-rich olivine and orthopyroxene (Mg# 80-92; Table 5.1), and clinopyroxene,
with variable contents of pyrope garnet, spinel, chromite, phlogopite, and sulfides. The degree of
serpentinization in these samples varies from very little serpentine to almost fully overprinting
the original minerals in the xenoliths, leaving only small remnants of olivine. Minerals
associated with the serpentinized portion include magnetite, calcite, and in some cases, sulfides.
Only one sample (FRB1318) shows an entirely different texture and set of mineralogy, a
polymict breccia dominated by megacrysts of olivine, garnet, ilmenite, pyroxene, and phlogopite

with a matrix rich in carbonate, phlogopite, and serpentine.
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Figure 5.2. Different textures observed in peridotite xenolith samples. 5.2a. Hand sample of the

sample FRB1655 (spinel harzburgite), with large crystals and little deformation; 5.2b. Hand sample of
sample FRB1309 (garnet lherzolite), displaying more fine grained minerals, with little deformation; 5.2¢.
Sample PHN5247 (spinel harzburgite) with coarse grain size, without evidence for ductile deformation or
significant serpentinization, plane polarized light. 5.2d. Statically recrystallized grains of olivine form the
matrix of this sample, which also have large orthopyroxene and garnet porphyroclasts, plane polarized

light (sample PHN5239, garnet harzburgite).
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Table 5.1. Mineral chemistry data of olivine, orthopyroxene, clinopyroxene, and garnet, from peridotite xenoliths from the Premier Kimberlite.

SAMPLE FRB130 PHNS523 PHNS24 FRB130 PHNS23 PHN524 FRB130 PHNS23 PHNS24 FRB130 FRBS523 FRBS524

Olivine Olivine Olivine Opx Opx Opx Cpx Cpx Cpx Garnet Garnet Garnet
n 13 6 8 15 7 5 5 3 7 5 4
Na,O 0.04 0.03 0.01 0.17 0.29 0.02 2.20 1.72 1.70 0.10 0.10 0.07
FeO 7.84 8.03 19.05 5.10 5.16 12.98 2.51 3.37 4.34 7.18 6.32 6.93
TiO; 0.02 0.02 0.01 0.10 0.23 0.04 0.26 0.38 0.81 0.21 1.28 0.20
K:O 0.01 0.01 0.00 0.01 0.00 0.00 0.07 0.04 0.00 0.00 0.01 0.01
ALO; 0.01 0.03 0.01 1.34 1.40 4.33 3.31 2.27 5.88 21.71 18.75 21.83
MgO 50.15 50.18 41.97 34.43 33.70 29.26 16.95 20.48 14.16 21.72 22.48 21.86
MnO 0.09 0.09 0.20 0.10 0.11 0.23 0.07 0.12 0.09 0.35 0.25 0.31
Cr.03 - = - 0.25 0.40 0.20 1.72 1.27 0.60 2.73 4.48 2.84
CaO 0.04 0.06 0.01 0.60 1.65 0.37 18.23 15.04 21.01 4.46 5.01 4.49
SiO, 41.08 41.23 39.42 56.53 56.32 53.33 54.72 55.41 52.16 41.52 41.14 41.41
NiO 0.39 0.35 0.22 - - - - - - - - -
Total 99.67 100.04 100.89 98.63 99.26 100.77 100.03 100.09 100.74 99.98 99.82 99.96
Mgt 91.9 91.8 79.7 92.3 92.1 80.1
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The sulfides in the peridotite xenoliths include pentlandite [(Fe,Ni)oSs], pyrrhotite
(Fe1xS), and heazlewoodite (Ni3S2), with minor chalcopyrite (FeCuS:) and pyrite (FeS»)
present in a few samples. Sulfides occur as tiny crystals (<20um) associated with the
magnetite in serpentinized portions of the sample, and rarely occur as larger crystals. The
sulfate barite (BaSO4) occurs sparsely in these rocks. Sulfides are not found as inclusions

within any silicate mineral.

Two peridotite samples, PHN5247 and FRB1309, have sulfides that reach up to
0.5mm in diameter, and exhibit features indicative of oxidation and sulfide loss. Sample
PHN5247 is a spinel lherzolite with lower olivine and orthopyroxene Mg# (~80) than
other samples and contains magnetite, serpentine, calcite, and sulfides as accessory
phases. The sulfides in this sample can measure up 500um in size and include
associations of pentlandite (Fe4Nis6Co03)Ss and pyrrhotite (FeossS), with minor
chalcopyrite (FeCuS;) (Table 5.2) and often show oxidation to magnetite (Figure 5.3a
through 5.3d). Pentlandite is also found as lamellae within the pyrrhotite (Figure 5.3b),
and some pentlandite-pyrrhotite pairs also contain a minor amount of chalcopyrite
associated (Figure 5.3d). Minor quantities of heazlewoodite were observed as well in this
sample. Sample FRB1309 is a garnet harzburgite (Mg# ~92) containing accessory
serpentine, magnetite, calcite, and sulfides. This sample also shows reaction textures of
sulfide, including greater replacement of sulfide by magnetite (oxidation) and reaction to

produce heazlewoodite (Figure 5.4a through 5.4d).
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Figure 5.3.a. Sulfide grain in sample PHN5247 (spinel harzburgite) consists of an association of
pentlandite and pyrrhotite, which are being altered into magnetite. 3b. Close up look at the
association between pyrrhotite (medium gray), pentlandite (lighter grey), and magnetite (darker
gray). 3¢ and 3d: Compositional map of sulfides from sample PHN5247, showing the textural
relationships between pentlandite, pyrrhotite, magnetite, and chalcopyrite (when present).

Pentlandite is also being exsolved from pyrrhotite.
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Table 5.2. Sulfide mineral chemistry of sample PHN5247.

Chalcopyrite Pentlandite Pyrrhotite

n 2 30 24

S 35.67 33.90 40.34
Pb 0.02 0.04 0.06
Fe 30.95 29.44 58.87
Ni 0.04 35.57 0.53
Cu 33.99 0.04 0.01
Zn 0.05 0.01 0.02
Co 0.05 2.02 0.11
Total 100.78 101.01 99.94
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Heazlewoodite

Magnetite

|

Chalcopyrite

Figure 5.4 Images of sulfides from sample FRB 1309 (garnet lherzolite). a. BSE image of
pseudo-sulfide shape, surrounded by serpentine, which is now an aggregate of sulfides
surrounded by serpentine. b. BSE image of sulfide (brighter regions) surrounded by magnetite,
which implies a high degree of oxidation and loss of sulfur; ¢. Compositional map of sulfides
from figure 5.a. A closer look at this grain shows a multi-component assemblage, with magnetite
(red), heazlewoodite (cyan), and chalcopyrite (blue).d. Compositional map of sulfide from
sample 5b. Red colors showing the magnetite surrounding the heazlewoodite (cyan). The blue

spot is chalcopyrite.

