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Abstract

The Swartruggens (156 Ma) and Star (128 Ma) kimberlites are two Group ll, diamondiferous, hypabyssal
kimberlite dyke swarms, situated in the Northern Province and the Free State respectively, South Africa.
Representative samples from all dykes exposed in the mining operations, the Main and Changehouse
Dykes, South Fissure and the barren Muil Dyke at Swartruggens, and the Wynandsfontein, East Star,
Clewer, Bymes and Barren dykes at Star, have been analysed for their major and trace element contents
and Sr, Nd and Hf isotope compositions. Primary kimberlite magma chemistry is subjected to considerable
modification due to the incorporation of both mantle and crustal material during ascent to the surface, crystal
fractionation, and post-emplacement alteration by deuteric fluids. This study aims to constrain the effects of
these processes, and thus {o identify least-modified, close-to-primary, parental magma compositions, with
the view to understanding the source region characteristics of, and the petrogenetic processes giving rise (o,
these kimberlites,

Petrographically the kimberlites at both localities are similar to other South African micaceous kimberiites,
containing rounded, anhedral, macrocrystic olivine (variably altered to serpentine and replaced by calcite}
and kink-banded macrocrystic phiogopite in a fine-grained groundmass of phlogopite, olivine, and carbonate
with or without diopside and minor apatite, perovskite and Fe-Ti oxides. Occasional rounded eclogitic
garnets are present in some sampies. The Muill (barren) dyke at Swartruggens is a lamprophyre and differs
petrographically from the kimberlite dykes in that it consists of euhedral olivine macrocrysts in a groundmass
of phiogopite, diopside and sanidine.

Major and trace element variations are considerable at each locality. The Swartruggens kimberlite has MgQ
= 12.0 - 25.4 wit%, SiO; = 25.1 — 41.6 wit% and KO = 2.44 — 5.77 wt%. In contrast, for similar MgO and K;0
contents (5.5-36.7 wt % and 0.64 — 4.22 wt % respectively), the Star kimberlite is less enriched in SiO, (22.7
- 43.7 wt %). Trace element abundances are equally variable; the Swartruggens kimberiite dykes have La =
124-300 ppm, Zr = 264-1145 ppm and Nb = 80.1 - 351 ppm, and the Star kimberlite dykes have 131 — 285
ppm La, 31.3-410 ppm Zr and 68 - 189 ppm Nb. Compatible element abundances are also variable, with the
Swartruggens kimberlite having Ni = 617 — 1814 ppm, Cr = 1270 — 1845 ppm, and Star NI = 684 — 1988
ppm and Cr = 1800 — 2733ppm. in contrast incompatible trace element ratios are more restricted and are
similar between the two dykes swarms (Swartruggens: ZriHf =450+ 3.9, La/Th =83+ 0.9, Ce/Pb =91 =
2.3, K/Rb =202 + 9.7; Star Zr/Hf = 40.6 £ 5.6, La/Th = 7.0+ 1.2, Ce/Pb = 15 £ 4.0, K/Rb = 196 + 15).

Chondrite normalised rare earth element (REE) patterns define steep, sub-paraliel arrays, which are
strongly enriched in the light REE relative to heavy REE, with average La/Yb, of 97 for the Swartruggens
kimberlite and 205 for the Star kimberlite dykes. Normalised heavy REE abundances are 3 — 15 times
chondrite for the Swartruggens kimberlite and 2 - 6 times chondrite for the Star kimberlite. Primitive mantle
normalised incompatible trace element patterns show strong negative Ti and Sr anomalies, subdued
negative K, Rb, Nb and Ta and positive Pb anomalies for both localities. In addition, the majority of samples



from Swartruggens and Star show slight negative Zr and Hf anomalies. The Muil dyke at Swartruggens is
considerably less enriched than any of the other dykes and shows no Ti anomaly.

The isotopic compositions of the two kimberlites show some variation, both between and within individual
dykes (Swartruggens kimberlites: *'Sr/*®Sr, = 0.707711 to 0.710447, "“*Nd/"™*Nd, = 0.511825 to 0.511855,
THf"THE, = 0.282160 to 0.282244; Star diamondiferous kimberlites: *’Sr/**Sr; = 0.707304 to 0.708724,
"ING/"Nd; = 0.511997 to 0.512040, ""°HI'HE = 0.282472 to 0.282485; Star Barren Dyke: ¥'Sr/®sr, =
0.707183 to 0.707407, "*Nd/"**Nd, 0.512073 to 0.512077, ""®Hf/" "Hf, = 0.282560 to 0.282564). Much of the
variation in Sr isotope composition is argued to be due to interaction with groundwater and minor crustal
contamination, with crustal contamination and peridotite enfrainment accounting for the range in Hf and Nd
isotope compositions. Despite having a similar Sr isolope compaosition to the Star diamondiferous kimberlite
dykes, the Barren Dyke has considerably more radiogenic Nd and Hf isotope compositions and must
originate from an isotopically distinct source region. The Swartruggens Muil Dyke has similar Sr/*Sr to the
Swartruggens kimberlite dykes (*’Sr/®®Sr; = 0.708230 to 0.709797), but has much higher initial “*Nd/"*Nd
(0.511971 to 0.511990). Together with major and trace element evidence, this implies that the Muil
lamprophyre is unrelated to the Swartruggens kimberlite dykes.

Following the isolation of the geochemical effects of alteration and crusta contamination, the geochemical
variation within and between the Swartruggens kimberlite dykes is consistent with up to 50% enfrainment of
peridotite (dominant in the Changehouse Dyke) and minor amounts of olivine and phlogopite fractionation
{dominant within the South Fissure). The primary kimberlite magma is inferred to have a composition
between the trends of peridotite enfrainment and olivine and phlogopite fractionation. The major element
variation within and between the Star diamondiferous kimberlite dykes is consistent with up to 40% dilution
by peridotite (dominant in the East Star Dyke) and small degrees of fractionation of olivine and phiogopite
{dominant within the Byrnes Dyke), and the primary kimberlite magma is similarly inferred to have a
composition between these two trends. However, the variable La/Yb, between the different dykes requires
further explanation, and is interpreted to reflect a continuum of small degrees of partial meiting, with the
Wynandsfontein and East Star Dykes being slightly lower degree partial mells than the Bymes and Clewer
Dykes.

The Swartruggens close-to-primary kimberlite magma contains ~38 wt % SIi0,, =21 wt % MgO, ~8.5 wt %
Ca0 and ~6.6 wt % KO, and is best represented by the Main Dyke. For a similar MgO content (~22 wt %),
the Star close-to-primary kimberlite magma is less enviched In Si0; (368 wt %) and K;0 (3.3 wt %) and
more enriched in Ca0O (~10.5 wt %) than that at Swartruggens, and is best represented by the
Wynandsfontein Dyke. The close-to-primary magmas at both Swartruggens and Star are strongly enriched
in both the compatible and incompatible trace elements, with greater enrichment in the more, relative to the
less, incompatible trace elements relative to primitive mantle. Superimposed on relatively smooth
enrichment patterns, both close-to-primary kimberlite magmas display strong negative K, Ti and Sr
anomalies, subdued negative Nb, Ta and Hf, and strong positive Pb anomalies, when normalised to
primitive mantle values. The primary magmas at both localities have steep chondrite normalised REE



patterns, with greater enrichment in the light REE than the heavy REE. The Swartruggens close-to-primary
kimberlite magma is more enriched in the heavy REE (Gd/Yb, = 6.9) than that at Star (Gd/Yb, = 11.0).

integration of major and trace element and isotopic data allows the nature of the likely source region of the
primary kimberlite magmas to be inferred. Trace element concentrations in source regions of the
Swartruggens and Star kimberlites have been calculated using simple partial melting modelling assuming
low degrees of partial melting of a gamet lherzolite source. For both these Group Il kimberlites, the
calculated source regions are strongly enriched in incompatible trace elements, and, importantly, depleted in
HREE relative to primitive mantle values. Superimposed on relatively smooth enrichment patterns, the
calculated source reglons of the Swartruggens and Star kimberlites show similarly sized strong negative Ti,
K and Sr anomalies when normalised to primitive mantle. Although the negative Ti and K anomalies present
in the kimberlite magmas could be created by residual accessory phases such as phlogopite, K-richterite
and titanates, these phases are argued not to have been residual after the partial melting events giving rise
to these two kimberlites. The inferred deplstion in the heavy REE relative to primitive mantle suggests that
the respective source regions of the Star and Swartruggens kimberlites were located within the lithospheric
mantle, rather than within a convecting asthenospheric or plume mantle, and both sources had experienced
a melt depletion event prior to strong metasomatic enrichment preceding kimberlite genesis. Ce/Pb and
Nb/U ratios of the Swarlruggens and Star kimberlites are similar to those of Karoo and Etendeka flood
basaits, considered by some authors to be of lithospheric origin, but are much lower than those of
asthenosphere derived mid-ocean ridge basalts (MORB) and plume derived ocean island basalts (OIB). The
Sr and Nd isotope compositions of the close-to-primary kimberlite magmas at each locality require a source
region that has been separated from the convecting mantle for some time and thus support a lithospheric
origin for the two kimberlites. Model Nd enrichment ages, calculated relative to depleted mantle and using
the Sm/Nd of the calculated kimberlite source regions, suggest the enrichment event occurred at a minimum
of 1 Ga. The source regions of the Swartruggens and Star kimberlites are thersfore inferred {o be located
within the sub-Gondwana lithospheric mantle. Their geochemical composition does not require a
contribution from Mesozoic plume material prior to or during the break-up of the supercontinent.
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Chapter 1

Introduction

1.1 Kimberlites

Kimberlites are extremely rare, volatile-rich, alkaline igneous rocks. Despite their small total volume, they
have attracted large interest not only because of their economic importance as the main primary host for
diamonds, but also because they are geologically significant for a number of reasons. They are believed to
originate from deeper in the mantle than any other magma type and they carry xenaliths of both upper and
lower mantle that give an important insight into mantle processes (e.g. Wagner, 1914; Boyd, 1987; Finnerty
and Boyd, 1987). The kimberlite magmas themselves are also unusual, being extremely enriched in certain
incompatible trace elements despite their low SiO; and high MgO contents. As hybrid rocks, with widely
diverse petrography, major element geochemistry and texture even within individual intrusions, kimberlites
are difficult to unambliguously define (e.g. Mitchell, 1895). The commonly accepted definition of Clement f
al. (1984), is quoted below:

“Kimberilte is a volatile rich, potassic, ultrabasic, igneous rock which occurs as small volcanic pipes
and sills. It has a distinctively inequigranular texture resulting from the presence of macrocrysts set in
a finer-grained matrix. This matrix contains, as prominent primary phenocrystal and/ or groundmass
constituents, ofivine and several of the following minerals: phiogopite, carbonate (commonly calcite),
serpentine, clinopyroxene (commonly digpside), monticellite, apatite, spinels, perovskite and ilmenife.
The macrocrysts are anhedral, mantie-derived, ferromagnesian minerals which Include olivine,
phiogopite, picroilmenite, chromian spinel, magnesian garnet, clinopyroxene (commonly diopside),
and orthopyroxene (commonly enstatite). Olivine is extremely abundant relative io the ofther
macrocrysts, all of which are not necessarily present, The macrocrysts and relatively early-formed
matrix minerals are commonly altered by deuleric processes, mainly serpentinisation and
carbonitisation. Kimberiite commonly contains inclusions of upper mantle-derived ultramalic rocks.
Variable quantities of crustal xenoliths and xenocrysts may also be present. Kimberlite may contain

diamond but only as a very rare constituent.”

Kimberlites occur world-wide, but are generally confined to Archean / Proterozoic cratons or Proterozoic
stable platforms, with diamonds usually only occurring in on-craton kimberlites (Clifford, 1966; Dawson,
1970). Unlike other kimberlite provinces worldwide, two distinct groups of kimberlites exist in southern
Africa. First identified as petrologically different by Wagner (1914), who termed them “basaltic” and
“micaceous” kimberlites based on the abundance of phlogopits in the latier relative to the former, these two



Chapter 1 Introduction

groups were later discovered to be isotopically distinct (Smith, 1883a). Smith (1983a) termed “Group |
kimberlites” those with *’Sr/**Sr, = 0.7033 - 0.7049, "*Nd/'"**Nd, = 0.51271 — 0.51277, **Pb/®*Pb; = 18.45 -
20.05 and “Group Il kimberlites” those with ®’Sr/*®Sr, = 0.7074 ~ 0.7109, "*Nd/'*Nd, = 0.51208 - 0.51228,
28pp/2%ph, = 17.2 - 17.7. Group | kimberlites broadly correspond to Wagner's “basaltic kimberlites” and are
similar to those found world-wide, whereas Group || kimberlites correspond to Wagner's “micaceous
kimberlites” and appear to be unique to southem Africa. Mitchell (1984) claims that Group i kimberlites are
in fact not true kimberlites and suggested that they be renamed “orangsites”. The UGS now recommend a
characterisation, rather than a definition, of both Group | and Group Nl kimberlites based on their
characteristic mineral assemblages (Le Mailtre, 2002), following the earlier work of Dawson (1980), Clement
et al. (1984) and Mitchell (1984, 1985). A third group of kimberlites “transitional kimberlites”, with mineralogy
and isotope geochemistry intermediate belwsen Group | and Group I kimberlites, have also heen
recognised (Skinner, 1989; Skinner of a/., 1992).

Kimberlite intrusions most commonly form pipes or “diatremes”, with vertical axes and steep (75 — 85°%)
margins, consisting primarily of diatreme facles kimberlite or tuffistic kimberlite breccia (Clement, 1882).
These are thought to arise due to build up of pressure as vapour phases segregate from the kimberlite
magma at depth (e.g. Wyllie, 1980) or dus to interaction of the kimberlite magma with groundwater in the
crust, leading to rupturing of the country rock and explosive phreatornagmatic emplacement (Lorenz ef al.,
1999). Kimberlite diatremes commonly contain abundant xenolithic and xenocrystic material, including
bodies of country rock, and are often pervasively altered by low temperature deuteric and weathering
processes (Clement, 1982). Howsver, kimberlites also occur as hypabyssal dykes and sills, which may be
associated with root zones of distremes (as precursor, conternporaneous, or crosscutting intrusions;
Clement, 1982), but are also emplaced in settings apparently unrelated to major pipes. Dyke systems such
as these may represent volumes of magma either too small, or with volatile contents too low, for explosive
emplacement, or intrusion into host rock structures that are not conducive to pipe formation (e.g. Gurney
and Kirkisy, 1998). Alternatively, these dvke systems may be feeders to pipes that have now been eroded
away {Gumey and Kirkley, 1996).

1.2 Models of kimberlite petrogenesis

Over the last thirty years, kimberlites have been studied from many angles, from their mantle xenoliths,
diamonds and their inclusions, megacrysts and using experimental petrology, as well as the bulk rock major
and trace element geochemistry and radiogenic isotope systematics of the kimberlite magmas themselves.
Kaapvaal craton mantle xenolith geothermobarometry (e.g. Finnerty and Boyd, 1987) has yielded
geotherms that approximately correspond to the 40mW/m? conductive model geotherm of Pollack and
Chapman (1977). Therefore, using the graphite-diamond phase boundary of Kennedy and Kennedy (1976),
the origins of diamond-bearing kimberlites of the Kaapvaal craton are constrained to pressures greater than
approximately 5GPa. Kimberlites are commonly thought to have equilibrated against residual garnet, due to
the depletion in heavy rare earth elements (REE) relative to basaltic magmas and the low Al,O3 contents of
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the magmas (e.g. Tainton and McKenzie, 1994). On this basis, their major element abundances consirain
their origin to pressures greater than 6GPa, using phase petrology known to date (Sweeney and Winter,
1999). A deeper origin has been proposed for some kimberlites due to the presence of high pressure
minerals such as majorite and ferropericlase included in diamond (e.g. Moore and Gumey, 1985, 1989; Hart
and Harris, 1994), Although supported by the experimental data of Ringwood et al. (19982) and Kesson et al.
(1994), this is in conflict with the study of Canil and Scarfe (1990), who reported that although
protokimberlitic magmas may exist at depths greater than 7 GPa, such magmas are not erupted on the
Earth's surface.

The high degree of enrichment of the incompatible elements in kimberlites indicates that they formed from
small degrees of partial melting (e.g. Tainton and McKenzie, 1994; le Roex ef al., 2003). Experimental work
has confirmed that kimberlite-like magmas can be produced by small degrees (1-2%) of melting of
carbonated garnet therzolite at pressures between 5 and 7 GPa (Eggler and Wendlandt, 1979; Wyilie, 1980;
Canil and Scarfe, 1990; Gimis ef al.,, 1995; Dalton and Presnall, 1998, Ulmer and Sweeney, 2002), with a
number of these experiments llustrating the importance of CO, and H;0 in the starting composition. The
experimental data of Ringwood et al. (1892), suggested a transition zone origin (14 GPa) although on later
revision these workers conceded that they could not preciude melting at around 300 km depth (Kesson et
al., 1994).

There is much evidence for a relationship between kimberlites and mantle plumes or hotspots (Crough et
al., 1980, le Roex, 1988) and the backiracking of hotspots and plate motions world wide reveals a
correlation that is significant at the above the 80 % level (Crough et al., 1980). South African Group |
kimberlites have frace slement ratios (e.g. Nb/U and Ce/Pb) similar to those of ocean island basalts (le
Roex ef al., 2003) and, together with other kimberites world wide, have Sr, Nd, Pb and Os isolope
systernatics consistent with an asthenospheric origin (Smith, 1983a; Pearson et al., 1995, 2003a). However,
the theory of protokimberlitic magmatism beginning at the core-mantle boundary, based on the timing
correlation between periods of kimberlite eruption and perturbation of the geomagnetic field, interpreted to
reflect disruption of the D" layer and the beginning of a mantle plume (Haggerty, 1994), has recently been
rejected based on whole rock W isotope systematics of kimberlites (Schersten eof al,, 2004). The recent work
of le Roex ef al. (2003), and Harris of al. (2004) suggests the relationship between Group | kimberlites and
hotspots, is rather one of metasomatism of a lithospheric source by sub-lithospheric, plume derived mells or
fluids, than of an entirely sub-lithospheric origin.

Although & sub-lithospheric contribution to the source region of Group | kimberlites remains undisputed,
there is considerable evidence this may not be the case for the source region of Group Il kimberlites. Smith
(1983a) proposed that the isotopic systematics of Group li kimberlites require a source in enriched mantle
that has beén separated from the convecting mantle for some time. Using inversion modelling of trace
element data, Tainton and McKenzie (1994) iliustrated that the source region of Group Il kimberlites had
suffered a depletion event, with subsequent strong enrichment, prior to kimberlite genesis. The source
region of these kimberlites must be separated from the convecting mantle for this depleted signature to be
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preserved. Experimental evidence neither confirms nor refules this theory, as those studies suggesting a
deeper origin for kimberlites (Ringwood et al., 1992) were carried out on kimberlitas of Group | composition.
In an experimental study on Group H kimberlites, Ulmer and Sweeney (2002) constrain their origins merely
to pressures greater than 8GPa.

Several lines of evidence, however, have been proposed to suggest that a sub-lithospherlc origin for Group
il kimberlites cannot, as yet, be completely rejected. le Roex (1986) suggested that the isotopic systematics
of Group Il kimberlites do not preclude an sub-lithospheric origin. He noted that Group Il kimberlites have
similar isotopic systematics and trace element ratios to those of Dupal ocean island basalts (OIB), generally
consideraed fo be related to mantle plumes containing a proportion of subducted oceanic crust, whereas
Group | kimberlites have isolopic systematics similar fo non-Dupal OIB. In addition the most radiogenic Os
isotope compositions of Group Il kimberlites are similar to those of Group | kimberlites, supporting an origin
for both in the convecting asthenoshere (Pearson ef al.,, 2003a). Hf isotope systematics have also been
used to argue for a common source for Group | and Group Il kimberlites, as the continuum in Hf isolope
compositions between the two groups is not considered supportive of entirely separate source regions
(Nowell et al., 1999, 2004; Dowall et al., 2003a). However, unlike Group | kimberlites as discussed below,
the Hf isotope systematics of Group Il kimberlites are not widely different from those of other mantle mells
and thus Hf isotope avidence cannot refute a lithospheric origin for Group il kimberlites (Nowell ef a/., 2004).

Another important aspect to consider in the petrogenesis of kimberlite magmas is the role of subducted
slabs. Following the ideas of Sharp (1974) and Helmstaedt and Gumey (1984, 1897), McCandiess (1889)
proposed that kimberlite magmatism is triggered by the presence of deep-seated subducted oceanic slabs.
He proposed that spatial-temporal trends in kimberlite magmatism in southern Africa and North America are
correlated with reductions in plate convergence over the last approximately 200 Ma, and that the quantity of
water held by a slab is enough to trigger significant melting. The transition zone origin theory of Ringwood et
al. (1992) also favours that this boundary layer was refertilised by partial melts from a subducted slab.
Nowell ef al. (1999, 2004) report that the deviation in Hf isotope systematics from the well defined mantie
array in Hf-Nd space, particuiarly apparent in Group | kimberiites, cannot be accounted for by a source
region consisting of lithospheric or entirely asthenospheric mantle. These authors proposed that the
signature reflects a conlribution o the source region from a subducted slab within the sub-lithospheric
mantle. Support for this hypothesis can be acquired from the high pressure melting experiments of Edgar ef
al. {1988), and Edgar and Charbonneau (1993) on the Wesseiton Group | kimberlite. These experiments
demonstrated that the composition of this kimberlite does not require derivation from a source containing
either orthopyroxene or olivine, and that the primary magma may have been derived by partial melting of a
garnetitic or eclogitic assemblage from a subduction-related process. However, on the basis that Os isotopic
compositions of kimberlites are not more radiogenic than OIB (Pearson et al, 2003a), these authors
concluded that kimberlites cannot be derived solely from subducted slabs.
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1.3 Purpose and scope of this study

Due to their hybrid nature and susceptibility to alteration, the bulk-rock geochemistry of kimberlites has
commoniy been thought to be far removed from that of the primary kimberlite magmas (e.g. Mitchell, 1995).
Therefore, relatively little work has been done to date using the bulk-rock geochemistry of kimberlites to
quantitatively evaluate thelr source region characteristics and the petrogenetic processes giving rise to
kimberlites. Major and trace element analyses of kimberlites have been frequently reported, but generally on
a rmore regional basis and without attempt to identify primary magma compositions (e.g. Dawson, 1971,
1980; Fesq et al., 1975, Kable ef al., 1975, Clement, 1982; Shee, 1985). So far only one major study, that of
Tainton and McKenzie (2004}, has provided a combined major and trace element and isotopic approach to
modelling the source regions of Group I Kimberlites. The recent work of Price ef al., (2000} on the Jericho
pipe in Canada, le Roex ef al. (2003) on Group | kimberlites from Kimberiey, and Harris ef al. (2004) on the
off-craton Group | Uintjiesberg kimberlite, has demonsirated the use of a suite of samples from one locality
in quantifying the effects of secondary processes on a kimberlite magma, allowing isolation of the close-to-
primary magmas compositions, which can then be used to model source region characteristics. This has
been shown io yield valuable information about the source regions of, and the petrogenetic processes giving
rise to, these kimberlites.

This study is focussed on two Group Il kimberlite dyke swarms, Swartruggens and Star, located on the
Kaapvaal craton in South Africa. Both dyke swarms are currently being mined to considerable depths, giving
access to relatively fresh kimberlite samples. Sample suites from each of the exposed dykes at
Swartruggens and Star have been petrographically described and analysed for a range of major and trace
element abundances, and Sr, Nd and Hf isotopes, with the following objectives in mind:

¢  To document and describe the major and trace element and Sr, Nd and Hf isolope compositions of the
Swartruggens and Star kimberlite dykes, to evaluate the variation within and between individual dykes at
each locality, and to compare the two localities to each other and to other South African Group il and Group
| kimberlites.

e To use the sets of data from each localily to assess the effecis of alteration, crustal assimilation,
peridotite entrainment and crystal fractionation on the bulk rock geochemistry of the samples studied, and
s0 to isolate the major and frace element and isotopic characleristics of the primary kimberlite magmas.

e Using the close-to-primary kimberlite magma compositions, to quantitatively model the source region
trace element characteristics at each locality, and to thus constrain the pelrogenetic processes giving rise o
the Swartruggens and Star kimberiite magmas.

o To assess the lithospheric versus asthenospheric contributions to, and evolution of, the source regions
at each locality.
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Geological Setting and Sampling

2.1 Introduction

Southern Africa is peppered with occurrences of both Group | and Group Il kimberlites, occurring both on
and off the Kaapvaal craton, a stable Archean shield with a surface area of 1.2 x 10® Km? (de Wit et al.,
1992) and roots that are at least 3.3Ga (Richardson et al., 1984). The distinction between on- and off-craton
kimberlites is important principally from an economic perspective, as those that occur on-craton may be
diamond bearing, whereas those that occur off-craton are generally not (Clifford, 1966). The locations of
some major kimberlite provinces in South Africa relative to the Kaapvaal craton are illustrated in Figure 2.1.

2.2 Location of the Swartruggens and Star kimberlite dyke swarms

Both the Swartruggens and Star kimberlite dyke swarms are both located on the Kaapvaal craton in South
Africa (Figure 2.1). The Swartruggens kimberlite is situated in the centre of the craton, approximately 60km
West of Rustenberg, in the Northwest Province (McKenna, 2001, Figure 2.1). The Star kimberlite is located
in the centre of the southern extent of the craton, 10km North of Theunissen (Hill, 1989; Figure 2.1).

2.3 Nature and geological setting of the Swartruggens kimberlite dyke swarm

The Swartruggens kimberlite is a Group Il micacsous kimberlite {e.g. Smith, 1983a and b) consisting of a
series of en echelon kimberlite dykes, which trend East-West for a minimum strike length of 7km (Gurney
and Kirkley, 1886). Two principal parallel dykes occur at Swartruggens, the Main Dyke, which represents
the first intrusive phase (Klump, 1295) and has the highest diamond grade of any kimberlite in South Africa
(Gurney and Kirkdey, 1896}, and the crosscutting sub-economic Changehouse Dyke. The estimated
diamond grade of the Changehouse Dyke is up to 90% lower than that of the Main Dyke (McKenna, 2001).
The Main Dyke reaches up to 80cm in width, whereas the Changeshouse dyke is typically only 20-40cm wide
(Gumey and Kirkisy, 1996; McKenna, 2001). In addition, the North and South Fissures are encountered to
the eastern extent of the dyke swarm, in the Third Lease section of the mine. A fifth dyke, the barren Muil
Dyke, occurs in the western 2-3km of the dyke system. This dyke contains neither diamonds nor other
indicator minerals (Gurney and Kirkley, 1996} and is argued by some to be a lamprophyre rather than a true
kimberlite (e.g. Skinner and Scott, 1979). The Muil Dyke crosscuts the kimberlite dykes (Klump, 1995), but
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contacts are gradational indicating that it was emplaced at @ similar time (Gurney and Kirkley, 18986}
However, the genetic relationship of the Mwl Dyke to the kimberite dykes has not previously been
astablished, Using Rb-5r dating of phicgopite macrocrysts, Smith et af. {19853} acquired an age of 156 113
iMa for the kimberlite dykes, Although one Muil Dyke sample was included in the study of Smith et af,
{1985a), and it appeared to plot on the isochron of the kimberlite dykes, it cannot be concluded that the huil
dyke is related to the kimberlite dykes.

The Precambrian Transvaal Sequence of andesific lavas and metasediments host the Swartruggens
kimberlite (MckKenna, 2001}, At the surface, the kimberlite dykes intrude |avas and shales to approximatsly
1km depth, below which is a layer of shale and slate approximately 1.5km thick (Guernay and Kirkley, 1996},
A thick sequence of Chuniespoort dolomita is encountered at approximately 2km depth (Gurney and Kirkley,
1956 Kirkley, 1887). The incompatent, fracturad nature of the host shales causes a wide range in thickness
of the dykes along strike, lenses sometimes pinch or end sbruptly, and intertwining of the dykes is commeon
(Gurney and Kirkley, 1986). The Swartruggens kimberlite occurs in close proximity to the Bushveld complax,
and it exploits Bushveld related structures during eamplacement (MoKenna, 2001, Unfertunately, a detailed
map of the cutcrop of the Swartruggens kimberlite dykes is not available.
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2.4 Nature and geological setting of the Star kimberlite dyke swarm

The Star micaceous kimberlite consists of a series of East-West trending en echelon dykes with a strike
length of 5 km and is part of a larger (15km long) system of dykes and a number of associated small blows
(Hill, 1989; Figure 2.2). It has been dated using the K-Ar method at 124 Ma (Mcintyre and Dawson, 1976).
From East to West, the Star dyke swarm consisis of the Wynandsfontein, East Star, Byrnes, Micaceous or
Barren, Clewer and South Fissure Dykes (Figure 2.2). The diamond grade of the Star kimberlite dykes
varies from zero in the Barren Micaceous Dyke to as high as 150ct/100 tonne for the East Star Dyke
(Campbell, 1975). The Bymes Dyke yields an average grade of approximately 40 ct/100 tonne (Gurney and
Hatton, 1988). The South Fissure intersects the Clewer Dyke and extends further {o the East (Figure 2.2).
This dyke has a widely variable diamond grade, and possibly represents a mixture of the Barren Micaceous
Dyke and the economic Clewer Dyke (Gurney and Kirkley, 1996). The Phoenix Pipe, a small blow located at
the western end of the dyke system postdates the kimberlite dykes (Hill; 1989; Figure 2.2). At the surface
the dykes consist of multiple thin stringers rather than single discrete intrusions, but at depth the stringers
consolidate into fewer, wider intrusions with dyke widths commonly 45 - 60 cm, although widths of 90 -
100cm are sustained over short distances (Gurney and Kirkley, 1996).

The country rocks hosting the Star kimberlite dyke swarm are Late Permian to Early Triassic shales,
sandstones and dolerites of the Beaufort Series of the Karoo System (Hill, 1988), which overly Precambrian
basement gneisses (Kirkley, 1987).
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Figure 2.2 Schematic map showing the outcrop of the Star kimberlite dykes in the Theunissen area. After Hill (1989}
and Gumey and Kirkisy (19686).
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2.5 Sampling

Samples, numbseraed NC 004 - 014, were collected from each of the exposed dykes at Swartruggens (the
Main, Changehouse, South Fissure and Muil Dykes) for this project during a visit to the Helam mine in
January 2002. Samples NG 001 to NC 003 were collected during the same visit from the Third Lease
mining dump. Since both the North and South Fissures had been mined in this area and it is uncertain to
which dyke the samples belong, these samples are referred to as “Third Lease samples” throughout this
work. it will be demonstrated, however, that these samples are geochemically distinct from those obtained
from the South Fissure, and thus they are more likely to represent the North Fissure. A further collection of
samples was taken from the University of Cape Town mantle room collection, collected by John Gurney and
Jens Klump. A full list of samples from the Swartruggens kimberlite analysed in this work and their localities
is reported in Appendix 1, together with individual petrographic descriptions and photomicrographs.

The majority of the Star samples analysed in this work are from the University of Cape Town mantle room
collection, and were collected by John Gurney and Stuart Hill. Samples NC 050 - 054 were collected for this
proiect during a visit to the Star mine in July 2002. Samples taken from the Barren Micaceous Dyke have
widely differing abundances of mica, and this dyke is hereafter referred to simply as the “Barren Dyke”. A full
list of samples from the Star kimberlite analysed in this work and their localities is reported in Appendix 2,
together with individual petrographic descriptions and photomicrographs.
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Petrography

3.1 Introduction

Petrographically kimberlites are diverse rocks, and consequently definitions based on their mineralogy are
complex and often confusing. Their mineralogy is complicated by the presence of xenoliths and xenocrysts
of both mantle and crustal material entrained by the magma en route to the surface, and by the alteration of
primary phases by late stage deuteric fluids. In addition, kimberlites are permeable and porous, and so are
susceptible to large quantities of groundwater infiltration, which further alters the primary minerals as well as
crystallising secondary minerals such as calcite. Consequently the IUGS (Le Maitre, 2002)‘ recommend a
mineralogical characterisation, rather than a definition, of Group Il Kimberlites, as quoted below:

"[Group H kimberlites] are characterised by phlogopite macrocrysts and microphenocrysts, logether with
groundmass micas which vary in composition from ‘“tetraferriphlogopite” lo phlogopite. Rounded
macrocrysts of olivine and euhedral primary crystals of olivine are common but are not invariably major
constituents.

Characteristic primary phases in the groundmass include: diopside, commonly zoned to, and mantled by,
titanian aegirine; spinels ranging in composition from Mg-bearing chromite to Ti-bsaring magnelite; Sr- and
REE-rich perovskite, Sr-rich apalite; REE-rich phosphates (monazite, dagingshanite); potassian barian
titanites belonging to the hollandite group; potassium triskaidecatifanites (K,Ti:0u); Nb-bearing rutile and
Mn-bearing iimenite. These are set in 8 mesostasis that may contain calcite, dolomite, ancylite and other
rare-earth carbonates, witherite, northesite and serpentine.

Evoived members of the group contain groundmass sanidine and potassium richierite. Zirconium silicates
{wadsite, zircon, kimzeyitic gamet, Ca-Zr-silicate) may occur as groundmass minerals. Barite is a common
deuteric secondary mineral.”

Both the Swartruggens and Star kimberlites have been previously identified as micaceous Group i
kimberlites. The petrography of the Swartruggens kimberlites has previously been studied by Skinner and
Scott (1979), Allen (1990), and Hammond and Mitchell (2002). The pefrography of the Star kimberlite has
previously been described by Skinner (1978). However, detailed petrographic examination of the samples
studied in this work is important, not only to document petrographic similarities and differences between
individual dykes at each locality and between the two localities, but also to assess the degree of alteration,

10



Chapter 3 Petrography

crustal contamination and peridotite assimilation, all of which may have affected the whole-rock
geochemistry of the analysed samples. In this chapter the petrography of each of the kimberlites is
summarised, and modal proportions (in volume %) of each of the dykes at Swartruggens and Star, based on
visual estimates, are given in Tables 3.1 and 3.2, respectively. However, it should be recognised that many
of the samples are heterogeneous on a hand-specimen scale, particularly with respect to the abundance of
macrocrysts and the degree of alteration. Thin sections are thus not necessarily representative of the entire
sample. The Individual dykes are then further classified according o the scheme of Skinner and Clement
(1979) who proposed that prefixes should be added In order of increasing mineral abundances. Detalled
petrographic descriptions and photomicrographs of each individual sample are given in Appendices 1
(Swartruggens) and 2 (Star). In the following descriptions, the term macrocryst is used for crystals larger
than 2mm in size (Mitchell 1995). Minerals belonging to the macrocryst suite have previcusly been attributed
{o disaggregated mantle peridotite assimilated by the kimberiite en route to the surface {e.g. Clement, 1982,
Shee, 1985, le Roex et al,, 2003). However, in accord with previous kimberlite studies, the term macrocryst
is preferred to xenocryst, as it is free from genetic inferences (Mitchell, 1995). Many of the macrocrysts at
both localities are fragmented, and anhedral fragments smaller than 2mm are also classed with the
macrocryst suite, with the term phenocryst being reserved for euhedral or subhedral crystais between
0.5mm and 2mm which are believed to have crystallised from the kimberdite magma. The term
microphenocryst is used to describe subhedral to euhedral crystal iess than 0.5mm in size, set in a finer
grained or interstitial groundmass.

3.2 Petrography of the Swartruggens kimberlite dykes

The petrography of the Swartruggens kimberlite dykes has been determined optically from nineteen thin
sections (3 from the Third Lease, 7 from the Main Dyke, 4 from the Changehouse Dyke and 4 from the
South Fissure). Individual petrographic descriptions of the samples are reported in Appendix 1, with
photomicrographs of each sample. Petrographically, the Swartruggens Mull Dyke differs in many ways from
the Swartruggens kimberlite dykes and it will be discussed separately in Section 3.3.

321 Texture

The Swartruggens kimberlite dykes typically have a macrocrystic texiure, containing between 10 and 50
volume % macrocrysts in a fine-grained groundmass, although macrocrysts are widely variable in
abundance within individual dykes (Table 3.1). The most macrocrystic samples are from the Changehouse
Dyke (Plate 3.1a), which contains at least 28 volume %, and up to 50 volume % macrocrysts, whereas
some macrocryst-poor and aphanitic samples, with less than 10 volume % macrocrysts, are found within the
Main Dyke and Third Lease (Plate 3.1b; Table 3.1). The South Fissure samples contain between 20 and 35
volume % macrocrysts. The macrocryst suite is composed dominantly of olivine with subordinate phlogopite
in these samples, with olivine comprising almost the entire macrocryst suite of the Changehouse Dyke
(Table 3.1). Phenocryst proportions in the Swartruggens kimberlites range up to 40 volume % and are most
abundant in the Changehouse Dyke, where they comprise 20 to 40 volume % of the rock (Table 3.1). The
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Third Lease samples contain between 10% and 30% phenocrysts, and the Main Dyke and South Fissure
contain between 10 and 20 volume % phenocrysts. Phlogopite is the most abundant phenocryst phase in all
the Swartruggens kimberlites, although diopside phenocrysts are also present in the Changehouse Dyke
and present in minor amounts (up to 2 volume %) in the other dykes, and olivine phenocrysts are present in
some Changehouse Dyke samples. The groundmass of the Swartruggens kimberlite dykes is fine-grained
with equigranular microphenocrysts approximately 0.1 to 0.2 mm in size of phlogopite and calcite, and an
interstitial matrix of carbonate and serpentine. Diopside is present in small amounts throughout the
groundmass of the Changehouse Dyke, South Fissure and Third Lease samples, but only occasionally
present in minor amounts in the Main Dyke groundmass (Table 3.1).

Flow features are evident in all the Swartruggens kimberlite dykes, with macrocrysts, phenocrysts and
groundmass minerals commonly aligned parallel to the dyke margins. The macrocrysts are sometimes
separated into bands parallel to the fabric of the rock, and the groundmass minerals are commonly bent
around the macrocrysts (Plate 3.1¢).

Table 3.1 Modal proportions (volume %), based on visual estimates, of the main macrocryst, phenocryst and
groundmass phases In the Swartruggens kimberlite dykes and the Muil lamprophyric dyke. Other = serpentine, chiorite,
opaque oxides, apafite, perovskite.

Changehouse
Dyke Third Loase Main dyke Dyke South Fissure Mull Dyke
Macrocrysts 1025 10- 30 2550 2035 5.25
Olivine 5-20 5-20 2045 1030 5-25
Phlogopite <510 <515 <5-10 <5 - 10 -
Phenocrysts 10 - 30 1020 2040 10 - 20 10- 20
Phiogopite 10-30 1020 1530 1020 0-~5
Diopside <2 <1 510 < 1 <2
Olivine - - 0-5 - 5-10
Groundmass 45 - 80 50 — 80 20-40 40 —70 50 -85
Phlogopite 30-40 40-70 15— 30 3080 25-40
Calcite 10 - 30 <5-10 <§ 5-10 0-20
Diopside <§ <9 <5 <2 520
Olivine - - <3 - 5-10
Sanidine - - - - 10-30
Other 510 1-10 1 <9 2-5

3.2.2 Macrocryst Phases

Olivine is the most abundant macrocryst phase in the Swartruggens kimberlite dykes, and constitutes up to
95% of the macrocryst suite. As well as having a generally higher proportion of macrocrysts, the
Changehouse dyke contains a higher proportion of olivine relative to phlogopite in the macrocryst suite, with
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olivine macrocrysts constituting 20 to 45 volume % of the samples (Table 3.1). Olivine macrocrysts
constitute similar proportions of the Main Dyke and Third Lease samples (5 - 20 vol. %; Table 3.1) and are
slightly more abundant (10 - 30 vol. %; Table 3.1) in the South Fissure. In all the Swartruggens kimberlite
dykes the olivine macrocrysts are rounded, anhedral and many are strained (Plate 3.1a, ¢ and d). They
range up to 8mm in size although larger macrocrysts are frequently fractured and many smaller
(approximately 1mm diameter) fragments are present throughout the groundmass. The olivine macrocrysts
are variably altered and very little or no fresh olivine remains; they are commonly complstely serpentinised,
and often further partially or completely replaced to calcite (Plate 3.1 ¢, d and f). Where replacement by
calcite occurs, it is usually around the edge of the crystals and along fractures first. Some olivine
macrocrysts are also partially replaced by phlogopite, especially around the edges of the crystals (Plate
3.1d). Opague Fe-Ti oxides, up to 0.1mm in size, are common around the rims of, and sometimes within,
relic olivine macrocrysts and are inferred to have formed during the breakdown of the olivine.

Phiogopite forms the remainder of the macrocryst suite in the Swartruggens kimberlite dykes. Phiogopite
macrocrysts are most abundant in the Main Dyke, constituting less than 5 to 15 volume % of the samples
and up to 50% of the macrocryst suite (Table 3.1). In the other Swartruggens kimberlite dykes phiogopite
macrocrysts are less abundant (up to 10 vol. %, Table 3.1) and constitute only approximately 20 % of the
macrocryst suite. The phlogopite macrocrysts tend to be smaller than the olivine macrocrysts but range up
to 6mm in size. They are anhedral and rounded, and cornmonly elongate. Many phlogopite macrocrysts are
extremely strained, with undulose extinction, and show extensive fracturing and kink banding. Some of the
macrocrysis are torn apart along cleavage planes and infilled with calcite (Plate 3.1e and f). Many
phlogopite macrocrysts are optically zoned, usually with darker cores than rims. In some samples the
phlogopite has thin rims of tetraferriphlogopite. Some phiogopite macrocrysts are partially altered to chlorite,
particularly within the Third Lease samples, although this is not pervasive within individual thin sections.

Representative major element analyses of phlogopite macrocrysts in the Main and Changehouse Dykes are
reported in Table 3.2. The phlogopite macrocryst cores have compositions typical of mantle phlogopite (e.g.
Gregoire ef al.,, 2002), with FeO" contents ranging from 4.27 - 5.19 wt % and Al,O; contents ranging from
12.0 - 14.4 wt % (Table 3.2). The macrocryst rims have major element abundances consistent with the
petrographic observation of tetraferriphlogopite rims, with higher FeO* (up to 10.5 wt %; Table 3.2) and
supprassed AlbOs contents (8.19 — 11.5 wt %). TiO, contents are also slightly higher in the rims than the
cores of the phlogopite macrocrysts (rims TiO, = 1.88 — 2.06 wt %; cores TiO, = 1.43 — 1.88 wt %, Table
3.2).