5.6.1.2. Eclogites

Two eclogite samples studies here contain pyroxene and Ca-Mg-rich garnet, with
alteration along fractures (Figure 5.5¢, 5.5d). Sample FRB908 D2 preserves pyrite, which

occurs as large (up to 600um, Figure 5.5¢) grains that show inclusions of silicate phases
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and as infill between silicate grains (Figure 5.5d). The silicate inclusions in pyrite are the
same as the rock matrix, demonstrating that the pyrite grew after the rock already was
under eclogite facies conditions. The pyrite grains contain inclusions of galena and
chalcopyrite (Figure 5.5¢). In addition to occurring as inclusions within the pyrite,

chalcopyrite is also observed as grains associated with mica in alteration veins.

Figure 5.5. a. Eclogite hand sample FRB 908D2, sulfide within garnet crystal b. Eclogite hand

sample FRB 908D2. ¢. BSE image of pyrite grain with inclusions of matrix minerals (dark spots)
and other sulfides, such as galena (bright spots) d. BSE image of interstitial pyrite with no

inclusions or association with other sulfides.
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5.6.1.3. Kimberlite Matrix

The kimberlite matrix is a generic term for a group of heterogeneous samples that
represent the distinct types of rocks associated with the Premier intrusion (Figure 5.6a
and 5.6b), consisting of kimberlite and carbonatites, from the different units (i.e. black,
green, gray). The mineralogy of all these samples consist mostly of serpentine and
carbonate, which are alteration minerals in this case, pseudomorphing everything. Other
phases that have been recognized include pyroxene, perovskite, magnetite, ilmenite,
spinel, and phlogopite. Sulfide grains are rare and sparse in these rocks, and the only
mineral phase I was able to identify was pentlandite. Tsai et al. (1979) also reported the
presence of pyrite and chalcopyrite, in addition to pentlandite. There is a significant
variation in rock composition and mineralogy between the samples, which reflects the

complexities of these rock types.
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Figure 5.6. a. Photograph of hand sample FRB1367-21. Note the lack of large crystals; b.
Photograph of hand sample FRB 900C2, where it is possible to distinguish a large crystal that has

been replaced by serpentine.
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5.6.2. Sulfur Isotopes

The sulfur isotope composition of sulfides from peridotite and eclogite xenoliths,
and the Premier kimberlite matrix is shown in Figure 7. Multiple isotope data from
various parts of the Bushveld province (Rustenburg Layered Suite: Lower Zone,
Marginal Zone, and Basal Ultramafic Sequence; Penniston-Dorland et al., 2012;
Magalhaes et al., 2018; Chapter 3 of this thesis; Waterberg Project, Chapter 4 of this
thesis) and for the mantle (Peters et al., 2010; Labidi et al., 2012) are included in order to
place the data in context of the BMP magmas and likely compositions of mantle-derrived
melts. This figure illustrates the wide range of &**S values of peridotite xenoliths
(compared to MORB and BMP magmas), from -3.25%o to +9.57%o (Figure 7, Table 1)
and a smaller range of variation for A*’S values extend from 0.028%o to 0.077%o
excepting sample PHN5247, which has a A3S of 0.179%o.. All A*S values are clearly
distinct from MORB compositions, but the most common values overlap with the
compositions of some of the RLS and WP magmas, in particular the Lower Bushveld
Series (LBS). The §**S values of the eclogite xenoliths are -5.34%o and -2.89%o, and the
A®S values of these xenoliths yields 0.050%o0 and 0.043%o. While the A*S overlaps
within uncertainty of the range of values for the MORB, the §**S does not overlap with
either MORB or Bushveld magmas. The A*S are nonzero and similar to those seen for
sulfur from the peridotite xenoliths. The matrix of the Premier Kimberlite has sulfides
yielding §**S values between -0.67%o to +2.98%o and A**S values between 0.060%o and
0.102%o, which fall within the range of §**S defined by the peridotite xenoliths, although
the A**S average is slightly higher in the kimberlite matrix. The range of sulfur isotope

compositions for these three kimberlite matrix samples overlaps that of the Bushveld
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samples and is distinct from MORB. No relationship is observed between sulfur isotopic
composition and the deformation state of the samples. Although there are variable
degrees of serpentinization in the xenoliths, they do not appear to be correlated to the

variability of §°*S.
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Figure 5.7. Diagram of &S versus A*S showing sulfur isotope composition data of sulfides
from the matrix and peridotite (green circle), eclogite (blue circle), and matrix of the Premier
Kimberlite (red circles). The green field denotes the known composition of the Lower Bushveld
Series in the Clapham Section (Chapter 3), the yellow area denotes de composition of the Main
Bushveld Series (Chapter 2), and the blue area corresponds to the composition of the Waterberg
Project (Chapter 4). Sulfur isotope composition of the unaltered mantle (Peters et al., 2010;
Labidi et al., 2012) is represented by a dotted box.
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Table 5.3. Multiple sulfur isotope composition of the peridodite and eclogites xenoliths from the

Premier Kimberlite, along with analyses of kimberlite matrix samples.

PERIDOTITES §*S 58 5%°S A*S A*°S
FRB1655 0.647 1.149 2.225 0.055 0.040
FRB1656 -0.090 -0.323 -0.979 0.076 -0.366
FRB1352 -0.350 -0.778 -1.403 0.051 0.074
FRB1370 -0.054 -0.243 -0.410 0.071 0.052
FRB1318 0.577 1.008 1.793 0.058 -0.122
FRB1309 0.513 0.913 2.040 0.043 0.306
FRB1375 -0.211 -0.509 -1.080 0.051 -0.113
FRB1657 0.069 0.008 0.229 0.064 0.214
FRB1331.3 4.753 9.194 17.224 0.029 -0.316
FRB1659 1.289 2.385 4.772 0.062 0.235
PHNS5247 0.509 0.641 1.210 0.179 -0.009
PHNS5239 -0.172 -0.388 -0.714 0.028 0.023
FRB1359 0.702 1.273 2.814 0.046 0.394
FRB1302 -1.600 -3.254 -6.282 0.077 -0.107
FRB1323 -0.005 -0.120 -0.212 0.056 0.015
FRB914 4.961 9.573 18.984 0.042 0.718
KIMBERLITES

FRB900-C2 0.474 0.803 1.674 0.060 0.147
FRB1367-21 1.638 2.984 5.555 0.102 -0.122
FRB1367-14 -0.275 -0.670 -1.210 0.070 0.064
ECLOGITES

FRB908-D2 -1.446 -2.890 -5.443 0.043 0.040
FRB908D5 -2.704 -5.339 -10.117 0.050 0.003

5.7. Discussion

Previous studies of the sulfur isotopic composition of the sub-continental
lithospheric mantle in Africa have been centered on measurements of sulfide inclusions

in diamonds due to the almost certain preservation of the sulfur isotopic composition at
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the time of diamond formation. Measurements of P-type sulfide inclusions from Jwaneng
diamonds (Thomassot et al., 2009), show that the sulfur isotopic composition follows the
terrestrial fractionation line, with 8**S values between -0.98%o0 to 0.29%o. This is in
contrast to the composition of E-type sulfide inclusions that record an ancient recycled
component in the mantle (A**S between. -0.5%o to 0.9%o). Farquhar et al. (2002) found a
A**S signature between -0.11%o to 0.61%o in E-type sulfide inclusions from the Orapa
Kimberlite. A more recent study of the Bultfontein Kimberlite, an intrusion associated
with the Kimberley event, finds that bulk-rock &°*S values of -3.4%o to +0.8%o in
peridotites represent a contribution of a recycled component in the SCLM. However, this
study concluded that the sulfur did not originate from an Archean material because no

resolvable S-MIF signature was observed (Giuliani et al., 2016).