Although only olivine and phlogopite macrocrysts were observed in the thin sections of samples used in this
study, McKenna (2001) and Klump (1995) report garnet macrocrysts in the Main and Changehouse Dykes.
in both dykes the garnets are of harzburgitic, Iherzolitic and eclogitic origin, with considerably fewer eclogitic
garnets in the Changehouse Dyke than the Main Dyke (McKenna, 2001).
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Table 3.2 Representative major element analyses of phlogopites from the Swartruggens kimberlite dykes and the Muil
lamprophyre. Mac = macrocryst; g'mass = groundmass; FeO* = total iron as FeQ; Mg# = atomic Mg/(Mg + Fe®") with
Fex0s Fe = 0.2, Alomic proportions for these analyses have been calculated and are reported in Appendix 1,

Dyke Main dyke
Sample NC 006 NG 008 NC 008 NC 008 NC 008 NG 010 NG 010 NC 010
Description | Phlog mac Phiog mac _ Phiog mac_Phlog g'mass Phiog g'mass  Phlog mac  Phlog mac  Phiog mac rim
810, 42.3 42.3 41.2 431 42.4 42.2 41.8 41.0
TIO, 1.65 1.64 1.57 1.76 1.54 1.43 1.88 206
ALO, 13.0 120 12.4 114 7.97 12.6 12.4 8.18
FeO* 4.76 5.19 4.94 4.80 0.24 4.90 4.46 10.5
MnO 0.02 0.02 0.05 0.02 0.07 0.04 0.06 0.08
MgO 247 23.9 25.1 24.8 24.2 24.4 239 246
Ca0 0.02 0.04 0.02 0.03 0.09 0.01 0.02 012
Nas O 0.23 0.30 0.19 0.20 0.12 019 0.24 0.25
K0 10.8 102 10.2 9.81 9.08 10.4 10.1 10.2
Total 97.5 05.6 95.8 85.8 84,7 86.2 94.8 96.9
| Mg# 0.91 0.80 0.91 0.91 0.84 0.91 0.91 .82
Dyke Main Dyke Changehouse Dyke
Sample NG 010 NC 010 NG 010 NC 010 NG 010 NG 009 NG 008 NG 008
Description | Phlog macrim Phiog g'mass Phlog g'mass Phlop g'mass Phlog g'mass| Phlog mac _Phlog g'mass Phlog g'mass
510, 38.2 42.2 421 41,8 416 40.1 42.5 40.5
TiO, 1.88 1.60 1.79 1.65 1.68 1.63 2.05 1.82
AlOs 11.5 12.2 12.8 12.3 11.3 14.4 10.2 12.1
FeO* 8.13 4.95 4.33 553 6.57 4.27 5.58 4.57
MnO 0.06 0.01 0.03 0.06 0.04 0.02 0.08 .00
MgO 24.1 25.1 24.2 25.3 25.5 25.3 24.5 24.5
Ca0 0.00 0.08 0.03 0.03 0.03 0.08 0.14 0.08
Na0 0.21 0.18 0.12 0.13 0.13 0.25 0.24 0.15
K0 11.8 10.7 10.8 10.8 10.5 11.1 8.72 9.62
Total 95.9 97.1 95.6 97.3 g7.4 g7.2 94.0 93.3
| Mgl 0.86 0.91 0.92 0.90 .89 0.92 0.80 0.91
Dyke Changehouse Dyke Mull Dyke
Sample NC 008 NC 003 NC 012 NC 012 NC 012 NC 012 NC 042 NC 012
Description | Phlog gmass Phlog g'mass | Phlog g'mass Phlog g'mass Phlog g'mass Phlog g'mass Phlog g’'mass Phlog g'mass
Si0, 41.0 394 38.3 37.8 39.8 39.6 38.3 40.1
TiO, 1.92 1.47 3.87 3.74 3.33 3.75 3.41 3.08
AlOs 12.9 11.8 11.9 12.0 11.9 12.7 11.3 10.2
FeO®* 4.45 5.65 742 8.25 7.76 7.06 7.14 9.67
MnO 0.06 0.04 0.05 0.07 0.04 0.05 0.09 0.09
MgO 248 23.0 22.0 21.5 236 228 239 216
Ca0 0.02 0.09 0.10 0.04 0.02 0.12 0.10 4.06
Na,O 0.24 .11 0.18 0.14 0.21 0.16 0.16 0.66
K0 9.94 10.9 8.96 8.06 8.58 9.57 8.55 5.88
Total 95.1 92.5 92.7 92.6 85.2 95.6 939 95.3
| Mg# 0.92 0.89 0.85 0.84 0.86 0.86 0.87 0.82

3.2.3 Phenocryst phases
By far the most abundant phenocryst phase in the Swartruggens kimberlite dykes is phlogopite, which is
usually euhedral or subhedral but often occurs as lath-shaped crystals up to 2mm in length. The phlogopite
phenocrysts are usually pale brown in thin section, displaying weak pleochroism, and are commonly
optically zoned. Most of the phlogopite phenocrysts are rimmed to variable extents by tetraferriphlogopite.
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Phlogopite phenocrysts constitute between 10 and 20 volume % of the Main Dyke and the South Fissure,
and between 10 and 30 volume % of the Third Lease samples (Table 3.1). In the Changehouse Dyke,
phlogopite phenocrysts are slightly more abundant and constitute 15 to 30 volume % of the dyke (Table
3.1). In some samples, particularly those from the Third Lease, some of the phlogopite phenocrysts are
severely altered to chlorite, but this is not pervasive throughout individual thin sections and, in general, the
phiogopite phenocrysts are fresher than the phiogopite macrocrysts.

Diopside phenocrysts usually occur as subhedral laths up to 2mm in length, although they are generally
smaller and thinner than phlogopite phenocrysts. They are most abundant in the Changehouse Dyke, where
they constitute § to 10 volume % of the rock. In the Third Lease and South Fissure dykes, diopside
phenocrysts are present in small amounts (<2 volume % in the Third Lease samples and <1 volume % in
the South Fissure), but they are absent from the majority of the Main Dyke samples and are only present in
small amounts (<1 volume %) in samples NC 006 and NC 010 (Table 3.1). Most of the diopside phenocrysts
are fairly fresh, although they are occasionally slightly altered around the crystal edges.

Euhedral olivine phenocrysts up to 1mm in length are present in the Changehouse Dyke samples NC 007
and SR 7, but are absent from the other Swartruggens kimberlite samples (Table 3.1), Where present in the
Changehouse Dyke, these olivine phenocrysts are complelely altered to serpentine or replaced by calcite.
The rarity of olivine phenocrysts in the Swartruggens kimberlite dykes has been attributed to replacement of
olivine by phlogopite (Skinner and Scott, 1979, Allen, 1880), bul may also be a consequence of exlensive
serpentine and calcite In the groundmass of some samples, coupled with the subhedral nature of some
olivine macrocrysts, which makes the identification of true relic olivine phenocrysts extremely difficult.

3.24 Groundmass mineralogy

The groundmass of all the Swartruggens kimberlite dykes is fine-grained and fairly equigranular, and
contains abundant phlogopite. The groundmass phiogopite occurs primarily as euhedral or subhedral stubby
laths, up to 0.2mm in size, although microphenocrysis of phlogopite up to 0.5mm in size are common in all
the dykes. Groundmass phlogopite constitutes between 40 and 70 volume % of the Main Dyke, between 20
and 60 volume % of the South Fissure, and 30 to 40 volume % in the Third Lease samples. In the
Changehouse Dyke groundmass phlogopite Is less abundant than in the other dykes, and constitutes
between 15 and 30 volume % of the dyke (Table 3.1). The groundmass phlogopite is pale brown in thin
section, showing weak pleochroism and is usually rimmed by tetraferriphlogopite (Plate 3.1g). In some
samples from all the dykes, but particularly in the Third Lease samples, the groundmass phlogopite is
partially chloritised. This is not pervasive throughout individual thin sections and usually occurs in patches,

with parts of the sample unaltered (Plate 3.1h).

Diopside occurs as euhedral or subhedral microphenocrysts up to 0.5mm in size in the groundmass of the
Swartruggens kimberlite dykes. It constitutes up to 20% of the groundmass of the Changehouse Dyke, but
only 5 to 10 volume % of the groundmass of the Third Lease and South Fissure samples. As with diopside
phenocrysts, groundmass diopside is present only in minor amounts in the Main Dyke (Table 3.1). Minor
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amounts (< 3 volume %; Table 3.1) of groundmass olivine are present in the Changehouse Dyke. This has
all been altered completely to calcite. Groundmass olivine was not observed in the samples from the other
Swartruggens kimberlite dykes. However, it should be noted that the abundance of groundmass serpentine
and calcite in many samples (see below) might, to some extent, mask the presence of relic groundmass
olivine in these samples.

The remainder of the groundmass of the Swartruggens kimberlite dykes is predominantly caicite, which is
considerably more abundant in the groundmass of the Third Lease samples than in the other dykes (Table
3.1). Calcite occurs as euhedral crystals up to 0.2mm in size, but is more commonly present as an interstitial
phase. Thin (<1mm) veins of secondary calcite cut through some samples. interstitial serpentine is present
in subordinate amounts, and minor apatite and perovskite occur in all the dykes. Disseminated opaque
oxides less than 0.1mm in size are abundant and occur throughout the groundmass of all the kimberlite
dykes in addition to being associated with relic olivine macrocrysts. The accessory phases barite, zircon and
wadeite have been identified in the groundmass of sampies from the Main Dyke (Hammond and Mitchell,
2002) although these were not observed in the samples used for this project. Allan (1990) aiso reported
minor amounts of possible sanidine in the groundmass of the South Fissure, but again this was not
observed in these samples.

3.2.5 Classification of ths Swartruggens kimberlite dykes
Based on the classification system of Skinner and Clement (1979) and using the modal mineral abundances
reported in Table 3.1, the Swartruggens kimberlite dykes are classified as reported in Table 3.3.

Table 3.3 Classification of the Swartruggens kimberlite dykes (after Skinner and Clement, 1879).

Main Dyke Phiogopite kimberlite

Third Lease

Diopside — bearing phlogopite kimberlite
South Fissure

Changehouse Dyke Diopside phiogopite kimberiite

3.3 Petrography of the Swartruggens Muil Dyke

3.341 Texture

The Swartruggens Muil Dyke consists of large (up to 6mm in size), euhedral or subhedral olivine
macrocrysts and phenocrysts set in a groundmass of needle-like phlogopite, diopside and sanidine. The
olivine macrocrysts and phenocrysts form a continuum of size varlations, and may be genetically related.
However, as they are now altered fo serpentine and cannot be analysed chemicaﬂy, for the purposes of this A
study they have been separated on the grounds of size as stated in section 3.1. The texture of the Muil
Dyke ranges from coarsely macrocrystic, containing up to 25 volume % macrocrysts, to aphanitic, with
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sample JJG 3141 containing only 8 volume % macrocrysis (Table 3.1). Phenocryst proportions range from
10 - 20 volume %, with olivine being the predominant phenocryst phase and subordinate phlogopite and
diopside occurring in similar proportions (Table 3.1), in a groundmass consisting primarily of phlogopite,
diopside and sanidine needles. The groundmass needles are commonly aligned and flow around the
macrocrysis and some of the olivine phenocrysts,

3.3.2 Macrocryst phases

All the macrocrysts in the Muil Dyke are olivine, which occurs as euhedral fo subhedral crystals up to 8mm
in size (Plate 3.1i and }), very different in appearance to the rounded anhedral olivine macrocrysts of the
Swartruggens kimberlite dykes. Some of the macrocrysts form complex shapes and they sometimes ocour
as twins. The olivine is completely altered to serpentine, often with assoclated opaque oxides (<0.1mm in
size), with no fresh olivine remaining in these samples. Partial replacement by phlogopite is common,
particularly around the edges of the olivine macrocrysts and along fractures (Plate 3.1k). In the most aitered
sample (JJG 3141) the olivine macrocrysts are replaced by calcite. Olivine macrocryst proportions in the
Muil dyke range from 5 volume % in sample JJG 3141, to 25 volume % in the more macrocrystic samples
(Table 3.1).

3.3.3 Phenocryst phases

Phenocryst phases are present in all the Muil Dyke samples, and range in abundance from 10 ~ 20 volume
%. § - 10 volume % of the phenocrysts are olivine, which occurs as euhedral or subhedral crystals up fo
2mm in size. The olivine phenocrysts are completely altered to serpentine, often with associated opaque
oxides, and some have been partially replaced by phlogopite. In sample JJG 3141, the olivine phenocrysts
are completely replaced by calcite. Phiogopite and diopside phenocrysts range from 0 ~ 5 and 0 — 2 volume
% of the Muil Dyke respectively. Both these minerals occur as needle or lath-shaped crystals, up to
approximately 1.5mm in size. The phlogopite phenocrysts are different In appearance to those of the
Swartruggens kimberlites, being a much darker red-brown in colour and showing strong pleochroism. These
differences correspond o different mineral chemistry, as reported by Skinner and Scott (1979} and Mitchell
(1898), and confirmed by this study for groundmass phlogopites (see below and Table 3.2).

3.3.4 Groundmass mineralogy

Thé groundmass minerals of the Muil Dyke are commonly acicular and vary in size from an average of
0.5mm in length in the finer-grained samples (e.g. NC 012 and SR 9) to 0.5 — 1mm in the coarser-grained
samples (e.g. NC 015). Phlogopite is the most abundant groundmass mineral, constituting between 25 and
40 volume % of the dyke. Similarly to the phlogopite phenocrysts described above, the groundmass
phlogopite is different in appearance to that of the Swartruggens kimberlites, being much darker red-brown
in colour and strongly pleochroic. Representative major element analyses of groundmass phlogopite from
the Muil Dyke are reported together with analyses from the Swartruggens kimberlites in Table 3.2. The Muil
Dyke groundmass phlogopites have higher TiO, contents, slightly higher FeO* contents and lower MgO than
the kimberlite phlogopites, in agreement with the studies of Skinner and Scott (1979) and Mitchell (1995).
Diopside is common in the groundmass of the Muil Dyke, ranging from 5 to 30 volume % of the dyke. The
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diopside is usually acicular, ranging up to 0.5mm in length but also occurs as smaller, euhedral crystals.
Groundmass olivine ranges up to 15 volume %, and occurs as euhedral or subhedral crystals up to 0.5mm
in size, which are completely altered to serpentine. In sample JJG 3141 the groundmass olivine has been
replaced by calcite, although this is not pervasive throughout the dyke. Sanidine occurs in the groundmass
of all the Muil dyke samples, both as acicular and euhedral crystals, and constitutes up to 30 volume % of
the dvke. Groundmass calclte is absent from the Muil Dyke In all samples except JUJG 3141, where it is
abundant, constituting approximately 30 volume % of the sample. Opaque oxides up to 0.3mm in size are
abundant throughout the groundmass of the Muil Dyke, in addition to being associated with relic olivine
macrocrysts and phenocrysis, and euhedral apatite approximately 0.1mm in size is present in minor
amounts (~1 volume %). Skinner and Scott (1979) reported nepheline in the groundmass of the Muil Dyke
as well as possible altered leucite and a variety of secondary minerals that were not observed in these
samples.

3.3.8 Classiflcation of the Swartruggens Muil Dyke
The Swartruggens Mull dyke has two petrographic features that are typical of lamprophyres and atypical of
kimberlites:

1) The euhedral nature of the olivine macrocrysts does not fit the definition of Clement et al. (1984), given
on page 10. Macrocrysts in kimberlites are typically anhedral and rounded, whereas euhedral
macrocrysts are typical of lamprophyres (Rock, 1981).

2) Abundant sanidine is present in the groundmass. Alkali feldspar does not occur in kimberlites but may
be present in lamprophyres (Mitchell, 1995; Rock, 1981).

It is therefore concluded that the Muil Dyke was correctly identified as a lamprophyre by Skinner and Scott

(1979). Although the lamprophyre branch to which it should be assigned is still uncertain, the presence of

nepheline (Skinner and Scott, 1979) constrains the Mull Dyke to sither the ultramafic lamprophyres or the

alkaline lamprophyres.

3.4 Petrography of the Star kimberlite Dykes

The petrography of the Star kimberlite Dykes has been determined optically from twenty-two thin sections (2
from the Clewer Dyke, 7 from the Wynandsfontein Dyke, 5 from the East Star Dyke, 4 from the Bymes Dyke
and 4 from the Barren Dyke). One of the Barren Dyke samples (NC 054) was observed in hand specimen to
be considerably less micaceous than the other three samples, and Is referred to as the "less-micaceous”
Barren Dyke sample in the following descriptions. Individual sample descriptions are given in Appendix 2,
together with photomicrographs of sach sample.

341 Texture

The Star kimberlite dykes are typlcally macrocrystic, containing between 15 and 40 volume % macrocrysts
in a fine-grained groundmass, although macrocryst proportions vary widely within individual dykes (Table
3.4). In hand specimen there Is clear evidence for flow differentiation, with more macrocryst-poor material
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close to the marging of the dyke, and bands of macrocrysts aligned parallel to the dyke margins. The
macrocryst suite of the Star kimberlites is composed primarily of olivine, with subordinate phiogopite and
rare eclogitic garnets. The most macrocrystic samples are from the East Star Dyke and the less-micaceous
Barren Dyke, which contain up to 40 volume % macrocrysts (Table 3.4, Plate 3.2a and b). Sample SJH 77
from the Bymes Dyke is less macrocrystic than the other Star samples (Plate 3.2¢), containing only 15
volume % macrocrysts, although macrocrysts in this dyke range up to 30 volume %. The micaceous Barren
Dyke samples contain approximately 30 volume % macrocrysts, whereas macrocryst proportions In the

Table 3.4 Modal mineralogy {volume %) of the Star kimberlite dykes based on visual sstimates. mic = micaceous; |
mic = less micaceous; other = serpentine, chlorite, opaque oXides, perovskite.

Wynandsfontsin East Star
Dyke Clewar Dyke Byrnes Dyke Barren Dyke
Dyke Dyke
mic I. mic
Macrocrysts 20~ 30 20 - 40 20 ~ 40 1530 30 40
Oliving 15— 30 15 - 30 i5-35 16~ 30 25 35
Phlogopite <5 <5-10 <§ <5 <§ <5
Phenocrysts 20 5=10 5-10 520 5 3
Phlogopite 1520 510 510 5§-20 3-5 -
Diopside <2 - - - - -
Olivine 0-2 0-3 - “ «2 3
Groundmass 50 - 60 35-75 8075 80-70 65 60
Phiogopite 35-50 30-50 - 35-50 30 -~ 55 45 25
Caicits 5-15 15 - 35 1030 10 - 25 5-10 5
Diopside 6 - - . - .
Other 2 <5 «5-15 <15 10-15 30

Clewer and Wynandsfontein Dykes range from 20 - 30 volume % macrocrysts {Table 3.4). Phenocrysts
constitute approximately 5 volume % of the micaceous Barren Dyke and approximately 3 volume % of the
less micaceous sample (Table 3.4). In the Bymes and Clewer Dykes phenocryst proportions range up o 20
volume %, whersas the East Star and Wynandsfonteln Dykes contain between & and 10 volume %
phenocrysts. Phiogopite is the main phenocryst phase in the Star kimberlite dykes, with olivine phenocrysts
only present in the Clewer, Wynandsfontein and Barren Dykes at <3 volume % (Table 3.4). Diopside
phenocrysts are present only in the Clewer Dyke at up to 2 volume % (Table 3.4). All the Star kimberlite
dykes have a fine-grained groundmass, consisting of up to 80 volume % equigranular phiogopite, with minor
amounts of diopside in the Clewer Dyke, in a matrix predominantly of calcite and serpentine. The
groundmass phlogopite is commonly aligned parallel to the macrocrysts and the dyke margins.
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3.4.2 Macrocryst phases

The Barren Dyke samples have high proportions of olivine macrocrysts (25 and 35 vol. % of the micaceous
samples and non-micaceous samples respectively), whereas all the other dykes have similar, wide ranges
in abundance of olivine macrocrysts from 15 to 35 volume %. The olivine macrocrysts are rounded and
anhedral, ranging up to 10mm in size (Plate 3.2a and b). They are frequently strained, showing undulose
extinction and some are recrystalised. Many olivine macrocrysts are fragmented, and many small
(approximately 1mm diameter) fragments are scattered throughout the groundmass, particularly of the
Byrnes Dyke and less-micaceous Barren dyke (Plate 3.2¢). The olivine macrocrysts are frequently partially
altered to serpentine around the edges and along fractures (Plate 3.2d), and sometimes pervasively. In
more altered samples, such as JJG 6361 from the Wynandsfontein Dyke, the olivine macrocrysts are
repiaced partially or wholly by calcite (Plate 3.2h), often with associated abundant opaque oxides (<0.1mm
in size). Some macrocrysis are also partially replaced by phiogopite. Howaver many of the samples (e.g.
JJG 2833, Clewer Dyke; JUG 4570, SJH 38, East Star Dyke; JJG 6360, NC 050, Wynandsfontein Dyke; and
the Barren Dyke samples) do have very fresh olivine macrocrysts or fresh olivine cores (Plate 3.2e).
Representative major element analyses of fresh olivine macrocrysts from the Clewsr, East Star,
Wynandsfontein and Barren Dykes are reported in Table 3.5. The macrocrysts do not vary significantly in
cormposition between cores and rims, or between the different dykes, and range in composition from Fog to
Fogs. Olivine macrocryst 4 (from the Clewer Dyke) has a lower NiO content (NIQ = 0.02 wt %; Tabls 3.5)
than the other analysed olivine macrocrysts from the Star diamondiferous kimberlite dykes (NIO = 0.38 ~
0.49 wt %; Table 3.5) and may represent a large phenocryst rather than olivine of xenocrystic origin. The
olivine macrocrysts from the Barren Dyke typically have higher Ca0O contents (Ca0O = 0.03 ~ 0.07 wt %,;
Table 3.5) than those from the Star diamondiferous kimberlite dykes (Ca0Q = 0.01 - 0.05 wt %), perhaps
signifying lower pressures of crystallisation,

Phiogopite macrocrysts are present in all the dykes, although they far less abundant than olivine
macrocrysts, constituting only between 10 and 20 % of the macrocryst suite and constituting less than § to
10 volume % of the samples (Table 3.4). The Barren, Byrnes, Clewer and East Star Dykes contain up to 5
volume % phlogopite macrocrysts whereas in the Wynandsfontein Dyke phlogopite macrocrysts are slightly
more abundant, constituting up to 10 volume % of the dyke (Table 3.4). The phlogopite macrocrysts occur
as anhedral or subhedral elongate crystals, which reach up to 4dmm, but are more commonly 1 to 2 mm, in
length. The phlogopite macrocrysts are often extremely strained, with undulose extinction, and commonly
show kink banding. Many of the phlogopite macrocrysts are extensively fractured, particularly along
cleavage planes, with fractures usually infilled with calcite (Plate 3.2f). Zoning is common, with most of the
macrocrysts having darker cores than rims (Plate 3.2g), and some of the phlogopite macrocrysts are
mantled by tetraferriphlogopite. Representative major element analyses of phlogopite macrocrysts from the
Clewer, East Star and Byrnes Dykes are reported in Table 3.6. FeO* contents in the phlogopite typically
ranges between 4.07 and 5.58, with macrocryst 6 (East Star Dyke) having 7.10 wt % FeO*, although the rim
of macrocryst 11 (Byrnes Dyke) has 15.4 wt % FeO* which, together with the very low Al,O; content, is
more typical of tetraferriphlogopite. In areas of some more altered samples (e.g. JJG 6361A, JJG 6361C,
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Table 3.5 Representative major element analyses of olivine macrocrysts in the Star kimberlite dykes, acquired using
the electron microprobe, University of Cape Town. Ol = olivine; mac = macrocryst; co = core; Fe0" = total iron as Fe(;
Fo cont. = Mg/ (Mg + Fe®"). Atomic proportions for these analyses have been calculated and are reported in Appendix 2.