All samples reported in this chapter show a large variation in §**S values (-5.34%o
to +9.57%o), but these same samples also show a clear resolvable S-MIF signature in the
form of positive A**S values (0.028%o to 0.179%o) that are not as variable. These sulfur
isotope compositions are distinct from the §°*S values of -2%o to +2%o and A*S of
0+0.008%o defined by MORB (Sakai et al., 1984; Labidi et al., 2014), which are used as a
proxy for melts derived from depleted (upper) mantle. The A3*S suggests a contribution
from an S-MIF source. The question is whether these non-zero A*’S values reflect late
addition of sulfur to the xenoliths (such as from crustal rocks via hydrothermal exchange)
or if they reflect the composition of sulfur that was present in the SCLM from which the
xenoliths were derived. Although external fluids might have played a part in the story of
Premier magmatism, there is no evidence at the moment, either petrographic or isotopic,

for large-scale introduction of sulfur in the xenoliths. The Transvaal Supergroup,

120



intersected by the kimberlite at depth (Maier et al., 2008), is the only known unit that
could contribute a significant amount of sulfur to this intrusion in case of sulfur
mobilization in fluids. If the fluid in these processes of fluid-rock interaction was sourced
from multiple units, it would likely contain anomalous sulfur of variable composition
which would in a heterogeneous isotopic record in both §°*S and A*S in the xenoliths
and the kimberlite matrix, unless well-homogenized at a posterior time. The question

examined next is whether the observations support a SCLM origin for the nonzero A**S.

The petrographic observations presented in this chapter suggest that there are
different generations of sulfide minerals and reactions that have consumed sulfide, as
exhibited by textures seen in PHN5247 (Figure 5.4) and FRB 1309 (Figure 5.5)), or in
some specific cases may have produced it. The presence of magnetite replacing sulfide
minerals in both of these samples suggests sulfur loss and implies oxidation rather than
reduction. Sulfur loss is further evidenced by the transformation of pentlandite to
heazlewoodite (FRB1309) and by the magnetite alteration halo around the remaining
sulfide grains. This, in turn, is most consistent with the most of the sulfur remaining, and
its isotopic signature being related to the original sulfides, rather than extensive addition
of sulfide sulfur during serpentinization. The loss of sulfur could have occurred during
any part of the xenolith evolution, and it is not necessarily associated to the interaction

with the kimberlite.

Another line of evidence supporting the hypothesis that the sulfide sulfur carries
the A*’S from their SCLM source comes from the wide range of §**S (-3.25%o to
+9.57%0) but limited variability in A**S (0.028%0-0.077%0) observed for peridotite

xenoliths that suggests a process fractionated **S/*?S, but that did not shift the A**S. Fluid
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metasomatism in the mantle wedge has been reported to generate large §**S variations,
through processes that can also enrich the xenoliths in PGE (Rielli et al., 2018). This
observation is consistent with the interpretation that significant amounts of exogenous
sulfur were not added as sulfide to the peridotites during kimberlite magmatism and
provides an argument for the case that the SCLM underneath the RLS contains the

nonzero A**S, implying a preservation of recycled sulfur to the mantle.

The eclogite sulfur may also be of mantle origin, and similar A¥S (0.043%o-
0.050%o) allows this possibility if the SCLM has a positive A**S, as inferred from the
peridotite data just presented and data presented for sulfide inclusions in diamond of
Farquhar et al. (2002) and Thomassot et al., (2009). The eclogites here have negative
6°*S and it is unclear if this is a primary signature or the result of some sort of secondary
process. The petrographic relationships for sulfide in eclogite (FRB908) show two
generations of sulfide, with the most abundant exhibiting complex textures that include
matrix silicate minerals that are interpreted to form during eclogite facies metamorphism.
The second generation, inferred here to be younger, refers to pyrite precipitated in veins.
Therefore, this suggests that heterogeneity of sulfur isotopic composition occurs within

the same sample and further in-situ studies would need to be carried out.

Interaction between kimberlite and peridotite xenoliths can happen both during
magmatism and post-magmatic processes. Gregoire et al. (2003) argued that light rare
earth element patterns in clinopyroxenes suggest that geochemical interaction between
the peridotite xenoliths and the Premier kimberlite magma occurred. While it is possible,
maybe likely, that the kimberlite sulfur could also contain crustal sulfur imparted during
the magmatic and post-magmatic stage, the more positive A**S found in this study
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referred to sulfides in peridotite sample PHN5247, which could not have been added
from the known composition of the kimberlite. This also allows for a suggestion that the
kimberlite sulfide sulfur could be derived from an SCLM source. In another study, Tsai et
al. (1979) found a similar range of &°*S in the Premier matrix sulfides, 0.2%o (in
pentlandite+chalcopyrite) to 1.3%o (in pyrite). These authors concluded that these values
represented a magmatic origin for the sulfides. Studies reveal that few measurements of
5*S in other kimberlites overlap with mantle values, indicating that processes that
fractionate isotopes can play an important role (Giuliani et al., 2014), and in particular
those related to volatile nature of these magmas. Kimberlites have very wide ranges of
sulfur isotopic composition. Sulfides can reach §**S values of up to +52%o at the Mir
Kimberlite, in Russia (Vinogradov and Ilupin, 1972), while southern African kimberlites

usually range between (-3 to +12%o; Giuliani et al., 2014).

A final question is how this data and the possibility of an SCLM with positive
A3S relate to the larger question of sulfur (A**S) in the initial Bushveld magmas. The
similarity of the A%S for the peridotite xenoliths and magmas from the BUS provides
support for assertions made previously in this dissertation that the melts already
possessed anomalous A**S at the time of their emplacement, and only in some locations
such as in the Marginal Zone or near magma chamber boundaries it was subsequently
shifted by further addition of exogenous sulfur. The more extreme A*S of some RLS
magmas may also be primary, as at least some samples (PHN5247) have more positive
A>S signatures that fall within the field defined by the Main Bushveld Series of the

Rustenburg Layered Suite (A*S=0.179%o).
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No reliable data exists for Sr, Nd, and O isotopes for the Premier xenoliths,
therefore making mixing calculations difficult to be performed. A brief look at the one
whole-rock ¥Sr/*Sr(r) data point (¥’Sr/*®Srg = 0.70150) produced by Walker et al.
(1989) suggests that the SCLM peridotites do not have an ideal composition to be a
source of the RLS magma, also supported by their one whole-rock **Nd/'*Nd data
(*BNd/'"™Nd = 0.512137+62). Carlson et al. (1999) found whole-rock '*70s/"*80s;
values ranging from 0.10953 to 0.11612, which records one of the lowest ¥70s/!¥0s
measured for terrestrial rocks and reflects their early depletion. Sulfide inclusions
deriving from an eclogite-type source show a much different range of Os concentration
and isotopic compositions. The concentration of Os in these sulfides is much higher than
in the peridotite xenoliths (up to 10,560 ppb, versus a maximum of 8.23 ppb for the
peridotites; Richardson and Shirey, 2008; Carlson et al., 1999). The '870s/"#0s isotopic

composition ranges from 0.1986 to 0.3154.

The possibility of a SCLM with recycled components can be further assessed with
mixing calculations. For this, I chose to compare the known Os and S compositions and
concentrations for the peridotite xenoliths (Carlson et al., 1999; this study) to the values
of a mantle-derived melt with 10% melt (similar to Schoenberg et al., 1999). I also
plotted the Os compositions of E-type sulfide inclusions (Richardson and Shirey, 2008),
and used the highest positive value found by Farquhar et al. (2001) as an estimate of
sulfur isotopic composition, with an arbitrary concentration of 500 ppm in eclogites. The
mantle values used were from Labidi et al., 2014 for sulfur, and Meisel et al., 1996 for
Os, with the SCLM as a contaminant. [ used the highest values found for both Os and S

in all cases, therefore representing a best-case scenario for the peridotite and eclogite
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compositions. These show that the peridotite xenoliths are not a viable contaminant for

the Bushveld magmas despite their non-zero A**S. ,However, the E-type sulfides could

potentially be the These calculations also imply in mixing of the mantle with a reservoir

with much higher Os concentration than the Premier xenoliths, and a '370s/!%30s; ratio

much higher than the mantle, possibly similar to what is seen in these E-type inclusions.
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Figure 5.8. Mixing calculation between S and Os for different reservoirs. E-type sulfide

inclusions (out of picture, Farquhar et al., 2001; Richardson and Shirey, 2008) and peridotite

xenoliths (green star, Carlson et al., 1999; this study) were evaluated as possible compositional

end members for a starting composition similar to a mantle melt (yellow star, Labidi et al., 2014;

Meisel et al., 1996). The blue diamonds correspond to samples from the Critical Zone of the RLS
(Schoenberg et al, 1999; Magalhies et al., 2018).
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5.8. Conclusions

The Premier Kimberlite samples the sub-continental lithospheric mantle (SCLM)
underneath the Rustenburg Layered Suite (RLS). Here, I find that the xenoliths and the
kimberlite matrix have a composition that significantly differs from the expected mantle
values in both §**S and A**S. Although peridotites and kimberlite typically would have a
very distinct genesis, their values are indistinguishable, with a wide range of 5**S values,
but a narrow range for A**S. Eclogite xenoliths tend to have lighter sulfur, but are still
within the peridotite range of values. Of the possible explanations for the presence of the
A**S signatures: (a) S-MIF is brought by an external fluid that completely overprinted the
S isotope composition of the Premier Kimberlite and the xenoliths it contains; (b) S-MIF
was present only in the xenoliths prior to kimberlite eruption and was redistributed
throughout the Premier Kimberlite; or (¢c) S-MIF was present in both Premier Kimberlite

and xenoliths prior to kimberlite eruption.

Melt depletion during formation of the Kaapvaal Craton cannot be invoked as a
cause of non-zero A*¥S in these mantle-derived samples because this process does not
fractionate sulfur mass-independently. This, combined with inferences that primordial
terrestrial (mantle) sulfur has A*S of zero, lead to the suggestion that any inferred
positive A**S of the SCLM reservoirs from which these peridotite and eclogite xenoliths
derived acquired this signature from recycling of Archean material, either in the mantle
or during kimberlite emplacement in the crust. The nonzero A*S is suggested, in this
study, to be a feature of a contaminated SCLM. This does not rule out secondary shifts to
A8, but it implies that the primary control is the source. The cause of variability for §°*S

is less clear. A significant role is envisioned for fractionation processes occurring during
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and after emplacement, but some variability may also be primary. Thus the peridotite and
eclogite xenoliths, and Premier kimberlite matrix all have a sulfur composition that
reflects a surface-derived component (S-MIF) component, although its origin remains not
fully understood. Data from E-type sulfide inclusions provide evidence for the
involvement of the SCLM in the Bushveld magmatism as a source of sulfur, however the
whole-rock sulfur data presented in this study should not be interpreted as a strong

evidence for a SCLM origin of the anomalous sulfur in the RLS.
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6. Conclusions

6.1. Overview

This dissertation has focused on the sulfur isotope composition of two igneous
bodies from the Bushveld Magmatic Province, the Rustenburg Layered Suite and the
Waterberg Project, and evaluates possible sources of sulfur for the magma of these two
intrusions. Solving the question of source of sulfur is important because it correlates
directly to the platinum group element (PGE) chemistry and the formation of the PGE
deposits hosted by these intrusions. It also provides important information about the
behavior of sulfur during magma-rock interactions and how this reflects in the sulfur

isotope composition of the RLS.

Chapters 2 and 3 reported the first systematic study of multiple sulfur isotopes in
all the units of the Rustenburg Layered Suite, from its most basal unit, the Basal
Ultramafic Sequence, to the granophyres at the roof of the Upper Zone, and showed that
the sulfur composition has an Archean crustal component. Chapter 3 also reported
mineral chemistry data for the Marginal Zone and Basal Ultramafic Sequence, which
aided the evaluation of the origin of anhydrite, a calcium sulfate which presence is
uncommon in mafic magmas. Chapter 2 also reported sulfur isotope data of the Vredefort
Dome, a possible proxy for the lower crust underneath the Rustenburg Layered Suite. It
showed that while a model of assimilation in the lower crust exists, the sulfur

composition does not match what is needed to contaminate the BUS.
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The multiple sulfur isotope composition of the Waterberg Project was reported in
Chapter 4. Also associated with the Bushveld Magmatic Province, the Waterberg Project
is a separate intrusion, but the sulfur isotope composition was shown to be similar to the

Main Bushveld Series.

Chapter 5 examined xenoliths of the Premier Kimberlite to evaluate the
composition of sub-continental lithospheric mantle underneath the Kaapvaal Craton in
order to assess whether it contains recycled sulfur and if it could have been a source for

the Bushveld Magmatic Province sulfur.

The main results and conclusions of each chapter of this dissertation are

summarized below.