Dyke Clewer Dyke East Star Dyke

Sampie JJG 2833 JJG 2833 JJG 2833 JJG 4570 JJG 4570 JJG 4570 JJG 4570 JIG 4570
Description | Olmacico Olmadco OlmacBoo | Olmacico Olmac7co Olmac7rm OlmacB8co  Olmac 8iim
S0, 40.5 40.5 41.2 413 41.4 40.7 40,8 40.1
TiO: 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Al Oy 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CraOs 0.02 0.06 0.01 0.03 0.01 0.01 0.04 0.03
FeO* 7.18 11.2 8.34 8.18 7.04 7.05 104 10.4
MnO 0.09 0.28 0.10 0.07 0.08 0.07 0.12 0.12
MgO 50.9 48.4 49.8 62.2 51.2 51.3 48.0 48.8
Cad 0.01 0.03 0.01 0.01 0.00 0.01 0.02 0.03
NIO 0.42 0.02 0.43 0.40 042 0.40 0.49 0.49
Total 99.0 100.2 98.7 100.2 100.2 99.5 98.7 99.9
Fo cont. 0.93 0.80 0.92 0.94 0.94 0.94 0.90 0.90
Dyke Wynandsfontein Dyke Barren Dyke (less-micaceous)

Sample JJG 6360 JJG 6381 JJG 6362 JJG 8383 NC 054 NC 084 HC 054 NC 054
Description | Olmac1co Olmac1rm OimacSco OlmacSrim | Olmac3co Olmac3rm Olmac8co Ol mac 8rim
S0 418 404 40.7 40.9 40.9 41.0 414 44.2
Ti0: 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LiNe N 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Crsls 0.08 0.05 0.03 0.02 0.07 0.08 0.05 0.04
FeD"* 8.04 7.92 9.38 9.21 7.86 7.97 7.04 7.10
Mn0G 0.09 0.10 0.10 0.13 0.10 0.11 0.10 0.08
MgO 50.8 50.5 49.5 49.0 80.4 49.8 50.8 §1.0
Cad 0.05 0.03 0.02 0.01 0.08 0.07 0.04 0.03
MO 042 0.42 0.39 0.38 0.41 0.39 0.42 0.42
Total 101.0 99.4 100.1 96.7 99.8 99.4 29.8 99.8
Fo cont. 0.93 0.93 0.91 0.91 0.93 0.93 0.93 0.93

JJG 6360, Wynandsfontein Dyke; SJH 78, Byrnes Dyke) partial alteration of the phlogopite macrocrysts to
chlorite has occurred, although this is generally not pervasive throughout individual macrocrysts.

Although oliving and phiogopite are by far the most abundant macrocrysts in the Star kimberlites, rare
eclogitic garnets are also present in samples from the Clewer Dyke (JJG 2833), the East Wynandsfontein
Dyke (8JH 37, JJG 8361B) and the East Star Dyke (8JH 38) (Plate 3.2h). These are red-brown in colour
and approximately 1mm in size. The gamets are anhedral and fractured, with fractures infilled with calcits,
or disaggregated into fragments.

3.4.3 Phenocryst Phases

Phlogopite is by far the most abundant phenocryst phase present in the Star kimberlites. In all the dykes
except the Clewer Dyke, phlogopite forms the entire phenocryst suite and in the Clewer Dyke, where
diopside and olivine phenocrysts are also present, phlogopite forms at least 90% of the phenocryst suite.
There are no phlogopite phenocrysts in the non-micaceous Barren Dyke, although they form up to 5 volume
% of the micaceous Barren Dyke (Table 3.4). In the East Star and Wynandsfontein Dykes phlogopite
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phenocrysts are slighlly more abundant, forming 5 to 10 volume % of these dykes, whereas the Bymes
Dyke contains between 5§ and 20 volume % phlogopite phenocrysts (Table 3.4). The Clewer Dyke, on
average, has the most abundant phiogopite phenocrysts, ranging from 15 to 20 volume % (Table 3.4). The
phiogopite phenocrysts range up to approximately 1.5 mm in size, and commonly form subhedral elongate
laths, some of which are distinctly zoned. Thin rims of tetraferriphlogopite are present around the phiogopite
phenocrysts in some samples (e.g. JUG 4570 from the East Star Dvke). in the more altered samples, such
as JJG B6361A, JJG 6361C (Wynandsfontein Dyke) and SJH 78 (Bymes Dyke), partial siteration of the
phiogopite phenccrysts to chiorite has occurred, although this is not pervasive throughout entire thin
sactions,

Olivine phenocrysts were observed in sections from the Clewer Dyke (0 - 2 volume %,; Table 3.4),
Wynandsfontein Dyke (0 - 3 volume %) and the Barren Dyke (<3 volume %,; Table 3.4). The olivine

Table 3.8 Representative major element analyses of phlogopite macrocrysts In the Star kimberite dykes acquired

using an electron microprobe, Unlversnty of Cape Town. Phiog = phiogopite; mac = macrocryst; FeQ* = total ron as
FeO; Mg# = atomic Mg/ (Mg + Fe®") with Fe20s/ FeO = 0.1. Atomic proportions for these analyses have been calculated
and are reported in Appendix 2.

Dyke Clewer Dyke East Star Dyke
Sample JJG 2833 JJG 2833 SJH 38 SJH 39 JJG 4570 JJG 4870 SJH 30
Description | Phlogmaci Phlogmac2 Phlogmac3 Phlog mac 4 Phlogmac Phiogmacé  Phlogmac?
810, 42.6 38.2 40.6 40.6 41.9 3r.7 40.6
TiO: 1.50 2.08 1.87 2.07 1.66 1.69 1.77
Al Oy 12.7 12.6 13.9 135 13.5 12.7 14.8
Fel* 4.63 5.16 4.07 5.52 4.65 740 4.81
MnO 0.04 0.03 0.05 0.06 0.01 0.05 0.03
MgO 228 238 214 21.2 21.6 21.4 24.8
Cal 0.08 0.02 0.07 0.03 0.03 0.01 0.02
Na,O 0.27 0.17 0.17 0.08 0.23 0.14 0.23
K0 9.88 8.53 10.1 10.5 10.3 10.0 9.64
Total 4.5 92.6 92.1 93.6 83.9 90.8 96.7
 Ma# 0.81 0.0 0.91 0.88 0.90 0.86 0.91
Dyke East Star Byrnes Dyke
Sample SJH 30 SJH 79 SJH 79 SJH 79 SJH 79 SJH 79 SJH 79
Description | Phlogmac8 | Phlogmac9® Phlogmac 10 Phlogmaciirm Phlogmac12 Phlogmac 13 Phlog mac 14
$10, 42.4 41.4 41.2 46.7 38.0 43.1 40.0
TiO. 1.72 1.57 1.57 0.33 1.94 0.40 1.67
Al 13.6 13.3 12.5 0.83 13.1 13.0 11.8
FeQ* 5.46 5.08 5.58 15.4 4.89 2.81 5.28
MnO 0.03 0.03 0.03 0.15 0.05 0.01 0.05
MgO 24.3 25.0 24.9 236 24.8 26.8 25.1
Cal 0.13 0.03 0.03 0.12 0.02 0.01 0.06
Na,O 0.14 0.18 0.26 0.13 0.15 0.16 0.29
K0 8.80 10.4 10.4 B.40 10.2 10.7 10.7
Total 87.6 97.0 96.4 98.7 94.2 96.9 95.0
| Mok 0.80 0.81 0.90 0.75 0.91 0.95 0.90
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phenocrysts are euhedral to subhedral, and usually approximately 1mm in size. They are commonly
completely altered to serpentine. Olivine phenocrysts were not observed in the Bymes or East Star Dyke
samples. Diopside occurs as a phenocryst phase only in the Clewer Dyke, as subhedral lath-shaped
crystals up to 1.5mm in length, which are generally smaller and thinner than the phlogopite phenocrysts.
The diopside phenocrysts are generally fresh, although some are slightly altered around the edges.

3.4.4 Groundmass Mineralogy

With the exception of the less-micaceous Barren Dyke sample, the groundmass of all the Star kimberlite
dykes is similar, consisting of abundant (50 - 80% of the groundmass) phlogopite in a finer grained or
Interstitial matrix. Groundmass phlogopite constitutes between 30 and 55 volume % (Table 3.4) of all these
dykes and usually occurs as euhedral or subhedral equigranular stubby laths, which are often rimmed by
tetraferriphlogopite (Plate 3.2j). The less-micaceous Barren dyke differs in having less abundant phiogopite
in the groundmass, with phiogopite constituting only 25 volume % of this dvke (Table 3.4). The groundmass
phlogopite is altered to chlorite to varying degrees, particularly in samples JJG 6369, JJG 6361A, JJG
6361C (Wynandsfontein Dyke), SJH 78 and SJH 80 (Bymes Dyke) and the less-micaceous part of the
Barren Dyke, although in the majority of samples the groundmass phlogopite is unaffected.
Microphenocrysts of diopside constitute up to 2 volume % of the Clewer Dyke, but are absent from the other
Star kimberiite dykes (Table 3.4).

Much of the rest of the groundmass of all the Star kimberlite dykes, with the exception of the non-micaceous
Barren Dyke sample (NC 054), consists of calcite, which occurs as euhedral crystal up to 0.2mm in size, but
most commonly as an interstitial phase. Groundmass carbonate appears to be related to some extent to the
degree of alteration of the samples, as in the most altered samples calcite constitutes up to 50% of the
groundmass, whereas in the less altered samples It constitutes only around 20% (Table 3.4). However,
although the non-micaceous part of the Barren Dyke has an altered groundmass it contains only a minor
amount of interstitial carbonate, the matrix of this dyke consisting primarily of interstitial serpentine and
chlorite. Interstitial serpentine is present in subordinate amounts in the other Star kimberlite Dykes,
constituting up to approximately 10 volume % of the East Star, Byrmes and micaceous Barren Dykes, up to
5 volume % of the Wynandsfontein Dyke and only 1 volume % of the Clewer Dyke (Table 3.4). Minor
amounts of perovskite (<0.2mm in size) and Fe-Ti oxides (<0.1mm in size) are scattered throughout all
dykes. In addition to being associated with relic olivine macrocrysts, Fe-Ti oxides are more abundant in the
groundmass of the more altered samples such as JJG 6361A and JJG 6361C from the Wynandsfontein
Dyke.

3.4.8 Classiflcation of Star kimberlites

Based on the classification system of Skinner and Clement (1979), and the modal mineralogies reported in
table 3.4, the Star kimberlite dykes are classified as reported in Table 3.7.
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Chapter 3 Pefrography

Table 3.7 Classification of the Star kimberlite dykes {after Skinner and Clement, 1979).

Clewer Dyke Diopside baaring phiogopite kimberlite
Wynandsfontein Dyke

East Star Calcite phlogopite kimberlite to phlogopite kimberlite
Bymes Dyke

Barren Dyke Phiogopite kimberlite

However, care should be taken with the application of this classification system, as the abundance of caicite
may be in part a secondary feature due to alteration, rather than a reflection of the initial kimberlite
composition.
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Chapter 4

Major element geochemistry

4.1 Introduction

According to their major element geochemistry, kimberlites are classified as volatile rich, potassic, ultrabasic
rocks (Clement ef al., 1984), but they have widely diverse major element compositions both between and
within individual intrusions. Although the major element compositions of South African Group | and Group I
kimberlites overlap considerably, their mineralogical differences reflect differences in their major element
geochemistry. Group |l kimberlites have more abundant groundmass phlogopite and diopside, reflecting
their enriched SiO,, AlLLO3, MnO, and K,O concentrations relative to Group | kimberlites, whereas Group |
kimberlites have more abundant groundmass calcite, spinel, monticellite, ilmenite and apatite reflecting their
enriched TiO,, MgO, CaO, Naz0O, P05, and CO, concentrations relative to Group Il kimberlites. FeO* (total)
and H,O" are present in similar concentrations in Group | and Group | kimberlites (Shee, 1985; Smith ef a/.,
1985b).

The major element geochemistry of kimberlites is complicated by their susceptibility to alteration (e.g. Berg,
1894), as well as entrainment of peridotite and assimilation of crust en route to the surface (e.g. le Roex et
al., 2003). In addition, much of the volatile component together with other mobile elements may be lost from
the kimberlites during emplacement (e.g. Dawson, 1980). it has therefore generally been considered that
bulk rock geochemistry does not reflect the true characteristics of the original kimberlite magma (e.g.
Mitchell, 1995) and thus although the major element concentrations of many kimberlites have been
documented, they have until recently been little used in evaluating petrogenetic processes. However, it was
suggested by Dawson (1980) that analysis of fresh hypabyssal material minimises some of the problems
described above, as fewer xenoliths are usually present and the xenoliths are usually smaller. The freshest
available samples from the kimberlite dykes al Swartruggens and Star have been analysed to minimise the
effects of weathering, and the jaw-crushed samples were hand-picked to avoid crustal xenoliths as far as
possible. However, very small crustal fragments may have been included. In addition, since crustal material
has a low melling temperature, it may have become fully assimilated into the kimberlite magma, thus
affecting the geochemistry without being visibly detectable. Crustal material is typically enriched in SIO,,
A0, Na©O and less enriched in MgO and K0 relative to kimberlite magmas, and on this basls Clement
{1982) devised the following contamination index (C. 1.):

C. L =8I0y + Al 05 + Na,0
MgO + 2K;0
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Chapter 4 Major Element Geochemistry

and noted that extensively weathered, as well as crustally contaminated, samples will have high C. 1,
whereas apparently uncontaminated Group Il kimberlites may have C. l.s of up to 1.5 (Clement, 1982). The
C. L. of the Swartruggens and Star kimberlites has been calculated and is reported in Tables 4.1 and 4.2,
and the effects of crustal contamination and weathering on the major element geochemistry of these
kimberlites will be discussed in Chapter 7.

Kaapvaal craton peridotites are typically more enriched in MgO and SiO;, have similar Fe0; and ALO,
contents, and are less enriched in TiO,, K;0 and Ca0 than kimberlites (e.g. Gregoire ef a/., 2003). Trends in
major element geochemistry within the Swartruggens and Star kimberlites can thus be used to evaluate the
extent to which peridotite entrainment has affected the bulk rock geochemistry of the samples studied. With
this intention, both macrocrystic and aphanitic samples from both localities have been analysed for their
major element compositions.

A suite of samples from each of the exposed kimberlite dykes at Swartruggens and Star, and the
Swartruggens Muil lamprophyre, have been analysed for their major element compositions by X-ray
fluorescence spectrometry with three principal aims, summarised below:

1 — To characterise the whole rock major element abundances of the two kimberlite dyke swarms.

2 — To quantitatively assess the effects of late-stage alteration, crystal fractionation and accumulation of
mantle and crust by the kimberite magmas en route to the surface, thus constraining the primary magma
compositions of these kimberlites.,

3 - Using the inferred primary magma major slement abundances, to place constraints on the source reglon
characteristics of the two kimberlites.

Details of the analytical techniques are reported in Appendix 3. This chapter documents and describes the
variations seen in a range of major elements of the Swartruggens and Star kimberlites, which are used in
Chapter 7 to interpret petrogenetic processes.

Previous work involving the use of trends in major element geochemistry to isolate primary kimberlite
magma compositions includes studies on the Jericho Pipe in Canada (Price ef al., 2000), off craton Group 1
kimberlites (Harris ef al., 2004), and Kimberley Group 1 kimberlites (le Roex et al., 2003).

4.2 Major element geochemistry of the Swartruggens kimberlite, and the Muil
lamprophyric, dykes

Nineteen samples from the Swartruggens kimberlite dykes (3 from the Third Lease, 7 from the Main Dyke, 4
from the Changehouse Dyke and 4 from the South Fissure) and 6 samples from the Muil lamprophyric dyke
have been analysed for a range of major element abundances. Individual analyses are reported in Table 4.1
and selected variation diagrams are shown in Figure 4.1. Kimberlite magmas are known to contain a
primary volatile component (e.g. Dawson, 1980; Berg and Allsopp, 1972). In the absence of any further
quantifying information, H,O" and CO; concentrations in the Swartruggens samples are assumed largely to
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Table 4.1 Major element geochemistry (wt %) of the Swartruggens kimberlits dykes and the Mull lamprophyre. M =
more macrocrystic, LM = less macrocrystic; * = average of 2 analyses, individual analyses reported in Appendix 2; LOl =
loss on ignition; H20" calculated as LOI - H20™ (measured); Mg# = atomic Mg/(Mg + Fez") with Fex0d FeQ = 0.2 (typical
for alkaline rocks); C.I. = contamination index = (Si0z + AlOs + Na0)/(MgO + 2i;0) (Clement, 1982).

Dyvke 3rd Loase Main Dyke Changehouse
Sample NC 00T NCO0O02Z NCO003 NCOB4 NCODE NCOI0 NCOI1 SRE .LJG 3143 Hons 954 NC 005 NC 007
Macro M LM LM M LM M LM M M LM M M
810, 334 25.1 388 37.8 37.3 374 36.7 359 33.9 36.4 38.3 375
TiO, 1.34 1.49 1.46 1.37 1.60 1.28 1.33 1.42 1.43 1.53 1.27 1.30
Al O, 4.08 418 4.33 3.87 4.68 4.18 4.14 4.60 4.37 4.58 4.04 392
Fe,0s 6.71 7.28 7.49 8.69 8.67 7.26 7.84 8.26 8.14 8.46 8.22 7.82
MnQO 0.17 0.20 0.18 0.17 0.15 0.15 0.14 0.16 0.15 0.18 0.13 0.16
MgO 12.3 12.5 12.0 21.3 20.6 21.6 220 22.1 224 20.3 247 19.3
Ca0 21.0 245 18.8 8.67 8.35 9.95 9.56 8.32 10.0 10.3 742 1.7
Ma: 0 0.08 0.06 0.08 0.18 0.20 0.12 0.04 D.12 0.04 0.18 0.16 0.18
K0 2.78 3.07 2.44 4.79 6.49 8.77 4.65 5.55 4.38 4.93 4.87 4.52
P:0s 1.03 1.53 1.28 1.14 1.82 0.38 0.44 1.38 1.55 1.56 0.81 0.75
$0O; 0458 0.38 0.68 042 0.33 0.57 1.01 0.29 0.44 0.21 0.38 0.61
HIO 0.11 0.08 0.1 0.15 0.08 0.12 0.11 0.12 0.12 0.12 0.18 0.18
Cr0; 0.15 0.15 0.16 0.17 0.22 0.16 0.15 0.18 0.16 0.18 0.24 0.21
HL 0.7 0.87 0.89 2,38 2.30 1.33 218 1.39 207 1.95 269 2.70
LOI 154 18.2 10.9 8.40 6.41 9.48 9,39 9.03 10.4 8.42 7.30 8.87
Totai 99.8 996 99.4 99.2 99.2 995 997  99.7 98.5 99.3] 100.8  99.6
€Oy 13.6 16.1 11.5 5.04 3.88 6.39 6.10 3.52 4.69 4.87 3.20 6.30
H,0' 1.81 2.086 0.00 3.36 2.42 3.08 3.29 §.51 5.71 3.55 4.10 2.37
Mo# 0.81 0.80 0.79 0.85 0.85 0.87 0.87 0.86 0.87 0.85 0.88 0.85
C.h 2.1 1.6 2.8 0.3 1.3 1.3 1.3 1.2 1.2 1.4 1.2 1.5
Dyke [Changehouse South Flssure Mull Dyke

Sample NC 006 SR 7 |JJG 3148 JJG 3145 JJG 3150 JJG 3148|NC 008° NC-012 NC-014 NC-D15 JJG 3141 SR9
Macro M M LM M L M LM M M M LM M
8i0, 41.6 40.2 34.6 36.1 376 32.5 40.9 420 454 42.4 38.8 41.58
TiO, 1.29 1.29 1.78 1.54 2.66 213 210 1.49 1.64 1.70 227 1.47
AlLO, 3.62 4.25 3.57 383 2.80 4.10 7.08 8.32 6.10 £.85 7.07 5.46
Fa0s 845 8.48 .58 8.24 11.2 9.59 10.2 8.72 9.46 9.01 9.40 9.66
MnO 0.16 0.13 0.25 0.23 0.26 0.30 0.14 0.16 0.16 0.15 0.8 0.14
MgO 20.4 20.1 19.86 16.5 17.2 17.7 18.3 21.0 164 18.5 10.3 200
Cal 8.03 8.37 10.7 14.2 11.3 12.3 8.42 7.61 8.64 10.0 16.2 7.71
Nax0 0.38 0.24 0.20 0.086 0.32 0.17 1.35 0.73 1.1 0.88 1.44 0.53
K0 338 346 545 8.24 4.52 5.63 2.04 2.00 377 2.34 2.61 1.53
P20y 0.95 0.88 2.27 1.71 232 2.53 0.82 0.55 0.83 0.62 0.83 0.58
80s 0.33 047 0.51 0.49 0.70 0.39 0.28 0.25 008 0.09 0.14 046
MNIO 0.18 0.18 0.10 0.12 0.07 0.08 0.04 0.1 0.08 0.08 0.01 0.13
Cry0; 0.20 0.23 0.15 0.17 0.09 0.18 0.14 0.28 0.24 0.27 0.08 0.30
H. O 372 3.38 2.02 0.90 266 2.40 4.80 3.07 2.56 2.80 2.72 4.81
LOt 6.97 7.32 8.91 10.9 §.19 8.60 4.80 5.55 3.43 4.33 7.88 5.67
Total §9.6 99.1 §88.7 9.4 89.1 89.6 89.8 §9.8 98.7 §9.9 89.9 9.9
€O 3.15 317 3.58 7.27 235 5.04 0.58 0.58 0.53 0.41 4.34 0.58
H.0° 3.82 415 5.33 364 284 4.58 4.31 4.96 2.90 3.92 3.54 5.08
Mo# 0.85 0.85 0.83 0.82 0.78 0.81 0.79 0.83 0.80 0.83 0.72 0.83
G. L 1.7 1.7 1.3 1.5 1.8 1.3 2.4 1.9 2.2 2.0 3.1 21

reflect thoss of the original magma. Data are normalised to an MO free basis before plotting.
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Across the suite of dykes, the Swartruggens kimberlites show wide variation in major element abundances
(Table 4.1). There are with no strong inter-element correlations and the more macrocrystic samples are not
readily distinguished from the less macrocrystic samples either within individual dykes or across the suite of
dvkes based on major element abundances (Table 4.1, Figure 4.1). All the kimberlite dykes are ulirabasic,
with Si0; concentrations ranging from 25.1 t0 41.6 wt % and, despits a wide range in MgO concentrations
(12.0 to 25.4 wt %; Table 4.1}, all the dykes have high Mg# (Mg# = 0.79 to 0.88; Table 4.1). The major
elements, Fe and K show variable concentrations, both within dykes and across the suite of dykes, (Fe,0y =
7.26 -~ 11.2 wt %, K,0 =2.44 - 5.77 wt %) and considerable scatter when plotted against MgO (Figures 4.1
¢ and d). Although still variable in abundance, Si0O,, AlO; and Ca0 are more robust and show smaller
within-dyke ranges and more coherent behaviour across the suite of dykes (A0 = 2.90 ~ 4.66 wt %; Ca0
=7.42 - 24.5 wt %). CO, concentrations in the Swartruggens kimberlites show a considerable range (CO; =
2.35 to 16.1 wt %) and define a broad positive correlation with Ca0 concentrations. All the Swartruggens
kimberlite dykes have low Na,O and relatively high P,0s concentrations (Na,0 < 0.38 wt %, P,0s = 0.39 -
2.53 wt %). Ni and Cr abundances in the Swartruggens kimberlites will be discussed in Chapter 5.