6.2. Summary

6.2.1. Chapter 2

Previous studies suggested the isotope composition of magmatic sulfur in the
Rustenburg Layered Suite was not compatible with the expected value of a mantle-
derived melt. Although models called for assimilation of crustal sulfur as a trigger of
sulfur saturation in the magma, this finding brought to light very basic questions, as
multiple sulfur isotope data were not available for the majority of the RLS. The study in
Chapter 2 added to understanding of the RLS knowledge by systematically looking at all
units, and shows that the entire intrusion has magmatic sulfur that carries a signature of

crustal contamination. Variation of sulfur isotopes is shown with stratigraphic depth,
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which correlates to changes in the compositions of other radiogenic systems and allows

for the distinction of at least two different contaminants in the intrusion.

The concept of a staging chamber model in the lower crust that would contain
RLS magma is a widespread idea, and previous studies have inferred contamination from
the lower crust to explain trace element patterns in the rocks (Wilson et al., 2017). The
Vredefort Dome, an impact crater that contains exposed middle- to lower crust rocks, was
used as a proxy for the composition of the lower crust. Their multiple sulfur isotope
composition and low sulfur concentrations show that assimilation of these rocks cannot

account for the sulfur composition of the RLS.

6.2.2. Chapter 3

The drilling of the Clapham Core, and the recent discovery of the Basal
Ultramafic Sequence, now considered the most basal unit of the Rustenburg Layered
Suite, provides an opportunity to study the most primitive magmas of the intrusion and
understand how deeply the exogenic sulfur signal extends into the BMP magmas and
ultimately their source(s), extending to whether their composition reflects a pristine or
altered mantle source. The multiple sulfur isotope profile of this core extends through the
Lower Zone, Marginal Zone, and Basal Ultramafic Sequence, showing that even the most
primitive magmas of the Rustenburg Layered Suite have a crustal component. In the
Marginal Zone, the shifts to more positive A**S (larger anomalies) are shown to be
related to assimilation of host rock — highlighting one known way that the BMP magmas

acquired anomalous sulfur — but the presence of a constant, low level A¥S signature in
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the BUS (and LZ) provides further support that these magmas were intruded already with
such a signature present. A feature of the BUS that is also described is the presence of
anhydrite. The sulfur isotope composition of sulfides and of anhydrite, present in the
Basal Ultramafic Sequence, provides further evidence that the sulfate is not late, or a
result of assimilation of sulfate host rocks, but is considered here to be magmatic in

origin and a feature of these magmas.

6.2.3. Chapter 4

The Waterberg Project (WP) is a mafic-ultramafic intrusion in the southern
margin of the Limpopo Belt that has been linked to the Bushveld Magmatic Event due to
its age and geochemistry. Despite a close spatial association with the Northern Limb of

the Rustenburg Layered Suite, these intrusions are considered to have evolved separately.

The geographical location of the WP, which is off-craton, and its genetic
relationship to the RLS allows for evaluation of the importance of upper crustal
contamination in the intrusion. The WP and the RLS have very similar sulfur isotope
compositions; yet the WP is hosted by the sediments of the Paleoproterozoic Waterberg
Group, which is inferred to have no to minor MIF-S, and the RLS is hosted by the
sediments of the Transvaal Supergroup, which has strong MIF-S signatures. This
similarity of igneous A*’S, but difference in host rock A**S argues against assimilation of
host rock as the primary explanation of the crustal S signature in the primitive magmas

Bushveld Magmatic Province bodies.
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6.2.4. Chapter 5

The sub-continental lithospheric mantle (SCLM) is also a potential source for the
crustal sulfur, as previous works reported sulfide inclusions in diamonds with a crustal
signature. For this study I looked at the peridotite and eclogite xenoliths of the Premier
Kimberlite, a younger intrusion that cuts the southern part of the Rustenburg Layered

Suite and therefore samples the sulfur underneath the craton.

All of the peridotite and eclogite xenoliths, and the kimberlite matrix itself,
yielded sulfur with a A¥S#0 signature. Given the intense metasomatism experienced by
the Premier Kimberlite, the hypothesis that these signatures are related to an open-system
behavior between kimberlite and xenolith, or addition of external sulfur has also been
considered but eventually discarded, as textural analysis in sulfides from the diverse rock
types coupled with the variable 5°*S but near-constant A*S, suggest that the composition
observed is, in fact, reflecting their composition in the mantle, with a recycled
component. However, such assumption cannot be used as a strong evidence for a SCLM-

origin for the anomalous sulfur in the RLS.

6.3. Future directions

This thesis has focused on assessing the potential sources of anomalous sulfur in
the magmas that formed the Rustenburg Layered Suite. These included the upper crust
(Transvaal Supergroup), lower crust, and the sub-continental lithospheric mantle

(SCLM). However, particularly for this last reservoir, all the studies published so far have
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a qualitative nature, and do not consider other complexities that could potentially support

or deny this hypothesis.

Recycling of sulfur is known to occur both in ancient and modern settings (Alt et
al., 1993; Metrich et al., 1999; De Hoog et al., 2001; Thomassot et al., 2009; Rielli et al.,
2018). Evidence for recycling of ancient sulfur in the early Earth (i.e. a material with
anomalous, exogenic sulfur), particularly within the Kaapvaal Craton, has been described
(Farquhar et al., 2002; Thomassot et al., 2009; this study). However, despite the evidence
that the SCLM below the Bushveld contains recycled sulfur, there are no quantitative
models that would account for different isotope systems (e.g. Sr-Nd-Os-O, in addition to
S) and how they could have contributed for the Bushveld magma. One important aspect
would be to better constrain how the kimberlitic magma interacted with the xenoliths, to
assess the usability of the data. One other alternative is to measure these isotope systems
in mineral inclusions in diamonds, including silicate minerals, using new techniques that
allow for the measurement of small volume. Due to large analytical errors in in-situ
measurements of the sulfides, it would not be possible to resolve the small A*’S
signatures observed in the samples presented in Chapter 5. Processes of addition of S
from the devolatilizing slab also have a potential for mobilizing certain PGE (Rielli et al.,
2018), and therefore a more in-depth study of the behavior of these elements in xenoliths

1s warranted.

A reservoir that has not been tested as a possible source of sulfur to the RLS is the
asthenospheric mantle, which would imply that the plume itself had a non-zero A*S
composition, and could represent recycled material in the deep mantle. One possible way

to start tackling this question is by looking at the Bushveld Magmatic Province as a
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whole, as all the bodies of this large igneous province should have a genetic connection.
However, modern plume-derived magmas that do carry anomalous sulfur have a negative
A**S value (Cabral et al., 2013; Delavault et al., 2016), as opposed to the positive values
obtained for this study. The A¥S of the sulfide inclusions in the SCLM beneath the
Kaapvaal Craton also show a heavy bias towards positive values; therefore a connection
between positive values and the shallower mantle, affected by devolatilization during

subduction processes, needs to be addressed.

The Bushveld Magmatic Province is composed of many igneous bodies besides
the Rustenburg Layered Suite, but other than this study, there are no published data for
their multiple sulfur isotope composition. These bodies include the Molopo Farms
Complex, the Koster Complex, Uitkomst Complex, the Lebowa Granite Suite, and the

Phalaborwa Carbonatite Complex.

Initial studies of these other intrusions, in which I have participated, show that all
of the intrusions associated with the Bushveld Magmatic Province have a sulfur signature
unlike that expected for mantle derived rocks. The Molopo Farms Complex (Feineman et
al., in prep), the Uitkomst Complex, and the Lebowa Granite Suite yield a A¥S value
similar to the RLS and WP. The Phalaborwa Carbonatite Complex has a similar §**S, but
much higher A**S in respect to the RLS (Bolhar et al., in prep), and the Koster Complex
has a highly variable §**S and A*S. In the case of the Koster Complex, there is evidence
for intense hydrothermal activity, which potentially mobilized sulfur-bearing fluids from
the host rock and completely obliterated the initial sulfur composition. Given that there

are significant differences between the evolution of each intrusion, it is important that a
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careful study is conducted, aimed at understanding their particularities and evolutionary

history.
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Appendix A

A.1. Recalculated values of previously published sulfur data

The sulfur isotopic composition of the Rustenburg Layered Suite published in
Penniston-Dorland et al. (2012) and Magalhaes et al. (2018) was obtained by processing
the raw ratio values normalized to the CDT measurements of Wing and Farquhar (2015),
a different value of CDT/IAEA-S1 than Chapters 3, 4, and 5 of this thesis. Here, I present
the reprocessed, data of both these papers, corrected for the CDT values from Dottin et

al., 2018 (Tables A.1 and A.2).

Table A.1. Recalculated sulfur isotope composition of samples described in Penniston-Dorland et

al. (2012).

EASTERN LIMB
539 §34g 536 ABS A36Q
T4011 1.28 2.23 4.14 0.133 -0.096
T4014 1.45 2.56 4.68 0.137 -0.178
T4037 1.70 3.03 5.90 0.138 0.132
T4036 1.47 2.56 4.99 0.147 0.120
T4012 1.46 2.60 4.95 0.124 0.001
T4032 1.80 3.25 6.33 0.123 0.134
T4033 1.48 2.61 4.90 0.138 -0.064
T4039 1.45 2.58 5.06 0.124 0.147
B90-7 1.13 1.89 3.53 0.157 -0.069
WESTERN LIMB
538 5343 5363 A33S A0S
B5-c 0.73 1.10 1.99 0.161 -0.094
TL85-1a 0.76 1.22 248 0.130 0.163
B7 1.44 2.57 4.64 0.120 -0.246
B85-9 1.09 1.79 3.36 0.173 -0.043
N6.2 0.95 1.55 3.65 0.152 0.707
BHTvI.1 0.86 1.36 2.94 0.157 0.363

136



Table A.2. Recalculated sulfur isotope composition of samples described in Magalhaes et al.

(2018)

Sample %S %S 3%S A¥S A¥S
DT28 909.1 1.694 3.009 4828 0.145 0.029
B90-01 1.632 2.877 4.572 0.151 0.024
TW477 660 0.861 1.479 2.157 0.100 0.268
B-4 0.941 1.586 2.120 0.124 0.027
MP24D2 0.993 1.581 1.937 0.179 -0.146
B06-026 0.749 1.159 0.956 0.153 -0.325
DT28 847.2 0.910 1.487 1.687 0.144 3.007
DT28 904.7 0.819 1.329 1.758 0.135 3.448
DT28 910.3 0.876 1.490 1.932 0.109 0.021
LZ10-02 1.243 2.243 3217 0.088 -0.126
B07-039 0.846 1.358 1.606 0.147 -0.181
B10-042 0.807 1.214 1.109 0.182 -0.278
TW477 440.57 0.330 0.489 -0.139 0.079 -0.148
B06-060 0.653 0.946 0.330 0.166 -0.547
B07-018 1.062 1.767 2.358 0.153 -0.078
B10-054 1.136 1.883 2.479 0.167 -0.179
B06-061 -0.541 -1.284 -3.360 0.120 -0.004
B06-024 0.890 1.446 1.717 0.145 -0.110
B06-011 0.886 1.424 1.671 0.153 -0.114
TW477 202.15 1.066 1.832 2.426 0.123 -0.135
BC16-05D 1.717 3.179 5.075 0.081 -0.049
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A.2. Tables with mineral composition of biotite, apatite, sulfide, and sulfate

The mineral chemistry of silicate, sulfide, and sulfate phases was determined
using the JEOL 8530F electron probe microanalyzer (EPMA) at the Geophysical
Laboratory, Carnegie Institution for Science. The WDS (wave-dispersive X-ray
spectroscopy) operating conditions were: accelerating voltage of 15 kV, bean current of
20 nA, and variable beam diameter from 1-5pum, depending on size of the mineral.
Analyses reported in this study have compositional totals between 99.5 wt% and 101.5
wt%. The same equipment was used to take backscatter electron (BSE) images. The
lower limit accepted for the biotite composition was 94 wt% total, given it is a hydrous
mineral. The only sample that yielded viable results was CH7 708.24 (Table A.3).
Apatite data is presented in Table A.4. I accepted compositional totals for sulfides (Table
A.5) between 98wt% and 102wt%, same totals also were accepted for sulfate (Table

A.6).

Table A.3. Mineral composition of biotite from sample CH7 708.24.

Biotite

n 7
(Wt%)

Na,O 0.68
MgO 22.18
CaO 0.00
TiO; 2.24
Al>O3 15.81
Si0; 39.19
FeO 5.11
K>0O 9.14
Total 94.35
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Table A.4. Measured apatite composition in samples from the Marginal Zone and Basal

Ultramafic Sequence.

(Wt%)
n

Na,O
CaO
SO;
Cl
SiO;
C6203
P>0s
Total

CH7 1108
10

0.21
0.17

54.33
0.43
4.15
0.44
0.65
39.69
100.07

CH7 201 CH?7 580

12 4
0.74 0.15
0.01 0.26
55.83 54.00

0.09 0.13

2.28 5.46

0.32 0.30

0.25 0.42

40.72 39.96

100.23 100.68
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Table A.5. Element composition of sulfides and sulfate. The weight % totals accepted ranged between 98 wt%-102 wt%.

Comment

S

Pb
Fe
Ni
Co
Cu
Zn
Total

001
37.97
0.07
60.30
0.19
0.06
0.00
0.00
98.59

002
33.38
0.02
32.71
33.64
1.31
0.01
0.05
101.11

003
34.58
0.04
30.64
0.16
0.06
32.57
0.03
98.08

004
33.19
0.00
32.60
33.24
1.36
0.03
0.06
100.45

005 006
33.24 39.44
0.07 0.00
30.01 59.91
32.53 0.24
4.51 0.07
0.00 0.00
0.00 0.00

100.36 99.66

007
39.54
0.06
59.72
0.13
0.07
0.01
0.00
99.52

008
33.46
0.06
31.03
33.99
1.89
0.09
0.02
100.55

009
34.84
0.04
30.70
0.07
0.02
32.49
0.01
98.18

Table A.5. (cont.)