Despite considerable overiap, the individual kimberlite dykes define smaller ranges in major element
composition. The Main dyke shows little variation in MgO and SiO, concentrations (MgO = 20.7 - 22.9 wt %;
Si0, = 34.7 — 38.4 wt %; Table 4.1) and, although the more macrocrystic samples tend to have higher MgO
contents than the less macrocrystic samples, there is no coherent correlation between these two oxides
{Figure 4.1a). Ca0 concentrations of the Main Dyke samples range between 8.35 and 10.3 wt %, and show
a broad negative correlation with SiO, content (Figure 4.1b). The majority of Main Dyke samples have Fe,O3
between 7.84 and 8.69 wt % and define a broad negative correlation with MgO content (Figure 4.1c).
Sample NC 010 plots below the broad trend of the other Maln Dyke samples, with lower Fe,0, content
(Fe,05 = 7.26 wt %). K;0O shows considerable scatter with MgO for the Main Dyke samples (Figure 4.1d),
with a range in K;0 from 4.35 to 6.49 wt %. Although there is litle variation in TIO, or Al,O4 concentrations
within the Main Dyke (TiO, = 1.28 ~ 1.53 wt %; Al;Os = 3.87 —~ 4.66 wt %) there is a broad negative
correlation between these two oxides (Figure 4.1e), with the more macrocrystic samples tending to have
lower AlLO3 and TiO, contents than the less macrogrystic samples, CO, ranges from 3.52 to §.39, but does
not vary consistently with CaO content in the Main Dyke samples (Figure 4.1f).

The Third Lease samples have the lowest MgO (12.0 — 12.5 wt %), Fe,05 (6.71 — 7.48 wt %) and K,0 (2.44
- 3.07 wt %) contents of the Swarlruggens kimberlite dykes. Fe,0; shows no coherent within-dyke
correlation with MgO (Figure 4.1c) although there is a positive correlation between MgO and K0 (Figure
4.1d). The Third Lease samples also have the highest Ca0 and CO, contents of the Swartruggens
kimberlite dykes (Ca0 = 18.8 — 24.5 wt %; CO, = 11.5 — 16.1 wit%). SiO, concentrations vary widely
between the Third Lease samples (Si0; = 25.1 to 38.6 wt %) and there is a negative correlation between
Si0, and Ca0O content for these samples (Figure 4.1b). There is little variation in TiO2 or AlQOs
concentrations between these samples (TiO, = 1.34 — 1.49 wt %; Al,O3 = 4.09 - 4.33 wt %), which fall within
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the range defined by the Main Dyke.

Despite having similar MgO content to the other Swartruggens kimberlite Dykes, the Changehouse Dyke
has higher SiO,, ranging from 37.5 to 41.6 wt %. Three of the Changehouse Dyke samples (NC 007, NC
009 and SR 7) have similar MgO concentrations (MgO = 19.3 and 20.4 wt %) and define a positive
correlation between MgO and SiO, (Figure 4.1a). Sample NC 005, with higher
MgO (24.7 wt %), does not lie on this trend. Sample NC 007 differs from the other Changehouse Dyke
samples in having higher Ca0 and CO, (Ca0 = 11.7 wt %; CO, = 6.30 wt %). The other three Changehouse
Dyke samples show a limited range in, and have relatively low contents of, both Ca0 and CO; relative to the
other kimberlite dykes (CaO = 7.42 - 8.37 wt %; CO, = 3.15 to 3.20 wt %). These three samples also have
similar Fe,0; contents (Fe,0; = 8.22 to 8.48 wt %) whereas NC 007 has lower Fe,0; (Fe,03 = 7.82 wt %).
However, all the Changehouse Dyke samples have Fe,O; contents within the range of the Main Dyke. K;0
concentrations are generally lower in the Changehouse Dyke than the Main Dyke, although they are
variable and range from 3.35 to 4.87 wt %, with no correlation between K;0 and MgO (Figure 4.1d). There
is lite range in TiO, or Al,O3 content (TiO, = 1.27 to 1.30 wt %; Al,Os = 3.62 — 4.25 wt %) within the
Changehouse Dyke.

The South Fissure samples have similar Si0,, K0 and CO, contents to (South Fissure Si0, = 32.5 - 37.6
wt %; K20 = 4.52 — 5.63; CO, = 2.35 — 7.27 wt %; Table 4.1), but lower MgO and higher CaO and Fe,0;
concentrations than, the Main Dyke (South Fissure MgO = 155 - 19.6 wt %; Ca0 = 10.7 - 14.2 wt %; Fe,0;
= 8.24 — 11.2 wt %; Table 4.1). AlLO; and TiO, form a broad negative correlation within the South Fissure,
with this dyke trending to slightly lower Al O3 and considerably higher TiO, concentrations than the other
Swartruggens kimberlite dykes (South Fissure Al,Qs = 2.90 — 4,10 wt %; TiO, = 1.52 — 2.66 wt %, Table
4.1). Although there are no strong major element correlations within the South Fissure, samples JJG 3148
and JJG 3149 form a trend of decreasing MgO and SiO, contents away from the main field of the Main Dyke
samples. These two South Fissure samples also lie approximately on low SiO; and MgO extensions of the
trends between CaQ and Si0,, and Fe,0; and MgO defined by the Main Dyke. The other two South Fissure
sampies, JJG 3145 and JJG 3150 have relatively slevated SiQ, contents, and Fe,0, is higher In JJG 31580,
and lower in JJG 31485, relative o these trends.

The lamprophyric Mull Dyke has lower MgQO content than the Main Dyke and generally lower Mg# than the
Swartruggens kimberlites (MgO = 10.3 ~ 21.0; Mg# = 0.72 — 0.83; Table 4.1), although the range in MgO
within the Muil Dvke is similar to that present across the suite of kimberlite dykes. However, the Muil Dyke
has considerably higher SiO, and Al,O; contents (SiO; = 38.8 — 45.4%; Al,0; = 5.32 — 7.07 wt %; Table 4.1)
than the kimberlite dykes. With the exception of sample NC 014, with much higher K2Q than the other Mull
Dyke samples (3.77 wt %), K20 in the Muil Dyke Is lower than in the kimberlite dykes (Muil Dyke K0 = 1.53
- 2.61 wt %; Table 4.1) and shows more coherent behaviour, defining a shallow negative trend with MgO
content. The Muil Dyke also differs from the kimberlite dykes in that aphanitic and macrocrystic samples are
more clearly distinguished by thelr major slement concentrations (Figure 4.1). There is a strong positive
correlation between TiQ, and Al,O; within the Muil Dyke, with the macrocrystic samples having lower Al,Os
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and TiO; contents (Al,O; = 5.32 - 6.10 wt %; TiO; = 1.47 — 1.70 wt %; Table 4.1) than the aphanitic
samples (Al;0; = 7.06 ~ 7.07 wt %; TiO; = 2.10 ~ 2.27 wt %; Table 4.1). The macrocrystic Muil Dyke
samples also have higher MgO concentrations (MgO = 16.4 — 21.0 wt %) than the aphanitic samples (MgO
= 10.3 - 16.3 wt %, Table 4.1), and this distinction is even more marked if sample NC 014, with much lower
MgO than the other macrocrystic samples (in addition to anomalously high K,0) is ignored. The majority of
the Muil Dyke samples have relatively low and restricted CaO contents (CaO = 7.61 — 10.0 wt %; Table 4.1)
compared to the kimberiite samples, and differ from the kimberlite samples in having very low CO,
concentrations (CO, = 0.41 — 0.59 wt %; Table 4.1). However, sample JJG 3141, with extremely low MgO
(MgO = 10.0 wt %), has elevated Ca0 and CO, concentrations relative to the other Muil Dyke samples
(Ca0 = 16.2 wt %; CO, = 4.34 wt %, Table 4.1).

4.3 Major element geochemistry of the Star kimberlite dykes

Twenty-two samples from the Star kimberlite dykes (2 from the Clewer Dyke, 7 from the Wynandsfontein
Dyke, 4 from the East Star Dyke, 4 from the Bymes Dyke and 4 from the Barren Dyke) have been analysed
for a range of major element abundances. Individual analyses are reported in Table 4.2, and selected
variation diagrams are shown in Figure 4.2. Kimberlite magmas are known to contain a primary volatile
component (e.g. Dawson, 1980; Berg and Allsopp, 1972). In the absence of any further quantifying
information, H,0® and CO, concentrations in the Star kimberlite samples are assumed largely to reflect
those of the original magma. Data are normalised to an H,O" free basis before plotting

The Star kimberlite dykes show wide variation in major element abundances across the suite of dykes, with
8i0, ranging from 22.7 to 43.7 wt % and defining a broad positive correlation with MgO content (MgO = 5.50
to 36.7 wt %, Table 4.2; Figure 4.2a). Mg# shows less variation and is high in all the kimberlite dykes (Mg# =
0.72 - 0.90; Table 4.2). With the exception of the Barren dyke, the Star kimberlite dykes show coherent
tfrends between major elernents, with individual dykes showing similar correlations and overlapping major
element concentrations. There is a strong negative correlation between MgO and Ca0 (Ca0 = 2.15 - 30.1
wt %; Table 4.2; Figure 4.2b), although there is a distinct break in slope at approximately 20 wt % MgO; the
higher MgO samples define a shallow negative correlation with CaQ whereas the lower MgQ samples show
a much sharper increase in Ca0 with decreasing MgO. Despite their variable concentrations in the Star
kimberlite dykes, the major elements Fe and K (Fe,0y = 4.10 - 9.23 wi %; K0 =0.64 ~ 4.22 wi %; Table
4.2) show coherent behaviour with when plotted against MgO and SiO, (Figure 4.2¢ and d). The higher MgO
and Si0O, samples define stronger trends between MgQ or SIO; and Fe,0s; and K0, whereas the lower
MgO samples show more scatter. Al,O, and TiO, are less variable in abundance (Al,0y = 2.15 ~ 3.32 wt %;
TiO, = 0.76 — 1.58 wt %; Table 4.2) and there is a broad positive correlation between these two oxides
(Figure 4.2e). CO, concentrations in the Star kimberlites show a considerable range (CO, = 0.28 — 16.2 wt
%; Table 4.2) and show a broad positive correlation with CaO concentrations (Figure 4.2f). With a few
notable exceptions, discussed below, the more macrocrystic Star kimberlite samples have higher MgO, SiO-
and Fe,0s concentrations, and lower asbundances of Ca0, KO and CO, than the less macrocrystic
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Table 4.2 Major element geochemistry of the Star kimberlite dykes. Mic = micaceous Barren Dyke, |. mic = less
micaceous Barren Dyke; M = more macrocrystic, LM = less macrocrystic; LOI = loss on ignition; H.0" calculated as LOI
~ HO" (measured); Mg# = atomic Mg/(Mg + Fe®’) with Fe,0s / FeO = 0.2 {typical for alkaline rocks), C.l. =
contamination index = (Si02 + AlOs + NaxO){MgO + 2i;0) (Clement, 1982); bd = below detection.

Dyke Clower Dyke Wynandsfonteln Dyke East Star Dyke
Sample | JJG 2833 JJG 2837 | SJH 37 JJG 63681A JJG 6361C JJG 6369 JJG 6362 JJG 6360 NC 050|JJG 4570 SJH 101
Macro M M LM M M LM M M LM M LM
8i0, 33.9 34.1 22.7 26.1 31.0 284 35.2 32.9 3.2 33.9 34.6
TiO, 0.85 1.10 147 1.14 1.19 1.24 1.27 1.18 1.13 1.01 1.18
AlOy 244 2.83 2.83 3.03 3.00 2.94 3.07 2.80 2.60 2.34 2.68
Fe,0, 8.15 8.62 4.10 4.94 5.91 7.60 8.96 840 7.94 8.82 8.57
MnO 0.14 0.19 0.56 0.56 0.34 0.33 0.28 0.17 0.18 016 - 0.18
MgO 33.2 288 9.20 5.50 16.5 15.3 21.2 27.5 25.0 33.0 23.9
Gal 6.63 7.84 20.4 30.1 19.4 194 10.2 8.90 9.89 6.45 9.40
Na;O bd 0.04 0.08 bd 0.11 0.15 0.21 0.07 0.13 0.05 0.21
K0 2.07 3.13 2.34 0.64 3.23 2.66 3.23 3.16 3.41 2.55 3.22
P20s 0.31 0.69 2.73 1.16 1.44 1.68 1.06 0.86 0.98 1.12 1.28
80, 0.41 0.34 0.92 2.10 0.37 0.38 0.24 0.1 0.60 0.14 0.44
NIO 0.19 0.16 0.10 0.09 0.12 0.12 0.15 0.16 0.13 0.18 0.18
Gra0s 0.29 0.30 .22 0.26 0.24 0.24 0.30 0.32 0.27 0.24 0.28
Ha O 0.44 0.89 1.21 0.32 1.80 2.84 2.87 0.80 074 0.41 1.63
LOK 10.2 10.2 21.8 23.5 16.2 16.4 11.8 12.1 15.2 .02 11.5
Total 89.2 99.2 99.2 99.4 99.9 99.7 99.7 99.6 994 99.5 99.2
GO, 4.7 4.36 104 12.1 872 9.46 5.66 6.49 7.51 0.28 5.10
H0° 6.01 5.83 11.12 11.43 7.46 6.98 6.11 5.65 7.72 8.74 6.40
Mg# 0.90 0.88 0.84 0.72 0.86 0.83 0.88 0.88 0.88 0.90 0.87
G. 1 1.0 1.1 1.9 4.3 1.6 1.8 1.4 1.1 1.4 1.0 1.2
Dyke East Star Dyke Byrnes Dyke Barren Dyke

mic mic mic i. mic
Sample; SJH30 SJH38 SJH1I04, SJHEO 8JHTS SIHT8 SJH7?77  NCOB1 NCOS52 NGOSI NCO54
Macro LM M M LM LM M LM M M M M
Si0, 32.5 30.9 353 26.8 298 33.8 2714 43.6 431 43.7 38.7
TG, 1.24 1.186 1.09 1.55 1.33 1.05 1.35 1.1 1.06 1.18 0.76
A0, 277 2.78 2.73 3.24 2.86 2.61 3.03 3.19 2.88 3.32 2.15
Fes 0, 7.91 8.05 8.58 7.27 7.81 8.32 6.72 9.07 9.15 9.23 8.12
MnO 0.19 0.18 0.18 0.64 0.51 0.47 0.58 0.37 0.39 0.36 0.17
MgO 17.9 26.0 26.9 16.6 18.4 18.7 16.2 234 232 23.7 368.7
Ca0 15.3 .52 8.43 18.5 14.8 11.7 17.8 3.25 3.55 2.86 2.18
Na,0 0.02 0.03 0.13 0.02 0.07 017 0.02 0.08 0.09 0.08 0.10
K0 3.83 3.35 2.73 4.42 4.22 2.87 3.33 3.00 2.96 3.08 1.81
P:0s 0.98 0.76 0.64 1.44 1.31 0.92 1.25 0.62 0.63 0.63 0.50
80 0.37 0.21 0.38 0.88 0.51 0.33 0.45 0.22 0.19 0.21 0.13
NIO 0.12 0.13 0.17 0.08 0.10 0.17 0.07 0.21 0.22 0.21 0.22),
Cr0s 0.29 0.28 0.33 0.26 0.27 0.28 0.28 0.40 0.40 0.37 0.28
HO 1.25 0.78 1.58 0.24 0.58 1.85 0.40 4.54 4.61 4.83 1.55
LOk 14.7 15.0 10.4 18.0 16.5 18.1 2086 6.67 7.09 6.06 4.88
Total 99.3 99.1 9.6 99.6 89.1 99.4 99.2 99.7 99.4 99.7 98.3
GO, 8.08 7.78 4.64 13.6 11.8 9.37 16.2 1.30 1.38 0.97 0.42
HO* 558 7.18 5.79 4.38 4.70 5.77 4.39 5.37 5.70 5.09 4.47
Mo# 0.84 0.88 0.88 0.84 0.85 0.88 0.72 (.86 0.86 0.86 0.80
G. L. 1.4 1.0 1.2 1.2 1.2 1.4 1.3 1.6 1.6 1.6 1.0
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samples (Table 4.2; Figure 4.2).

The Wynandsfontein Dyke samples define a broad positive correlation between MgO and SiO,, with a range
in SiO; from 22.7 to 35.2 wt % for a wide range in MgO content (MgO = 5.50 — 27.5 wt %; Table 4.2). Ca0
in the Wynandsfontein Dyke is also extremely variable, and ranges from 8.90 to 30.1 wt %, and there is a
negative correlation between CaO and MgO (Figure 4.2b). The lower MgO samples (<20 wt % MgQ) form a
much steeper negative correlation than the higher MgO samples. A similar break in slope is present on a
plot of K0 versus MgO for the Wynandsfontein Dyke samples (Figure 4.2d), with samples containing less
than 20 wt % MgO having a range in K20 from 0.64 to 3.23 wt % and defining a positive correlation between
K:O and MgO. Samples containing more than 20 wt % MgO, however, have similar K-Q concentrations
(K20 = 3.16 — 3.41 wt %) for a range in MgO. The majority of the Wynandsfontein Dyke samples contain
between 7.64 and 8.96 wt % Fe,0;, and define a strong positive correlation with SiO, similar to that of all
the Star kimberlite dykes (Figure 4.2¢). However samples SJH 37, JJG 6361A and JJG 6361C, with low
MgO contents, have lower Fe,0Os (Fe,0s = 4.10 — 5.91 wt %) and plot below the main trend, defining a
separate positive correlation with SiO,. There is a broad positive correlation between TiO, and Al,O3 within
the Wynandsfontein Dyke, with TiO, ranging from 1.13 to 1.27 wt % and Al,O; ranging from 2.60 to 3.07 wt
% (Table 4.2).

Within the East Star Dyke there is a broad range in MgO content, from 17.9 to 33.0 wt %, with the three
more macrocrystic samples (JJG 4570, SJH 38 and SJH 104) having higher MgO contents than the less
macrocrystic samples (Table 4.2). However, other major slement concentrations are less variable within the
East Star Dyke than the Wynandsfontein Dyke (e.g. SiO, = 30.9 — 35.3 wt %; Table 4.2). Although there is
no correlation betwesn MgO and Si0, within the East Star Dyke, the range in composition of this dyke lies
approximately at the higher MgO end of the positive correlation shown by the Wynandsfontein Dyke (Figure
4.1a). Four of the East Star Dyke samples show little variation in Ca0 content {Ca0 = 6.45 - 8.52; Table
4.2) and these samples define a shallow negative correlation between MgO and CaO (Figure 4.2b). Sample
SJH 30 has the higher Ca0 content of 15.3 wt %, and lles on the steeper negative frend betwesn Cal and
MgO defined by the Star kimberlite samples with lower MgO contents. Fe.0s concentrations show little
variation within the East Star Dyke (7.91 —~ 8.82 wt %; Table 4.2) and there is a broad positive correlation
between Fe)Os and Si0O, within this dyke {Figure 4.2c). The more macrocrystic East Star Dyke samples
trend to lower KO contents (K0 = 2.55 — 3.35 wit %; Table 4.2) than the less macrocrystic samples (K0 =
3.22 - 3.83 wt %; Table 4.2) and there is a broad negative correlation between KO and MgO within the
dvke (Figure 4.2d). Although there Is littie variation in the abundance of TiO, or Al,O, within the East Star
Dyke (TiO, = 1.01 —~ 1.24 wt %; AlO; = 2.34 - 2.79 wt %,; Table 4.2), there is a broad positive correlation
between these two oxides with the more macrocrystic samples trending to lower AlLCs and TIO, contents
than the Wynandsfontein Dyke (Figure 4.2e).

The Bymes Dyke has lower MgO and SiO, contents than the East Star Dyke (Byrnes Dyke MgO = 16.2 -

19.7 wt %, SiO; = 26.6 — 33.8 wt %, Table 4.2), although still within the range of the Wynandsfontein Dyke.
The most macrocrystic Bymes Dyke sample (SJH 78) has the highest SiO, and MgO contents. CaQ
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Figure 4.2 Variations of selected major elements in the Star kimberlite dykes.
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contents of the Bymes Dyke range from 11.7 o 18.5 wt %, and form a strong negative correlation with MgO
content, with the more macrocrystic sample having the lowest CaO (Figure 4.2b). There is a broad positive
correlation between Fe,03 and SiO, within the Byrnes Dyke (Fe,0, = 6.72 - 8.32 wt %; Table 4.2), although
sample SJH 77 lies below the main trend of the Star kimberlite dykes, with lower Fe,0; (Figure 4.2¢). The
macrocrystic sample (SJH 78) has the highest Fe, 05 content of the Byrnes Dyke samples. There is a range
in K20 concentrations from 2.87 to 4.22 wt % within the Byrnes Dyke for little variation in MgO content
(Table 4.2; Figure 4.2d). However, the aphanitic samples SJH 80 and SJH 79 contain more K,0 than any of
the other Star kimberlite samples and have similar K,O contents of 4.12 and 4.22 wt % respectively,
whereas the more macrocrystic sample (SJH 78) has lower K,O with a slightly higher MgO content. SJH 77,
with lower Fe,0O3 than the main Star kimberlite trend, also has lower K,O and slightly lower MgO content
than the other aphanitic Byrnes Dyke samples. All three aphanitic Byrnes Dyke samples have higher TiO,
contents than any of the other Star kimberlite dykes, ranging from 1.33 to 1.55 wt %, and thers is a within-
dyke positive correlation between TiO, and Al,O; (Al,O5 = 2.86 — 3.24 wt %; Table 4.2) broadly consistent
with the trend shown by the Star kimberlites as a whole (Figure 4.2e). The more macrocrystic Byrnes Dyke
sample (SJH 78) has lower TiO; and Al,O; (TiO; = 1.05 wt %; Al,O3 = 2.61 wt %; Table 4.2) than the
aphanitic Bymes Dyke samples.