Comment 010 011 012 013 014 015 016 017 018
S 33.25 39.45 33.30 33.26 39.17 33.54 39.71 35.26 33.31
Pb 0.03 0.05 0.08 0.02 0.03 0.02 0.10 0.07 0.03
Fe 30.95 59.84 31.86 31.34 60.32 31.75 59.30 30.58 6.20
Ni 33.21 0.10 33.03 33.56 0.27 32.98 0.29 0.04 0.05
Co 2.32 0.08 2.24 2.39 0.09 2.00 0.07 0.03 0.02
Cu 0.44 0.01 0.01 0.00 0.00 0.01 0.03 33.11 0.18
Zn 0.00 0.00 0.00 0.06 0.04 0.01 0.00 0.07 59.67
Total 100.19 99.54 100.52 100.63 99.92 100.31 99.49 99.15 99.46
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Table A.5. (cont.)

Comment 019 020 021 022 023
S 39.72 34.70 33.18 39.13 39.02
Pb 0.07 0.01 0.02 0.05 0.08
Fe 59.23 30.56 30.82 59.85 59.75
Ni 0.10 0.12 33.49 0.22 0.33
Co 0.09 0.03 2.07 0.08 0.12
Cu 0.00 32.70 0.12 0.00 0.00
Zn 0.00 0.05 0.00 0.00 0.00

Total 99.22 98.17 99.68 99.33 99.29

Table A.5. (cont.)

(mass%) 001 002 003 004 005 006
S 52.77 32.96 34.77 32.95 32.86 53.56
Pb 0.10 0.05 0.14 0.01 0.06 0.10
Fe 46.07 30.59 30.10 31.29 27.90 45.39
Ni 0.09 36.30 0.04 33.93 37.25 0.28
Co 0.96 0.19 0.05 0.18 0.17 1.32
Cu 0.02 0.03 32.97 0.37 0.05 0.00
Zn 0.01 0.00 0.00 0.00 0.07 0.00
Total 100.03 100.11 98.06 98.73 98.36 100.66
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Table A.5. (cont.)

(mass%) 001 002 003 004 005 006 007 008 009
S 53.36 32.73 53.24 33.34 43.49 33.46 54.26 53.90 33.62
Pb 0.00 0.09 0.11 0.00 0.03 0.01 0.02 0.07 0.09
Fe 45.03 26.96 45.13 31.39 37.88 27.18 45.41 45.95 30.43
Ni 0.22 38.02 0.12 34.67 17.17 38.29 0.35 0.16 33.60
Co 1.21 0.39 0.98 0.26 0.75 0.45 1.14 1.02 0.23
Cu 0.00 0.00 0.90 0.00 0.00 0.21 0.00 0.00 2.30
Zn 0.00 0.03 0.02 0.02 0.04 0.02 0.00 0.02 0.02
Total 99.82 98.23 100.50 99.69 99.36 99.62 101.19 101.12 100.29

Table A.5. (cont.)

(mass%) 010 011 012 013 014 015 016 017 018
S 33.89 54.01 53.70 34.97 35.12 33.05 53.72 35.08 53.84
Pb 0.00 0.04 0.03 0.04 0.00 0.00 0.00 0.01 0.03
Fe 30.13 45.69 46.16 30.08 29.80 28.99 45.33 29.80 45.71
Ni 35.89 0.09 0.39 0.14 0.00 36.71 0.17 0.06 0.02
Co 0.22 1.22 0.72 0.09 0.04 0.66 0.80 0.07 1.20
Cu 0.00 0.00 0.00 33.82 33.70 0.14 0.19 33.58 0.00
Zn 0.02 0.00 0.05 0.01 0.01 0.00 0.01 0.03 0.01
Total 100.16 101.05 101.06 99.13 98.68 99.55 100.23 98.62 100.81

142



Table A.5. (cont.)

(mass%) 020 021 022 023 024 025
S 33.59 33.89 53.83 53.92 33.33 54.22
Pb 0.00 0.00 0.08 0.10 0.00 0.08
Fe 32.36 30.30 45.82 46.16 29.78 45.40
Ni 34.80 36.00 0.20 0.21 36.51 0.33
Co 0.28 0.40 0.59 0.79 0.22 1.50
Cu 0.09 0.00 0.00 0.00 0.32 0.00
Zn 0.00 0.07 0.01 0.00 0.00 0.01
Total 101.12 100.67 100.53 101.18 100.15 101.55

Table A.5. (cont.)

(mass%) 001 002 003 004 005 006 007 008 009
S 33.63 53.30 34.82 53.58 35.06 33.36 53.48 33.75 53.84
Pb 0.00 0.06 0.10 0.08 0.02 0.14 0.11 0.06 0.03
Fe 26.25 45.06 29.92 44.88 29.95 25.08 46.23 27.72 44.63
Ni 40.47 0.20 0.04 0.67 0.00 41.23 0.11 17.68 0.26
Co 0.55 1.37 0.05 1.17 0.07 0.29 0.05 0.27 2.11
Cu 0.00 0.34 33.05 0.00 33.14 0.10 0.00 19.75 0.00
Zn 0.00 0.00 0.11 0.01 0.00 0.03 0.00 0.04 0.01
Total 100.90 100.34 98.08 100.39 98.24 100.23 99.98 99.26 100.87
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Table A.5. (cont.)

(mass%) 010 011 012 013 014 015 016 017 018
S 53.68 33.56 33.33 35.48 35.15 53.92 53.70 35.27 33.68
Pb 0.10 0.18 0.02 0.08 0.01 -0.01 0.11 0.09 0.02
Fe 45.84 25.66 25.24 30.21 30.27 45.60 45.68 29.85 25.21
Ni 0.24 41.21 41.78 0.00 0.11 0.44 0.03 0.00 41.26
Co 1.04 0.32 0.22 0.03 0.06 1.04 1.10 0.05 0.29
Cu 0.00 0.16 0.13 32.84 33.20 0.00 0.00 33.13 0.05
Zn 0.00 0.03 0.00 0.05 0.03 0.04 0.01 0.01 0.04
Total 100.90 101.12 100.73 98.68 98.83 101.03 100.63 98.42 100.54

Table A.5. (cont.)

(mass%) 019 020 021 022 023
S 33.19 3491 54.18 34.05 53.70
Pb 0.09 0.02 0.05 0.00 0.08
Fe 24.71 30.33 45.70 26.61 45.63
Ni 41.37 0.20 1.32 34.46 0.30
Co 0.28 0.05 0.14 0.40 0.52
Cu 0.43 33.63 0.00 4.94 0.00
Zn 0.01 0.09 0.08 0.01 0.03
Total 100.09 99.23 101.46 100.47 100.26
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Table A.6. Mineral composition for anhydrites from the Basal Ultramafic Sequence.