The Clewer Dyke has MgO and SiO, concentrations towards the more enriched compositions, but within the
range, of the other Star kimberlite dykes (MgO = 28.8 to 32.2 wt %; SiO, = 34.1 wt %; Table 4.2). This dyke
is also the least enriched in Ca0 (Ca0 = 6.63 - 7.84; Table 4.2) and its composition lies on the shallow
negative trend between CaO and MgO defined by the high MgO Star kimberlite samples (Figure 4.2b).
There is little variation in Fe,0, contents within the Clewer Dyke (Fe,0; = 8.15 ~ 8.62; Table 4.2) and the
Clewer Dyke samples plot within the range of the broad positive correlation between Fe,0; and SiO,
defined by the majority Star kimberlite samples (Figure 4.2¢). Although KO is slightly more variable within
this dyke, ranging from 2.07 to 3.13 wt % (Table 4.2), the Clewer Dyke samples plot on the trend of
decreasing K,O with increasing MgO defined by the other high MgO Star kimberlite samples. Sample JJG
2833 from the Clewer Dyke has lower TiO, and AlL,O; than any of the other samples from the Star
diamondiferous dykes (JJG 2833 TiO, = 0.85 wt %,; Al,O; = 2.44 wt %; Table 4.2), whereas sample JJG
2837 has TiO, and Al,O; contents within the range of the other diamondiferous dykes.

Despite having similar MgO contents, the Barren Dyke has considerably higher SiO,, higher Fe,0; and
lower Ca0 contents than the other Star kimberlite dykes. The thres micaceous samples have very similar
compositions (e.g. Mg0O =232 -23.7Twt %; Si0;=43.1-43.7wt %; Ca0 =286 - 3.55 wt %; K0 =2.86 ~
3.08 wt %; Table 4.2) and these samples do not consistently plot on the trends defined by the other Star
kimberlite dykes (Figure 4.2). The micaceous samples have TiO, contents ranging from 1.06 - 1.19 wt %,
within the range of the other Star kimberlite dykes, and define a broad positive correlation between TiO, and
AlLO5 but trend to higher Al,O; contents than the olher Star Dykes {micaceous Barren Dyke AlO; = 2.88 ~
3.32 wt %; Table 4.2). The less micaceous Barren Dyke sample (NC 054) has higher MgO and lower SiO;
contents than the micaceous samples (MgO = 36.7 wt %, SiO, = 38.7 wt %; Table 4.2). This sample lies
approximately at the MgO-rich end of the trends defined by the other Star Dykes for SiO,, Ca0 and K30 vs.
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MgO, and the high SiO, end of the trend between Fe,O4 and SIO, (Figure 4.2a, b, ¢ and d). NC 054 also
has considerably lower Al;O, and TiO, than the micaceous Bamren Dyke samples (NC 054 ALO; = 2.15;
TiO, = 0.76 wt %) and its composition is a less enriched extension of the trend defined by the other Star
kimberlite dykes (Figure 4.2e). All the Barren Dyke samples have lower CO; concentrations than the Star
kimberlite dykes (CO, = 0.42 — 1.39 wt %; Table 4.2).

4.3 Comparison in major element geochemistry between the Swartruggens, Star
and other South African kimberlites

Both the Swartruggens and Star kimberlites show a wide range in major element composition and have
similar abundances of most elements (e.g. MgO, CO,, Na,0 and Fe,0,; Tables 4.1 and 4.2). However, for a
similar range in MgO, the Swartruggens kimberlites are mors enriched in 8iO,, K0 and Al.O5 than the Star
kimberlites (Figure 4.3a-d}. The Swartruggens South Fissure samples also extend to higher TiQO, contents
than any of the Star samples (Figure 4.3d).

The Swartruggens and Star kimberlites have SiO, concentrations broadly similar to those of other Group il
kimberlites, although the Swartruggens kimberlites extend to slightly higher, and the Star kimberlites extend
to lower, Si0; contents than the field for other South African Group li kimberlites illustrated in Figure 4.3a.
The Star micaceous Barren Dyke samples have higher Si0O, concentrations than the Swarfruggens
kimberlites or the field of Group Il kimberlites, and both the Swartruggens and Star kimberlites extend to
lower MgQ contents than the fislds for Group Il or Group | kimberlites (Figure 4.3a). Both South African
Group | and Group !l kimberlites define shallow negative trends between Ca0 and Si0,, with Group |
kimberlites extending to higher Ca0 contents (up to ~20 wt %) and lower SiQ, contents (Figure 4.3b). With
the exception of the Third Lease samples, with higher Ca0 contents, the Swartruggens kimberlites show no
correlation between CaO and SiO,, and lie within the range of approximately 2 to 14 wt % Ca0 defined by
other South African kimberlites. However, they are relatively enriched in Ca0 for a given SiQ, content than
the field for Group |l kimberiites (Figure 4.3b). The negative correlation between Cal and SiQ, defined by
the Star kimberlites, extends to much higher Ca0 contents than the field for other South African Group Ul
and even the Kimberley Group | kimberlites, with only the high MgO (up to 20 wt %) samples having Ca0
contents within the range of other South African Group Il kimberlites {Figure 4.3b).

The Star kimberlites have K,O concentrations within the field of Group 11 kimberlites, with those samples
containing greater than 20 wt % MgO defining a similar negative trend between KO and MgO (Figure 4.3c).
The Swartruggens kimberlites, with the exception of the low K,O Third Lease samples, generally have more
enriched K;O concentrations than the Star kimberlites or other South African Group Il kimberlites. Although
there is no convincing trend between K;O and MgQ within the Swartruggens samples, as a group they plot
approximately on a higher K0, lower MgO, extension of the field of other Group Il kimberlites. In contrast,
Group | kimberlites have much lower K,O contents (up to ~2 wt %) than Swartruggens, Star, or other Group
Il Kimberlites. South African Group | and Group Il kimberlites define positive correlations between Al,O3 and
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TiQs, with Group | kimberlites defining & much stesper trend to higher TiO: contents {up to ~3.8 wt %) and
Group 1! kimbedites defining a shallower trend to approximately 1.4 wt % TiC-, for a similar range in AlLO,
{Figure 4.3d). The Star kimberlites lie within the range of other Group Il Kimberlites for ALO. content, but
define a crossculting, slightly steeper trend towards slightly higher TiO; contents. The Swartruggens
kimberlites have higher AlLQ: than the Star kimberlites and, with the exception of the South Fissure, overlap
the high TIOs, high A0y end of the field of Group || kimberlites, extending the fieid to slightly higher £20,
and TiQ. contents. The Swartruggens South Fissure sample JJG 3150 has a much higher TiD: content

(TI0 = 2.66 wk %} than other Group 1l kimbertites.
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Trace element geochemistry

51 Introduction

Kimberlites are unusual rocks in that they contain very high abundances of both compatible and
incompatible elements (e.g. Mitchell, 1995). They are strongly enriched in the incompatible elements relative
to primitive mantle, and typically have steep primitive mantle normalised incompatible element patterns with
strongest enrichment in the more incompatible elements. The trace element geochemistry of kimberlites is
complicated by such processes as alteration, which may disturb the concentrations of the more mobile
elements (e.g. the large ion lithophile elements; e.g. le Roex et al., 2003) and assimilation of crust, which
may cause enrichment in the magmas of elements present in higher abundance in crustal material, as well
as dilution of those elements present in higher abundance in the primary kimberlite magma (e.g. Clement,
1982). In addition, the concentrations of the compatible elements may be decreased by fractional
crystallisation or increased by peridotite entrainment, with consequent enrichment or dilution of the
incompatible trace elements by the same processes. Partly as a result of these complications, although the
bulk rock trace element geochemistry of kimberlites has been well documented on a regional scale (e.g.
Clement, 1982; Shee, 1985; Tainton, 1992), few attempts have been made to characterise the trace
element concentrations of primary kimberlite magmas, or to use these compositions o quantitatively model
source region characteristics of kimberlites. Notable exceptions are the studies of Tainton and McKenzie
(1994), on southern African Group Il kimberlites, and le Roex et al. (2003) and Harris et al. (2004) on South
African Group | kimberlites. These studies have demonstrated that data from a suite of samples from the
same intrusion can be used to isolate these effects and so constrain the primary kimberlite magma
composition, allowing the source region trace element composition to be modelled, as will be shown in
Chapter 7.

A suite of samples from each of the exposed kimberlite dykes at Swartruggens and Star, and the
Swartruggens Muil lamprophyre, have been analysed for a range of trace elements with four principal aims,
summarised below:

1 - To characterise the whole rock trace element abundances of the two kimberlite dyke swarms.

2 - To isolate the effects of late-stage alteration, crystal fractionation and assimilation of mantle and crust by
the kimberlites en route to the surface, thus constraining the primitive magma compositions of these
kimberlites.

3 - Using simple partial melting calculations on the primary kimberlite magma compositions, to constrain the
mineralogy and geochemical signature of the respective source regions of the kimberlites.
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4 — To gain an understanding of the evolution of the source regions and the petrogenetic processes giving
rise to the kimberlite magmas.

This chapter concentrates on documenting and describing the trace element varlation in the Swartruggens
and Star kimberlite dykes. Points 2 — 4 (above) are conslidered in more detail in Chapter 7.

The abundances of a range of trace elements in the Swartruggens and Star kimberlites and the Muil
lamprophyre were determined by inductively coupled plasma mass spectrometry (ICP-MS) and X-ray
fluorescence spectrometry (XRF). Details of the analytical techniques are reported in Appendix 3. For
comparison, the concentrations of a number of trace elements were determined by both techniques. As
reported in Appendix 3, a small number of the Star samples have lower measured Nb concentrations when
analysed by ICP-MS relative to XRF. This Is believed to be due to incomplete dissolution of Nb bearing
phases prior to ICP-MS analyses and XRF Nb data have therefore been reported in this chapter. Given the
similar geochemical behaviour of Nb and Ta, the Ta concenfrations reported in Tables 5.1 and 5.2,
determined by ICP-MS, may also be slightly low,

5.2 Trace element geochemistry of the Swartruggens kimberlite dykes and the
Muil lamprophyric dyke

Nineteen samples from the Swartruggens kimberlite dykes (3 from the Third Lease, 7 from the Main Dyke, 4
from the Changehouse Dyke and 4 from the South Fissure), and 6 samples from the Muil lamprophyric
dyke, have been analysed for their trace element content. Individual analyses are reported in Table 5.1, and
selected trace element variations are shown in Figures 5.1 to 5.5

5.2.1 Compatible trace slements

Compatible trace element variations in the Swartruggens kimberlite dykes are illustrated with respect to La
in Figure 5.1. Ni and Cr show similar behaviour, both showing broad ranges in abundance (Ni = 617 - 1814
ppm, Cr = 1270 - 1845 ppm; Table 5.1) and defining positive correlations with MgO, and negative
correlations with La, content (Figure 5.1a and b). Within the Main Dyke, Ni ranges between 862 and 1304
ppm and defines a within-dyke negative correlation with La content, with the more macrocrystic samples
frending fo higher Ni conients than the less macrocrystic samples (Figure 5.1a). A particularly strong
negative correlation is defined by samples NC 004, NC 0086, SR 8, JJG 3143 and Hons 95-4, whereas NC
010 and NC 011 lie below this trend with lower Ni concentrations for a given MgO content. Cr shows a
similar range in concentrations (Cr = 1308 - 1425 ppm; Table 5.1) and shows no within-dyke correlation with
La content (Figure 5.1b). The Third Lease samples have Ni contents within the range of the Main Dyke
although they extend to slightly higher Cr content (up to 1844 ppm), whereas the Changehouse Dyke has
higher Ni and Cr contents (Ni = 1592 {o 1814 ppm; Cr = 1874 to 1845 ppm; Table 5.1) than the Main Dyke.
Within the Changehouse Dyke there are no correlations between Ni or Cr and La (Figure 5.1a and b),
although the Changehouse Dyke plots approximately on the trend of the Main Dyke samples for Ni versus
La. The range of Ni and Cr contents of the South Fissure overlap those of the Main Dyke, but extend to
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Table 5.1 Bulk rock trace element analyses, in ppm, of the Swartruggens kimberlite dykes and the Mull lamprophyre
dyke. Macro = no. of macrocrysts present in thin section; M = more macrocrystic, LM = less macrocrystic; * = elements
analysed by XRF, all other elements analysed by ICP-MS; ** = average of 2 separate analyses, individual analyses are
reported in Appendix 2.

Dyke 3rd Lease Main Dyke Changshouse
Sample NCO01 NCO02Z NCOD3 NCOO4 NCODE NCOMO NC o1t SR6 JJG 3143Hons 95-4 NC-0053 NC-007
Macro M LM LM M LM M LM M M LM M M
Sc 19.6 18.3 19.0 19.0 205 18.1 19.3 19.9 20.7 211 16.0 16.8
\'J 90.9 162 269 119 180 170 116 152 181 144 125 124
Cr 1540 1644 1442 1367 1419 1425 1308 1328 1332 1415 1845 1732
Co 58.9 56.1 57.0 73.2 60.4 65.5 62.5 66.9 66.6 66.3 75.2 80.5
Ni* 1038 938 1004 1304 862 1012 946 1058 1142 1083 1562 1600
Cu 30.8 43.4 38.4 25 40.6 20.8 304 33.5 36.0 34.3 30.5 32.5
Zn* 93.6 118 13 B4.0 95.8 84.7 79.9 93.1 87.3 85.6 77.8 81.3
Rb 120 134 102 200 273 221 198 244 195 213 187 185
Sr 1270 1605 880 1188 1422 743 1008 750 473 1906 873 850
Cs 5.20 4.78 5.88 7.57 6.62 5.08 4.67 7.37 3.88 8.03 7.22 8.56
Ba 1747 1494 954 4129 3452 8226 5263 2699 4107 2996 3200 3022
Y 24.1 264 22.0 241 21.7 12.7 18.4 24.6 23.0 32.4 14.0 16.4
Zr 388 418 413 378 385 173 374 340 329 385 264 395
MNb* 120 144 147 140 171 108 83.4 133 144 143 86.5 80.1
Hf 8.22 9.02 8.74 8.14 8.63 4.54 8.09 8.69 7.51 8.16 5.76 9.80
Ta 5.17 5.85 537 6.25 5.93 5.41 4.97 6.00 6.41 6.39 3.43 4.14
Ph 50.6 54.8 61.1 286 40.3 48.5 33.3 43.6 371 384 276 29.6
Th 26.8 26.7 25.5 266 30.6 18.9 2.0 255 28.7 284 15.1 18.2
ju 7.25 8.33 8.33 6.62 7.89 1.83 4.82 7.01 6.94 7.08 418 5.05
La 210 217 208 185 257 193 195 221 207 229 124 146
Ce 401 411 402 356 493 383 375 427 409 446 242 284
Pr 42.2 43.3 42.5 37.7 52.1 40.2 39.5 45.3 43.3 47.6 259 30.2
Nd 150 166 153 134 187 141 142 160 155 171 852 108
Sm 19.1 20.0 18.7 17.7 2386 16.7 17.9 18.7 18.2 21.7 124 14.1
Eu 4.60 4.89 4.41 4.51 5.77 4.01 4.43 4.88 4.91 5.41 3.20 3.53
Gd 1.9 13.3 1.7 11.5 14.7 8.5 10.7 12.4 11.8 14.3 7.67 8.78
Th 1.42 1.55 1.38 1.40 1.74 0.94 1.22 1.44 1.39 1.67 0.89 1.04
Dy 875 6.34 5.42 5.94 6.85 3.30 4.79 5.67 5.74 8.97 3.61 4.08
Ho 0.93 1.03 0.87 0.96 1.10 0.51 0.77 0.0 0981 1.13 057 0.64
Er 2.33 249 2.08 2.38 2.58 1.19 1.76 2.03 2.1 2.53 1.33 1.50
Tm 0.27 0.30 0.25 0.29 0.32 0.15 0.22 0.25 0.26 0.2 0.186 0.18
¥b 1.54 1.66 1.38 1.70 1.76 0.84 1.26 1.42 1.80 1.62 0.91 1.05
Lu 0.19 0.22 0.19 0.23 0.24 0.1 0.17 0.19 0.20 0.22 0.12 0.14
Cel/Pb 792 7.51 6.58 12.5 12.2 7.90 11.3 9.81 11.0 12.6 8.77 9.60
Urth 0.27 0.31 0.33 0.25 0.26 0.10 0.22 0.27 0.26 0.26 0.28 0.28
ZrINb 3.25 2.88 2.82 2.69 2.32 1.68 4.48 2.56 2.29 2.48 3.05 4.93
rirad 16.1 18.7 18.8 18.7 14.3 13.6 20.3 13.8 14.3 10.9 18.9 24.1
Zrikt 47.2 46.0 47.3 46.4 458 38.1 46.2 39.1 43.8 43.85 45.9 40.3
Ba/Nb 14.6 10.4 6.51 29.4 20.2 78.8 63.1 20.3 28.5 20.9 37.0 49.0
La/Nb 1.76 1.50 1.42 1.32 1.51 1.85 2.34 1.66 1.44 1.60 1.43 1.83
LalTh 7.80 8.12 8.15 6.96 8.40 10.2 8.80 8.65 7.75 8.07 8.24 8.05
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bByke | Changehouse South Fissurs | Muil Dyke

Sample | NC-009 SR7 |JJG 3149 JJG 3145 JJG 3150 JUG 3148) NC 008™ NC 012 NCO14 NC 015 JJG 3141 SRS
Macro M M LM M LM M LM M M M LM M

Sc 15.4 16.8 12.3 10.3 17.9 184 23.0 18.7 23.1 26.8 30.8 17.8
A 122 134 270 228 328 2893 274 180 247 178 218 187
Cr* 1574 1738 1270 1462 802 1458 891 1946 1650 2088 620 2068
Co 87.8 84.7 64.8 70.3 61.9 62.9 52.5 77.5 68.6 71.0 359 81.3
NI* 1814 1714 924 1048 817 756 441 1071 B17 1087 71.7 1181
Cu 33.0 32.1 788 357 195 824 87.2 60.2 60.2 63.4 76.3 58.2
in® 824 820 136 123 143 134 82.6 76.9 71.6 859 85.5 80.3
Rb 146 154 226 216 183 257 98 125 150 134 103 68
8r 1302 1667 2841 2127 3154 2144 938 772 765 674 604 750
Cs 7.87 18.3 3.62 3.84 4.01 3.78 7.79 1.2 6.67 4.69 4.81 16.9
Ba 3141 3329 7003 6975 10649 5356 1725 1210 1518 1185 2358 1553
Y 16.2 17.14 36.1 29.3 581 47.6 10.3 7.7 7.5 8.5 11.7 8.0
ar 264 368 427 310 1145 668 223 182 183 142 227 160
Nb* 101 81.1 191 144 351 227 81.9 53.9 57.6 50.0 814 54.0
Hf 6.08 9.29 9.21 5.94 223 13.9 5.41 370 4.38 168 5.69 4.00
Ta 3.76 4.27 5.79 5.83 9.57 7.08 3.87 2.75 3.10 2.70 4.97 3.25
Pb 26.7 26.6 78.7 56.2 110 101 15.9 10.3 9.9 9.1 13.4 10.0
Th 17.9 17.4 28.3 259 44.1 34.9 10.6 7.6 8.0 7.2 10.4 7.5
U 4.70 4.57 13.02 .57 14.7 15.5 2.66 2.34 2.92 1.56 313 2.35
La 138 142 287 244 293 300 889 59.4 58.1 62.6 85.1 572
Ce 267 277 531 458 559 569 179 119 118 128 176 118
Pr 28.4 28.3 54.9 48.5 59.7 65.6 19.4 13.1 12.9 14.4 19.7 129
Nd 102 106 195 172 214 240 72 49 47 54 74 48
Sm 13.2 13.5 258 22.1 .7 314 8.24 6.33 6.02 7.12 9.83 6.40
Eu 3.32 i85 6.34 5.67 888 8.20 2.28 1.60 1.56 1.80 2.52 1.62
Gd 8.36 8.58 15.6 13.8 22.1 209 573 4.01 385 4.39 6.04 3.01
To 0.97 0.89 1.88 1.61 2.87 2.43 0.64 0.44 0.43 0.49 0.70 0.45
Dy 3.99 4,11 7.83 6.78 13.5 10.3 2.60 1.83 1.87 2.00 2.93 1.84
Ho 0.64 0.66 1.34 1.10 2.31 1.65 0.43 0.31 0.30 0.33 0.48 0.31
Er 1.48 1.50 347 2.58 5.82 3.88 1.03 0.76 0.68 0.82 1.16 0.77
Tm 0.18 0.18 0.40 0.31 0.76 0.48 0.14 0.10 0.10 0.10 0.18 0.08
Yh 1.04 1.07 2.28 1.70 4.48 2.69 0.83 0.59 0.59 0.59 0.89 0.58
Lu 0.14 0.14 0.30 0.21 0.60 0.36 0.11 0.08 0.08 0.08 0.12 0.08
CalPb 10.0 104 6.75 8.08 5.07 5.93 1.2 11.6 11.9 14.1 13.2 11.7
UTh 0.26 0.26 0.46 0.37 0.33 0.45 0.25 0.31 0.37 0.22 0.30 0.31
ZriNb 2.61 4.04 2.24 2.16 3.26 2.94 2.73 2.83 3.18 2.84 2.78 2.97
arlyY 16.3 218 11.8 10.6 19.4 14.0 21.6 18.8 24.2 16.8 19.4 201
ZeiHf 43.4 386 46.3 522 513 48.1 41.3 41.2 41.8 38.6 309 40.0
BaNb 31.0 36.5 36.7 48.5 30.3 238 21.0 22.4 26.4 23.7 28.0 28.8
La/Nb 1.37 1.56 1.50 1.68 0.83 1.32 1.08 1.10 1.01 1.25 1.08 1.06
La/Th 7.73 8.14 10.14 9,41 6.65 8.61 8.35 7.86 7.29 8.63 8.18 7.61
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Figure 5.1 Varation of selected compatible trace elements within the Swartruggens kimberiite dykes and the Muil
lamprophyre.

lower concentrations (Ni = 617 - 1048 ppm; Cr = 802 — 1462 ppm; Table 5.1). The South Fissure samples
define an extension of the broad negative correlation between Ni and La of the Main Dyke (Figure 5.1a), but
show no correlation between Cr and La (Figure 5.1b). Sample JJG 3150 from the South Fissure has
anomalously low Cr and lies below the broad trend between Cr and La of the Swartruggens dykes

collectively.

The Swartruggens kimberlite dykes have a limited range of Sc concentrations, from 10.3 ppm to 21.1 ppm,
and a far wider range of V contents from '90.9 to 328 ppm, although individual dykes show less variation
(Table 5.1). The range in Sc concentrations shown by the Main Dyke (Sc = 18.1 — 21.1 ppm; Table 5.1)
encompasses that of the Third Lease samples (Sc = 19.0 - 19.6 ppm; Table 5.1), whereas the
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Changehouse Dyke is less enriched (Sc = 15.4 ~ 16.8 ppm). These three dykes collectively define a broad
positive correlation between Sc¢ and La but the South Fissure samples (with S¢ = 10.3 to 19.4 ppm Sc¢)
define a separate, steeper, within-dyke positive correlation with lower Sc¢ concentrations for a given La
content than the Main Dyke (Figure 5.1¢). The Third Lease samples show a wide range in V concentrations
from 90.9 to 269 ppm, which encompasses the smaller ranges of the Main and Changehouse Dykes (V =
115 - 180 ppm and 122 ~ 131 ppm, respectively; Table 5.1), whereas the South Fissure extends o more
enriched concentrations (V = 228 ~ 328 ppm; Table 5.1). The Swartruggens kimberlite dykes collectively
define a broad positive correlation between V and La, with the South Fissure showing a particularly strong
within-dyke correlation (Figure 5.1d).

The Muil Dyke has widely varied abundances of the compatible elements, which define trends with La that
are unrelated to those of the kimberlite dykes (Figure 5.1), with Ni ranging from 71.7 to 1191 ppm and Cr
ranging from 620 to 2088 ppm (Table 5.1). Both Ni and Cr define steep negative correlations with La within
the Muil Dyke, with the more macrocrystic samples having considerably higher abundances of Ni and Cr (Ni
= 817 — 1191 ppm, Cr = 1650 - 2088 ppm) than the aphanitic samples (Ni = 71.7 — 441 ppm, Cr = 620 —
991 ppm). The macrocrystic Muil Dyke samples show a wide range in Sc and V concentrations
(macrocrystic Sc = 17.8 — 30.8 ppm; V = 179 — 274 ppm; Table 5.1) and the aphanitic samples trend to
higher Sc and V contents than the macrocrystic samples (aphanitic Sc = 23.0 ~ 30.8 ppm, V = 219 - 274
ppm; Table 5.1). Sc and V define steep positive correlations with La for the Muil dyke (Figure 5.1 ¢ and d),
and also define broad positive correlations with MgO content (Tables 4.1 and 5.1). Although the range in V
content shown by the Muil Dyke is within the range of the kimberlite dykes, the majority of Muil Dyke
samples are enrichad in S¢ relative to the kimberlite dykes.

5.2.2 Incompatible trace elements

5.2.2.1 Rare sarth elements (REE)

The REE show considerable variation amongst the Swartruggens kimberlite dykes (e.g. La = 124 to 300
ppm; Tabie 5.1), although individual dykes show litile variation. The South Fissure is the most enriched of
the dykes, with La = 244 to 300 ppm, Ce = 455 {o 599 ppm, Yb = 1.70 {0 4.48 ppm. The Third Lease and
Main Dyke samples share a common range (185 to 229 ppm La), whereas the Changehouse Dyke is
slightly less enriched (La = 124 to 146 ppm). Chondrite normalised REE patterns for the Swartruggens
kimberlite dykes are shown in Flgure 5.2a-d. All the kimberllte dykes are strongly enriched in the light REE
relative to the heavy REE (La/Yb, = 78 — 165), with individual dykes showing smooth, sub-parallel patterns.
Within the individual kimberlite dykes, there is no consistent variation between more macrocrystic and less
macrocrystic samples. The South Fissure is enriched up to 1299 times chondrite in La and has the lowest
average La/Yb, of the Swartruggens kimberlite dykes (La/Yb, = 91.0 £ 11.3). Sample JJG 3150 (South
Fissure) has been excluded from this ratio due to its raised heavy REE, and consequently lower La/Yb,
(LalYb, = 47.0), which is interpreted to be a feature of crustal contamination (le Roex ef al., 2003, Figure
5.2d; see discussion in Chapter 7). The Main Dyke samples (with La up to 1085 times chondrite) have the
highest La/Yb, of the kimberlite dykes, with the majority of the Main Dyke samples having La/Yb, = 106 &
5.7 (Figure 5.2b). Sample NC 004 has been excluded due to its elevated heavy REE abundances (see
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Figure 5.2 Chondrite normalised rare garth element pafterns for the Swartruggens kimberiite dykes and the Muil
lamprophyre. Open symbols more macrocrystic samples, solid symbols less macrocrystic samples. Chondrite values
from Sun and McDonough (1988).

above) and consequently lower La/Yb, (La/Yb, = 78, Figure 5.2b). NC 010 (Main Dyke) is anomalous, being
significantly depleted in the heavy REE relative to the other Main Dyke samples (La/Yb, = 165; Figure 4.2a),
and has also been excluded from the average ratio. The Third Lease samples (with enrichment in La up to
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922 times chondrite), and the less enriched Changehouse Dyke (La up to 617 times chondrite), have La/Yb,
of 99.8 + 7.0 and 97.1 + 2.7 respectively, intermediate between those of the Main Dyke and South Fissure
(Figure 5.2a and ¢).

The Muil Dyke is less enriched in the REE than the Swartruggens kimberlite dykes, with La concentrations
ranging from 57.2 to 88.9 ppm (Table 5.1). The Muil Dyke samples also show smooth, steep chondrite
normalised REE patterns with greater enrichment in the light REE than the heavy REE, although with
significantly lower La/Yb, than the kimberlite dykes (La/Yb, = 72.5 + 3.0). Unlike the kimberlite dykes, the
Muil Dyke macrocrystic samples are considerably less enriched than the aphanitic samples (macrocrystic La
= 282 - 272 times chondrite; aphanitic La = 369 - 394 times chondrite) although their chondrite normalised
patterns are sub-parallel (Figure 5.2e).

5.2.2.2 High field strength (HFS) and large ion lithophile (LiL) elements

The HFS elements are high in abundance in all the Swartruggens kimberlite dykes (e.g. Zr = 264 — 1145
ppm; Nb = 80.1 -~ 351 ppm; Table 5.1). The range in absolute abundance of this group of elements within
the Main Dyke (e.g. Zr = 173 — 395 ppm; Nb = 83.4 — 171 ppm) approximately spans that of the
Changehouse Dyke and Third Lease samples, although the Changehouse Dyke is significantly less
enriched in Ta (Ta = 3.43 - 4.27 ppm; Table 5.1) than the Main Dyke (Ta = 4.97 - 6.25 ppm; Table 5.1),
whereas the South Fissure samples extend to higher concentrations (Zr up to 1145 ppm; Nb up to 351 ppm;
Table 5.1). The HFS elements generaily show very good mutual correlations (Figure 5.3) with constant inter-
element ratios across the suite of kimberlite dykes (Zr/Nb = 2.9 £ 0.8; Zr/Hf = 45.0 + 3.9; La/Nb = 1.6 + 0.25,
excluding JJG 3150, South Fissure, with anomalously low La for a high Nb concentration). Strong within
dyke correlations are also shown by the Main Dyke and South Fissure, whereas the Changehouse Dyke
shows more scatter, with samples NC 007 and SR7 having slightly higher abundances of Zr and Ta for a
given Nb content than the other two Changehouse Dyke samples (Table 5.1; Figure 5.3a and ¢).

Th defines a strong positive correlation with U for the Swartruggens kimberlite dykes collectively (U/fTh =
0.29 + 0.08; Table 5.1, Figure 5.3e), despite the known mobility of U, but a stronger correlation with La
content, with La/Th = 8.3 £ 0.9 (Table 5.1; Figure 5.3f). Sample NC 010 from the Main Dyke plots away from
the correlations, with lower U and slightly higher La for a given Th content. The range in Th and U
concentrations of the Main Dyke (Th = 18.9 - 30.8ppmy; U = 1.83 ~ 7.89 ppm; Table 5.1) spans that of the
Third Lease samples, whereas, despite having U concentrations within the range of the Main dyke (U = 4.15
- 5.05 ppm; Table 5.1), the Changehouse Dyke is less enriched in Th (15.1 — 18.2 ppm; Table 5.1). The
South Fissure is the most enriched dyke in both Th and U (Th = 25.9 — 44.1 ppm; U = 9.57 — 15.5 ppm;
Table 5.1), and defines a within-dyke positive correlation between these two elements that is less steep than
that of the Swartruggens Dykes collectively (Figure 5.3e). Sample JJG 3150 from this dyke has lower U/Th
and La/Th than the other South Fissure samples (Table 5.1).

The Muil Dyke is less enriched in the HFS elements than the Swartruggens kimberlite dykes (e.g. Zr = 142
to 244, Nb = 50.0 to 81.9 ppm; Table 5.1), but it has within dyke inter-element ratios similar to those of the
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kimberlite dykes and appears {o plot on the same trends (e.g. ZriNb =289 £ 0,16, Zr/iHf = 405 + 1.2, La/Th
= 7.99 + 0.50; Figure 5.3). The HFS elements are lower in abundance in the macrocrystic Muil Dyke
samples than the aphanitic samples (Table 5.1; Figure 5.3).

The LiL. slements are present in high and variable abundances in the Swartruggens kimberlites (e.g. Ba =
954 — 10649 ppm; Rb = 102 ~ 273 ppm; Table 5.1). At best, the LIL elements show poor correlations with
each other over the suite of kimberlite dykes and weak positive correlations are also present between the
LiL elements and the more Immobile HFS elements (Figure 5.1). However, there is a strong positive
correlation between Rb and K, with K/Rb = 202 + 9.7 for the kimberlite dykes (Figure 5.4a). The Main Dyke
shows a broad range in Sr and Ba concentrations (Sr = 473 ~ 1422 ppm; Ba = 2699 - 8226 ppm; Table 5.1),
with sample NC 010 being notably enriched in Ba relative to the other Main Dyke samples, which
encompasses the range of the Changehouse Dyke samples. However, Rb concentrations are higher in the
Main Dyke than the Changehouse Dyke (Main Dyke Rb = 195 — 273 ppmy; Changehouse Dvke Rb = 146 -
187 pprry; Table 5.1). The South Fissure has Rb contents within the range of the Main and Changehouse
Dykes, but extends to the highest Sr and Ba concentrations of the Swartruggens kimberlite dykes (Srup to
3154 ppmy; Ba up to 10649 ppm; Table 5.1). The Third Lease samples are the least enriched of the
Swartruggens kimberlite dykes in Rb and Ba (Rb = 102 ~ 134 ppm; Ba = 854 - 1747 ppm; Table 5.1),
although they have Sr concentrations within the range of the Main and Changehouse Dykes.

Although Pb shows only weak positive correlations or no correlation with the other LILE (Figure 5.4e), it
shows a strong positive correlation with Ce (Figure 5.4), with an average Ce/Pb of 9.1 £ 2.3 for the suite of
kimberlite dykes. Ce/Pb within the Main Dyke is slightly higher than the other kimberlite dykes, with most
samples having Ce/Pb ranging from 11.01 — 12.58 (Pb = 28.6 — 43.6 ppm) and samples NC 020 and NC
010 being displaced to higher Pb concentrations (with Ce/Pb = 9.81 and 7.90, respectively). The
Changehouse Dyke samples are slightly less erviched (Pb = 26.6 — 20.6 ppm) and have slightly lower
Ce/Pb than the Main Dyke (Ce/Pb = 8.77 — 10.4). The South Fissure and Third Lease samples have higher
Pb concentrations, and lower Ce/Pb, than the Main and Changehouse Dykes (South Fissure Pb = 56.2 —
110 ppm, Ce/Pb = 5.07 — 8.09; Third Lease Pb = 50.6 — 61.1 ppm, Ce/Pb = 6.58 — 7.92; Table 5.1).

Like the HFS elements, the LIL slements are generally slightly less enriched in the Muil Dyke than the
Swartruggens kimberlite dykes (e.g. Muil Dyke Ba = 1185 to 2359 ppm, Rb = 68 to 150 ppm; Table 5.1),
aithough the Sr concentrations of the Mull Dyke are within the range of the Main Dyke. Howsver, the Muil
Dyke does not deviate significantly from the broad trends shown by the Swartruggens kimberlites (Figure
5.4). The Muil Dyke also has lower Pb concentrations than the kimberlite dykes (Pb = 26.6 — 19.6), with the
more macrocrystic samples having slightly lower Pb contents than the aphanitic samples. This dyke plots
approximately on the broad trend between Ce and Pb defined by the kimberlite dykes (Figure 5.4f), although
it has slightly higher Ce/Pb ratios than the kimberlite samples (Ce/Pb = 11.2 - 14.1).

Primitive mantle normalised incompatible element diagrams for the Swartruggens kimberlite dykes are
shown in Figure 5.5a-d. All the kimberlite dykes are enriched relative to primitive mantle, with greatest
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enrichment in the more incompatible elements. The South Fissure is the most enriched dyke, with
enrichment in Rb up to 404 times primitive mantle (Figure 5.5d), and the Changehouse Dyke is generally
the least enriched (Figure 5.5¢). The Main Dyke and Third Lease samples have similar degrees of
enrichment (Figure 4.5a and b). The more, and less, macrocrystic samples from individual kimberlite dykes
cannot be distinguished with respect to their primitive mantle normalised patterns.

Superimposed upon relatively smooth enrichment patterns, strong K, Ti variable Sr, and subdued Nb-Ta
negative anomalies occur in all the kimberlite dykes. The magnitude of these anomalies can be expressed
as X/X* for element X, where X* is the interpolated primitive mantle normalised value assuming a smooth
variation batween the normalised values of the two adjacent elements (after le Roex ef &/, 2003) and for K
is here calculated with respect to Th and Nb, given the variability of U and Ta in these samples (Figure 5.3).
The Main Dyke samples show K anomalies which range in size from K/K* = 0.58 to 0.90 (except NC 010,
which is anomalous in having a slight positive K anomaly, with K/K* = 1.03; Figure 5.5b), whereas the South
Fissure and Third Lease samples show slightly larger K anomalies (K/K* = 0.30 — 0.71 and 0.33 - 0.44
respectively). The Changehouse Dyke samples show smaller K anomalies, with three samples ranging from
K/K* = 0.66 to 0.97 and the fourth (NC 005) having a slight positive anomaly relative to Nb and Th (K/K* =
1.34, Figure 5.5¢). The Ti anomalies in the Main Dyke, South Fissure and Third Lease samples are of
similar size, with Ti/Ti* ranging from 0.24 to 0.30, whereas the Changehouse Dyke has a slightly larger Ti
anomaly (TUTi* = 0.35 — 0.38). The Main Dyke shows widely variable Sr anomalies, with Sr/Sr* ranging from
0.17 to 0.49 and the Third Lease samples Sr anomalies are within this range of magnitude, whereas the
Changehouse Dyke and South Fissure have slightly smaller Sr anomalies (Sr/Sr* = 0.43 — 0.87 and 0.50 —
0.81 respectively). Slight negative Zr-Hf anomalies are present in the Main Dyke, South Fissure (except JJG
3180; Figure 5.5d) and two samples from the Changehouse Dyke (NC 005 and NC 008). The other two
Changehouse Dyke samples (NC 007 and SR 7), and JJG 3150 from the South Fissure, show slight
positive anomalies for Zr and Hf. JJG 3150 is also slightly enriched in HREE relative to primitive mantle
when compared to the other samples from the South Fissure, as previously described in section 5.2.2.1
(Figure 5.5c and d). Sample NC 010 is anomalouys relative o the other Main Dyke samples in having
particularly pronounced negative Zr-Hf and Sr anomalies, in addition to being the only Swartruggens sample
with a strong negative U anomaly, and has lower abundances of the heavy REE elements as previously
discussed. NC 010 and NC 011 (both from the Main Dyke) also have strong negative P anomalies, which
are not present in the other Swartruggens kimberlites samples (Figure 5.5b).

Ali the Swartruggens kimberlite dykes have strong positive Pb anomalies, which range in magnitude within
the Main Dyke from Pb/Pb* = 2.40 to 3.09, except NC 010 which has a Pb/Pb* of 3.85. The South Fissure
and Third Lease samples have the largest Pb anomalies (Pb/Pb* = 3.73 — 5.95 and 3.84 — 4.60) with the
strongest anomalies present in samples JJG 3150 and JJG 3148 from the South Fissure. The Changehouse
Dyke has positive Pb anomalies between these two ranges in magnitude (Pb/Pb* = 2.92 — 3.44). With the
exception of the Third Lease samples, Ba is enriched relative to Rb in all the Swartruggens kimberlite dykes,
and a positive U anomaly is also present in the South Fissure samples.
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Figure 5.5 Continued.

The Muil Dyke is less enriched than the Swartruggens kimberlite dykes, but is still strongly enriched relative
to primitive mantle, with greatest enrichment in the more incompatible elements (Rb = 105 to 235 times
primitive mantle; Figure 5.5e). The samples can be split into two groups based on their mantie-normalised
patterns, one of which is more enriched than the other. The more enriched samples correspond to the least
macrocryst-rich samples, whereas the more macrocryst-rich samples are less enriched relative to primitive
mantle. The Muil Dyke shows a remarkably sub parallel pattern to the Swartruggens kimberlite dykes, with
similarly sized negative K (K/K* = 0.58 — 0.82, except samples NC 014 and NC 015 where K/K* = 1.46 and
1.01 respectively) and Sr anomalies (Sr/Sr* = 0.70 - 0.90, except sample JJG 3141 which has a much
larger Sr anomaly, with Sr/Sr* = 0.46). Nb and Ta are also slightly less enriched relative to primitive mantle
with respect to La and U in the Muil Dyke, although this is not so marked as in the Swartruggens kimberlite
dykes. Ba in the Muil Dyke is enriched relative to Rb in the majority of samples, and all the Muil Dyke
samples have moderate positive Pb anomalies, although these are slightly smaller than those of the
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kimberlite samples (Pb/Pb* = 2.09 - 2.56). However, in contrast to the Swartruggens kimberlite dykes, the
Muil Dyke shows no negative Ti anomaly (Figure 5.5e),

5.3 Trace element geochemistry of the Star kimberlite dykes

The trace element geochemistry of twenty-two samples from the Star kimberlite dykes (2 from the Clewer
Dyke, 7 from the East Wynandsfontein Dyke, § from the East Star Dyke, 4 from the Byrnes Dyke, and 4
from the Barren Dyke), has been determined. Individual analyses are reported in Table 5.2 and selected
variations are illustrated in Figures 5.6 to 5.10.

5.3.1 Compatible trace slements

Compatible trace element variations in the Star kimberlite dykes are illustrated with respect to La in Figure
5.6. Both Ni and Cr vary widely in abundance, with Ni ranging from 684 to 1988 ppm and Cr ranging from
1800 to 2733 ppm, and both these elements define broad negative correlations with La content, with the
more macrocrystic samples trending to higher Ni and Cr abundances (Figure 5.6a and b; Table 5.2).
Individual dykes also show wide ranges in Ni and Cr abundances, with the more macrocrystic samples
tending to be more enriched. Moderate negative correlations between Ni and La and present within
individual dykes (Figure 5.6a), whereas Cr shows more scatter with La and within-dyke correlations are
poor. The Byrnes Dyke is the least enriched in Ni, with the less macrocrystic samples showing a range from
684 to 905 ppm and the more macrocrystic sample (SJH 78) having the much higher Ni concentration of
1704 ppm (Table 5.2, Figure 5.8a) and this dyke also has relatively low Cr concentrations (Cr = 2147 o
2442 ppm; Table 5.2, Figure 5.6b). The Wynandsfontein Dyke shows a broad range in Ni and Cr
concentrations (Ni = 880 - 1401 ppm; Cr = 2104 - 2600 ppm; Table 5.2) and defines relatively strong within-
dyke negative correlations for Ni and Cr vs. La (with the exception of sample NC 050 with anomalously low
Cr content; Figure 5.6a and b), whereas the East Star Dvke also has a wide range in Ni concentrations (Ni =
1148 to 1678 ppm; Figure 5.6a) but extends to higher Ni contents than the Wynandsfontein Dyke. Four of
the East Star Dyke samples have Cr concenfrations ranging from 2258 to 2525 ppm (Table 5.2}, within the
range of the Wynandsfontein Dyke, although sample JJG 4570 has anomalously low Cr {1800 ppm; Table
5.2} and plots outside the range of the other Star kimberlite dvkes (Figure 5.6b). Despite having Cr
concentrations within the range of the other Star diamondiferous kimberlite dykes (Cr = 2212 to 2341 ppm;
Table 5.2; Figure 5.6b), with sample JJG 2833 plotting below the main negative trend between Cr and La
defined by Star kimberlite dykes collectively, the Clewer Dyke extends to higher Ni abundances than these
dykes (Ni = 1710 to 1482 ppm; Table 5.2; Figure 5.6a). The Bamren Dyke is the most enriched of the Star
kimberlite dykes in Ni and Cr (Ni = 1867 - 1988 ppm; Cr = 2548 - 2733 ppm; Table 5.2) and this dyke plots
approximately on the negative frends of Ni and Cr vs. La defined by the Star diamondiferous kimberlite
dykes (Figure 5.6a and b). The micaceous samples define broad within-dyke negative correlations on these
diagrams whereas the less-micaceous sample (NC 054), despite having similar concentrations of Ni and Cr
to the micaceous samples, has lower La and deviates slightly from the within-dyke trend.
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Table 5.2 Bulk rock trace element analyses, in ppm, of the Star kimberlite dykes. Mic = micaceous Barren Dyke, 1. mic
= lgss micaceous Barren dyke; Macro = quantity of macrocrysts in thin section, M = more macrocrystic, LM = less
macrocrystic; * = elements analysed by XRF, all other elements analysed by ICP-MS.