CH7 970.00 - Anhydrite CH7 1108.46 - Anhydrite

wt% 001 002 wt% 001 002 003
Na,O 0.00 0.00 Na,O 0.02 0.00 0.02
F 0.08 0.00 F 0.00 0.01 0.04
MgO 0.01 0.02 MgO 0.02 0.03 0.02
SO; 52.81 55.62 SO; 55.06 54.60 53.77
Cl 0.00 0.00 Cl 0.00 0.01 0.00
CaO 48.00 44.71 CaO 44.28 45.47 43.87
TiO: 0.02 0.01 TiO; 0.00 0.00 0.02
SiO; 0.02 0.06 SiO: 0.10 0.14 0.10
ALLO; 0.01 0.00 ALO3 0.03 0.02 0.02
FeO 0.07 0.18 FeO 0.20 0.42 0.16
MnO 0.00 0.05 MnO 0.02 0.02 0.00
Cr.0; 0.00 0.00 Cr,0s 0.02 0.01 0.01
K;O 0.00 0.00 K;O 0.01 0.00 0.00
P,0s 0.12 0.10 P20s 0.09 0.12 0.24
SrO 0.04 0.04 SrO 0.10 0.06 0.05
Total 101.18 100.73 Total 99.92 100.90 98.29
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A.3. Compositional Maps

Elemental maps were obtained for xenolith samples using the JEOL 8530F
electron microprobe analyzer at Geophysical Laboratory, Carnegie Institution for
Science. The elements were measured through a mix of WDS (wave-dispersive X-ray
spectroscopy) and EDS (energy-dispersive spectroscopy), depending on the element
being analyzed and crystal availability. The run conditions were 15 kV of accelerating
energy, 20 nA of voltage, and a beam size of 1 um. Maps include an anhydrite-apatite
pair in sample CH7 1108.46 (Figure A.1), K-feldspar and plagioclase texture (Figure

A.2), and intergrown sulfides (Figure A.3). Further descriptions are found in the captions

of each figure.

Figure A.l1. Sulfur, phosphorus, and calcium compositional maps for apatite-anhydrite pair,

confirming their mineral chemistry.
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Figure A.2. Mineral composition composite for feldspars in sample CH7 471.78. In pink, K

feldspar, blue is clinopyroxene, and in yellow is plagioclase (blue center is Ca-rich and yellow
rim is Na-rich).
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Figure A.3. S-Fe-Ni-Cu maps for sulfide from sample CH7 1108.46. Sulfide texture of sample
CH7 1108.46. Pyrrhotite-pentlandite-chalcopyrite assemblage surrounding a grain of magnetite

(in the center).

A.4. Backscatter Electron (BSE) Images

This section aims to present textural images that were not possible to include

directly in the chapter, but that further illustrate some concepts discussed. All of those
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pictures were captured during electron probe microanalysis and were taken using

backscattered electrons.

Figure A.4. Both images aim to show the size of exsolution lamellae in many orthopyroxenes of
the Clapham Section. While larger lamellae can be seen, many samples have these extremely fine
grained, hard to avoid, exsolution lamellae; a) Basal Ultramafic Sequence, sample CH7 970.00;

b) Marginal Zone, sample CH7 49.59.

Figure A.5. (left) anhydrite grain in sample CH7 672.36, where it appears in less quantity. One
other feature of this sample (not seen in others) is a symplectitic texture between orthopyroxene

and iron oxide; (right) anhydrite and associated apatite, in sample CH7 1108.
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Figure A.6. All images aim to provide further examples of anhydrite grains included in

orthopyroxenes, in samples CH7 1108.46 and CH7 970.00, suggesting that anhydrite is an early
crystallized phase.
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Figure A.7. Two images on the left (A and C) show sulfide textures in the Basal Ultramafic Sequence:
association of pyritet+chalcopyritetpentlandite; image A shows also magnetite associated with this
assemblage. On the right (B and D), images of sulfides from Marginal Zone sample CH7 201.15, with

evidence for late addition of sulfur (“sulfide veinlets”).
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Appendix B

B.1. Sample description

The classification of all xenoliths and their sample number is detailed in Table B.1.

Samples FRB914, FRB1302, FRB1323, and FRB1359 are listed as classified by Carlson et al.

(1999).

Table B.1. List of Premier xenolith samples, with their petrological classification.

Sample Rock name

FRB1352  Garnet lherzolite
FRB1309  Garnet lherzolite
FRB1375  Spinel harzburgite
FRB1655  Spinel harzburgite
FRB1657 Garnet harzburgite
FRB1331.3 Spinel dunite
FRB1370  Phlogopite dunite
FRB1656 Garnet harzburgite
PHN5247  Spinel harzburgite
PHN5239  Garnet harzburgite
FRB1318 Polymict breccia
FRB1659 Spinel Harzburgite
FRB914 Spinel peridotite
FRB1302 Garnet peridotite
FRB1359  Garnet lherzolite
FRB1323 ---
FRB908D2 Eclogite
FRB908D5 Eclogite
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B.2. Backscatter Electron (BSE) Images

This section aims to present textural images that were not possible to include directly in

the chapter, but that further illustrate some concepts discussed.

Figure B.1. Four different pyrrhotite-pentlandite pairs from sample PHN5247. Note the different degrees
of alteration of sulfides: oxidation reactions and sulfur loss can be inferred from the replacement of

sulfide with magnetite.
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Figure B.2. Textures of sample FRB 1352. Two pictures on the left reflect keliphitic garnet
(lighter gray) in contact with orthopyroxene (darker gray). On the right, remnants of olivine

grains “wrapped” by serpentine. White material associated to the serpentine zones is magnetite.

154



Figure B.3. BSE images from sample FRB1655. The two images on the top show spinel textures
(light gray) and how it is found within this rock. The image on the bottom left shows a small
sulfide (white) associated with the serpentinized portion. On the bottom right, abundant

magnetite (white) can be seen in the serpentinzed portions of the olivine (dark gray).

B.3. Compositional Maps

Elemental maps were obtained for the xenolith samples using the JEOL 8530F electron
microprobe analyzer at Geophysical Laboratory at Carnegie Institution for Science. The elements
were measured through a mix of WDS (wave-dispersive X-ray spectroscopy) and EDS (energy-
dispersive spectroscopy). The run conditions were 15 kV of accelerating energy, 20 nA of

voltage, and a beam size of 1 um. Further descriptions are found in the captions of each figure.
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Figure B.4. Fe-Mg-Ca-Na-Si-S maps of the pyrite and associated onphacite in sample FRB 908D2.
Inclusions within the pyrite grain have a Na-Al-Si composition. Increase in Fe around the borders of the

grain is a possible pseudomorph of original sulfide grain boundaries.
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Figure B.5. Fe-Ni-S-Mg compositional map of sulfide grains from sample FRB 1309. It is possible to
distinguish a sulfide pseudomorph still composed partly by Fe-Ni sulfides, but mostly overprinted by

serpentine.
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