Dyke Clewer Dyke Wynandsfonteln Dyke East Star Dyke
Sample | JJG 2833 JJG 2837 SJH 37 JJGGIB1A JJG BIBIC JJG 8369 JJG 6362 JJIG 6380 NC 050 JUG 4570 SJH 101
Macro M M LM M M LM M M LM M LM
Sc 12.8 16.2 21.3 20.2 20.5 21.8 220 17.9 19.7 14.2 19.8
\'4 53.4 63.9 81.7 150 84.8 139 144 54.5 152 101 85.9
cr* 2212 2341] 2104 2531 2278 2373 2389 2600 2187 1800 2258
Co 85.2 80.2 60.6 56.1 67.5 69.9 79.0 75.5 70.7 81.1 76.7
Ni* 1710 1482 966 880 1037 1073 1401 1244 1221 1678 1282
Cu® 27.2 23.0 75.8 48.9 6.08 59.8 360 K 47.4 36.05 31.74
in* 53.1 63.4 65.7 752 80.5 83.8 78.5 69.5 68.0 64.4 69.1
Rb 82.4 118 100 27.3 135 118 137 135 139 109 137
Sr 967 13686 1524 1010 971 1673 2383 2140 2133 1266 1756
Cs 1.71 2.58 1.44 1.08 2.28 1.99 3.75 3.20 3.88 1.78 3.71
Ba 2280 25421 5064 1028 4230 3308 5060 2839 4357 2451 4428
Pb 10.9 17.0 51.2 40.0 25.8 50.4 318 30.7 27.7 23.1 29.9
Y 10.3 11.2 24.3 20.3 14.0 15.0 12.5 12.3 10.8 9.05 13.1
Zr 31.3 187 336 316 281 410 264 203 266 257 237
Nb* 68 104 189 143 130 188 152 144 126 136 148
HF 1.18 4.62 9.66 7.34 6.45 8.21 6.14 4.75 6.08 §.55 6.41
Ta 6.16 7.04 5.66 8.04 7.81 7.23 8.08 8.54 7.74 551 7.07
Th 25.1 29.0 29.1 308 22.9 314 338 333 29.6 21.8 32.0
U 1.84 2.92 8.57 7.63 8.23 11.62 7.39 7.52 5.98 512 7.74
La 131 178 285 214 222 233 223 201 198 164 202
Ce 282 356 503 418 419 432 440 408 394 313 308
Pr 30.9 38.2 51.6 43.8 43.6 44.7 466 43.2 414 32.9 42.5
Nd 107 133 177 150 151 153 160 150 143 113 147
Sm 1.4 14.3 20.4 16.6 17.1 17.0 17.3 15.9 15.6 124 16.5
Eu 2862 3.34 5.41 3.80 3.98 4.08 4.04 3.67 3.65 2.89 4.06
Gd 8.27 7.84 13.3 9.47 972 8.48 8.70 8.22 7.80 6.61 8.71
Th 0.69 0.87 1.49 1.13 1.08 1.02 0.96 0.91 0.84 0.70 0.87
Dy 2.65 342 5.65 4.33 3.74 3.70 3.42 3.24 2.96 2.51 3.54
Ho 042 0.48 0.82 0.68 0.53 0.54 .51 0.49 0.43 0.37 0.53
Er 0.89 1.00 1.69 1.44 1.03 1.11 1.04 1.05 0.88 0.80 1.18
Tm 0.12 0.12 0.18 0.16 0.42 0.13 0.12 0.14 0.11 0.09 0.14
Yb 0.63 0.74 0.94 0.83 0.64 0.69 0.66 0.71 0.59 0.51 0.78
Lu 0.09 0.09 0.12 0.10 0.08 0.08 0.09 0.10 0.08 0.06 0.10
Ca/Pb 258 21.0 9.8 104 16.3 8.6 13.8 13.3 14.2 135 133
UiTh 0.07 0.10 0.28 0.25 0.38 0.37 0.22 0.23 0.20 0.23 0.24
ZriNb 0.48 1.80 1.78 2.21 2.16 2.18 1.73 1.41 2.12 1.88 1.60
ZelY 3.0 16.8 13.8 15.86 20.1 27.4 21.0 16.4 24.7 284 18.0
el 26.3 40.8 341 43.1 43.8 48.9 42.9 42.7 43.9 483 36.9
Ba/Nb 33.8 24.4 26.7 7.2 325 17.6 33.2 19.7 34.6 18.1 299
La/Nb 1.92 1.7 1.51 1.49 1.70 1.24 147 1.39 1.58 1.21 1.36
LaTh 5.20 8.15 9.80 5.93 9.71 7.43 6.65 6.02 6.72 7.53 8.31
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Dyke East Star Dyke Byrnes Dyke Barren Dyke

mic mic mic I. mic
Sample| SJH30 S8JH38 SJH104 | SJHE0 SJH78 SJHT8 SJH77 | NCOST NCO0S2 NCOS3 NCO034
Macro LM M M LM LM M LM M M M M
8¢ 18.7 18.2 16.4 30.9 23.3 18.9 28.7 16.1 16.3 16.7 11.5
v 117 102 120 159 254 149 191 112 128 106 83.7
Ce* 2477 2327 2525 2198 2147 2221 2442 2733 2697 2548 2665
Co 69.7 71.4 85.1 53.5 61.3 85.9 52.6 107 107 103 9.8
Ni* 1148 1246 1585 684 805 1704 693 1967 1988 18086 1867
Cu* 75.8 26.0 335 30.2 454 36.1 9.7 B4.7 58.2 86.4 50.1
Zn® 69.1 86.0 65.9 72.7 74.0 714 67.9 76.0 75.1 76.4 65.5
Rb 160 127 117 174 178 123 142 150 146 158 98
Sr 1532 2059 1775 2542 2771 1924 2523 872 871 891 724
Cs 3.60 2.57 3.02 2.83 3.15 2.77 1.85 3.03 2.96 2.83 2.07
Ba 4192 3207 4533 4589 6054 4703 58089 1920 1873 2049 1935
Pb 29.3 21.8 26.8 21.5 34.8 28.0 454 17.9 19.0 19.4 14.3
Y 10.4 13.1 10.4 23.7 12.4 13.3 16.3 8.28 10.1 8.33 7.83
Zr 273 186 144 362 156 188 172 156 169 148 113
Nb* 141 129 108 183 158 121 155 97.9 98.2 104 73.5
Hf 6.46 417 3.63 8.50 4.02 5.19 6.28 3.63 3.84 3.51 2.62
Ta 8.45 843 7.89 8.62 7.91 7.32 8.78 6.53 6.02 6.91 4.91
Th 30.0 33.8 31.8 397 25.3 2686 287 24.7 23.2 25.7 18.8
U 5.48 8.33 5.27 5.82 5.39 7.19 7.86 4.56 479 457 - 3.27
La 210 182 178 275 227 193 242 153 145 168 119
Ce 419 364 371 817 422 373 463 322 304 345 242
Pr 45.0 42.8 40.2 55.9 44.1 399 48.6 .2 32.0 36.1 255
Nd 156 146 139 197 150 137 167 117 111 123 88
Sm 16.6 16.1 14.9 228 16.1 15.5 18.5 12.4 12.0 12.8 9.25
Eu 3.49 3.71 3.48 5.10 3.3 373 4.41 2.58 2.83 2.71 2.14
Gd 8.66 8.53 7.26 11.69 7.80 8.23 9.65 8.35 647 8.46 4.89
Tb 0.91 0.98 0.82 1.35 0.87 0.91 1.07 0.69 0.73 0.69 0.55
Dy 3.04 355 2.86 5.55 3.09 3.35 4.15 2.46 2.64 2.81 2.01
Ho 0.44 0.54 0.43 0.95 0.50 0.52 0.65 0.38 0.41 0.39 0.31
Er 0.89 1.24 0.92 2.38 1.47 1.18 1.49 0.83 0.85 0.82 0.67
Tm 0.10 0.18 0.11 0.33 0.16 0.15 0.19 0.10 0.41 0.10 0.08
Yb 0.54 0.79 0.62 1.99 0.92 0.85 1.16 0.57 0.61 0.54 045
Lu 0.06 0.11 0.08 0.27 0.13 0.1 0.16 0.07 0.08 0.08 0.06
CalPb 14.3 18.2 13.8 18.8 12.1 13.3 10.2 17.9 16.0 17.8 16.9
UTh 0.18 0.19 0.7 0.18 0.24 0.27 0.27 0.18 0.21 0.18 0.17
Zrilb 1.83 1.44 1.30 2.22 0.99 1.58 1.1 1.59 1.72 1.42 1.54
Zrly 26.2 14.2 13.5 18.3 12.6 14.1 10.5 16.8 16.7 15.9 14.5
Zrikf 42.2 44.7 38.7 42.6 38.8 38.2 27.3 42.9 43.9 42.2 433
Ba/kb 29.7 24.9 41.9 2814 38.4 388 38.0 19.8 18.1 19.6 26.3
La/Nb 1.49 1.48 1.65 1.68 1.44 1.59 1.56 1.56 1.48 1.64 1.62
La/Th 7.01 5.69 §.59 6.92 8.96 7.25 8.43 8.20 8.27 6.54 8.32
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Flgure 5.8 Variation of selected compatible trace slements within the Star kimberlite dykes.

The Star kimberlite dykes display a wide range in V concentration, frorm 53.4 to 254 ppm, with a much
smaller range in Sc concentration from 11.5 to 30.9 ppm. Both these slements define positive correlations
with La (Figure 5.6c and d) although the correlation is much stronger for Sc than for V. Within individual
dykes the ranges in concentrations of these elements are much smaller, and strong within-dyke positive
correlations are defined between Sc and La (Figure 5.6¢), although only weak within-dyke correlations are
defined between V and La {Figure 5.6d). The more macrocryst-rich samples tend to be less enriched than
the less macrocryst-rich samples in Sc and V (Table 5.2; Figure 5.6¢ and d). The Wynandsfontein Dyke has
a relatively small range in Sc concentrations (Sc = 17.9 to 22.0 ppm; Table 5.2) and, with the exception of
macrocrystic sample JJG 6362, the less macrocrystic samples tend to have slightly higher Sc
concentrations than the macrocrystic samples. Sample SJH 37, from this dyke, deviates considerably from
the trend between Sc and La of the Star kimberlite dykes collectively, having a much higher La
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concentration despite its Sc concentration being within the range of the other samples from the dyke (Figure
5.8¢). V concentrations are more variable within the Wynandsfontein Dyke (V = 54.5 to 152 ppm; Table 5.2)
showing considerable scatter with respect to La content (Figure 5.6d), and there is no apparent correlation
between macrocryst content and V concentration within this dyke. The East Star Dyke trends to lower Sc
concentrations, but has V concentrations within the range of the Wynandsfontein Dyke (East Star Dyke Sc
=14.2 {0 19.6 ppm; V = 85.9 to 120ppm Sc; Table 5.2), whereas the Bymes Dyke is more enriched in both
ScandV (Sc=19.9 to 30.9 ppm; V = 149 to 254 ppm; Table 5.2). The lowest Sc and V concentrations of
the Star diamondiferous kimberlite dykes are present in the Clewer Dyke (Sc =12.8 to 16.2 ppm; V = 53.4 {0
63.9 ppm; Table 5.2) although the less micaceous Barren dyke sample is less enriched in Sc (Sc = 11.5
ppm; Table 5.2). The micaceous Barren Dyke samples show little variation in S¢ content, and lle within the
range of Sc concentrations of the East Star Dyke (micaceous Barren Dyke Sc = 16.1 ~ 16.7 ppm; Table
6.2). However, these samples define a broad within-dyke positive correlation between Sc¢ and La that is
obligue to that defined by the Star diamondiferous Dykes collectively (Figure 5.6¢). V concentrations in the
Barren Dyke are within the range of the Star diamondiferous kimberlite dykes, with the micaceous samples
showing litle variation in V content and the less-micaceous sample (NC 054) having a considerably lower V
concentration (micaceous Barren Dyke V =106 - 128 ppm; less micaceous Barren Dyke V = 63.7 ppm;
Table §.2).

5.3.2 Incompatible trace slements

5.3.2.1 Rare earth elemenis (REE)

The REE show a wide range in abundance across the suite of Star kimberlite dykes (e.g. La = 131 - 285
ppm; Table 5.2). Individual dykes also show considerable, and overiapping, variation; the Clewer and
Barren Dykes are the least enriched (La = 131 - 178 ppm and 119 - 168 ppm respectively; Table 5.2) and
the Wynandsfontein and Byrnes Dykes are the most enriched (La = 199 - 285 ppm and 193 - 275
respectively; Table 5.2). The East Star Dyke, with La ranging from 164 to 210 ppm, falls between these two
extremes. Chondrite normalised REE patterns for the Star kimberlite dykes are shown in Figure 5.7. All the
dykes are strongly enriched in the light REE relative to the heavy REE (La/Yb, = 99 — 282) and individual
dykes show smooth sub-parallel patterns. In general, there is no systematic variation between the more
macrocrystic and less macrocrystic samples of individual dykes, although the most macrocrystic Byrnes
Dyke sample (SJH 78) is less enriched in the REE than the less macrocrystic samples from this dyke (Table
5.2; Figure 5.7d). The Clewer and Byrmes Dykes (with enrichment in La of 551 — 751 and 814 — 1159 times
chondrite respectively) have similar average La/Yb, (Clewer Dyke La/Yb, = 165 £ 22; Byrnes Dyke La/Yh, =
163 + 13; Figure 5.7a and d), whereas the East Star and Wynandsfontein Dykes (La = 693 — 888 and 841 —
1202 respectively) have higher average La/Yb, than the Byrnes or Clewer Dykes (East Star Dyke La/Yb, =
199 + 25; Wynandsfontein Dyke La/Yb, = 226 + 25; Figure 5.7b and ¢). Samples SJH 30 (East Star Dyke)
and SJH 80 (Byrnes Dyke) have similar abundances of the light REE to the other samples from these
dykes, but have elevated heavy REE abundances and consequently lower La/Yb,. This has been attributed
to crustal contamination, and consequently these samples have been excluded from the average ratios for
these dykes (le Roex ef al., 2003; Figure 5.7¢c and d; see discussion in Chapter 7). The three micaceous
Barren Dyke samples have very similar abundances of the REE (La = 614 — 708 times chondrite) and
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almost identical chondrite normalised REE patterns, with average La/Yb, within the range of the Star

diamondiferous kimberlite dykes (La/Yb, = 195 + 25). Although the less-micaceous Barren Dyke sample
(NC 054) is less enriched in the REE (La = 502 times chondrite), it has a chondrite normalised REE pattern
sub-parallel to that of the micaceous samples, and a similar La/Yb, of 188 (Figure 5.7e).
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5.3.2.2 High field strength (HFS) and large ion lithophile (LIL) slements ,

The HFS elements are present in high but variable abundances in the Star kimberiite dykes (e.g. Zr=31.3 -
410 ppm; Nb = 68 - 189 ppm), generally defining good positive mutual correlations (Figure 5.8) and broad
negative correlations with MgO (Tables 4.2 and 5.2). With the exception of Th, which is more variable, the
more macrocrysi-rich samples from individual dykes are generally less enriched in the HFS elements than
the less macrocrystrich samples (Table 5.2; Figure 5.8). The Wynandsfoniein and Byrnes Dykes tend o be
the most enriched of the Star kimberlite Dykes (e.g. Wynandsfontgin Dyke Zr = 203 - 410 ppm, Nb = 126 -
189 ppm; Byrnes Dyke Zr = 156 — 362 ppm, Nb = 121 - 163 ppm; Table 5.2), whereas the Clewer and
Barren Dykes tend to be the least enriched (Clewer Dyke Zr = 31.3 - 187 ppm, Nb = 68 - 104 ppm, Barren
Dyke Zr = 113 - 169 ppm, Nb = 73.5 - 104 ppm; Table 5.2), with the less-micaceous Barren dyke sample
(NC 054) having lower abundances than the micaceous Barren Dyke samples (Table 5.2). The East Star
Dyke (Zr = 141 to 273 ppm, Nb = 108 to 148 ppm) has a composition intermediate between these two
extremes. Zr, and Nb and Hf show strong positive correlations for the Star Kimberiite dykes collectively, with
ZriNb = 1.6 £ 0.4 and Zr/Hif = 40.6 & 5.6 (Figure 5.8a and b). Ta shows only a weak, and U a moderatle,
positive correlation with Nb over the suite of dykes, with Nb/Ta = 18.1 £ 4.8 and Nb/U = 22.7 £ 5.6, and
within dyke correlations are poorly defined (Figure 5.8¢ and d). Four samples (JJG 4570 and SJH 101 from
the East Star Dyke, and JJG 6369 and SJH 37 from the Wynandsfontein Dyke) deviate most significantly
from the broad trend between Nb and Ta, with lower Ta concentrations for their Nb content (Figure 5.8c).
However there is some analytical uncertainty with respect to the Ta concentrations of these samples (see
Appendix 3), as their measured Nb concentrations were significantly lower when analysed by ICP-MS
relative to XRF. This is believed to be due to incomplete dissolution of Nb-bearing phases prior to ICP-
analysis, and given the geochemical similarity of Nb and Ta, the Ta concentrations reported here (analysed
by ICP-MS) may also be slightly low.

Th defines a weak positive correlation with U for the Star kimberlite dykes collectively (U/Th = 0.22 + 0.07,
Figure 5.8e) and a stronger positive correlation with La content, with La/Th = 7.0 1 1.2 (Figure 5.8f), with a
particularly good within-dyke correlation between La and Th (La/Th = 6.3 & 0.1) for the Barren Dyke. The
Barren Dyke has slightly lower abundances of both Th (micaceous Th = 23.2 — 25.7ppm; less micaceous Th
= 18.8 ppm) and U (micaceous U = 4.56 — 4.79 ppm; less micaceous U = 3.27 ppm; Table 5.2) compared to
the other dykes at Star, although the Clewer Dyke (Th = 25.1 — 29.0 ppm; U = 1.84 — 2.92 ppm) also
contains relatively low U but has slightly higher Th than the Barren Dyke. The East Star and
Wynandsfontein dykes show a similar range of Th contents (21.8 - 33.8 ppm and 22.9 - 33.6 ppm
respectively; Table 5.2), although the Wynandsfontein Dyke tends to have higher U (5.98 - 11.62 ppm U,
Table 5.2) than the East Star Dyke (5.12 - 7.74 ppm U; Table 5.2). The Byrnes Dyke concentrations fall
within the range described for the Wynandsfontein and East Star Dykes, with the exception of sample SJH
80, which has anomalously high Th (39.7 ppm; Table 5.2). The LIL elements are present in high and
variable concentrations in the Star kimberlite dykes (e.g. Rb = 27.3 — 178 ppm; Sr = 724 - 2771 ppm; Ba =
1029 - 6054 ppm; Table 5.2) and generally define moderate positive mutual correlations (Figure 5.9).
Individual dykes also show wide ranges in abundances of these elements, with a particularly wide range
shown by the Wynandsfontein Dyke (Rb = 27.3 — 139 ppm; Sr = 871 — 2140 ppm; Ba = 1028 - 5064 ppm;
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Table 5.2) which broadly encompasses the smaller range shown by the East Star Dyke (Rb = 109 - 160
ppm; Sr = 1266 — 2059 ppm; Ba = 2451 — 4533 ppm; Table 5.2). The least macrocrystic East Star Dyke
sample (SJH 30) has higher Rb content than the more macrocrystic samples from this dyke, but Sr and Ba
within the range of the macrocrystic samples and the more macrocrystic samples from the Wynandsfontein
Dyke cannot be distinguished from the less macrocrystic samples by their LIL element content. The LIL
element concentrations of the Clewer Dyke are similar to those of the less enriched Wynandsfontein Dyke
samples (Rb = 82.4 — 118 ppm; Sr = 967 — 1366 ppm; Ba = 2280 - 2542 ppm; Table 5.2), whereas the
Byrnes Dyke extends to more enriched compositions than the other Star kimberite dykes (Rb = 123 - 178
ppm; Sr = 1924 — 2771 ppm; Ba = 4589 — 6054 ppm; Table 5.2) with the most macrocrystic Byrnes Dyke
sample (SJH 78) having lower Rb and Sr contents, and relatively low Ba content, compared to the less
macrocrystic samples from this dyke. Although the Barren Dyke has average Rb concentrations within the
range of the diamondiferous Star kimberlite dykes (micaceous Rb = 146 — 158 ppm; less micaceous Rb =
96 ppm; Table 5.2), it has relatively low Ba (1873 — 2049 ppm; Table 5.2) and is less enriched in Sr
{micaceous = 871 — 891 ppm; less micaceous = 724 ppm; Table 5.2) than the Star diamondiferous
kimberlite dykes, with the less micaceous Barren Dyke sample (NC 054) being less enriched in Rb and Sr
than the micaceous samples. Broad positive correlations are defined between the LiL elements and the
immobile HFS elements and the variations of Ba and Sr with Nb is shown in Figure 5.9c and d. The two
samples from the Wynandsfontein Dyke (SJH 37 and JJG 6369) noted in the previous section to have
anomalously low Ta concentrations for their high Nb contents, also deviate from these two trends to lower
Ba and Sr concenirations. Sample JJG 6381A, from the Wynandsfontein dyke, also deviates from the main
correlation between Ba and Nb of the Star kimberlite dykes, with a lower Ba content for a given Nb
concentration (Figure 5.9¢).

The Star kimberlite dykes have a range in Pb concentrations from 10.9 to 51.2 ppm (Table 5.2). The
Wynandsfontein dyke shows a wide range in Pb content (Pb = 25.8 - 50.4 ppm; Table 5.2) which
encompasses the range of the Bymes Dyke (Pb = 27.5 {0 45.4ppm; Table §.2), whereas the East Star Dyke
trends to lower Pb concentrations (Pb = 21.6 — 29.9 ppm; Table 5.2). The Clewer (Pb = 10.9 - 17.0 ppm;
Table 5.2) and Barren (micaceous Pb = 17.9 — 19.4 ppm; less micaceous Pb = 14.3 ppm; Table 5.2) Dykes
are the least enriched and show the least variable Pb content of the Star kimberlite dykes. Pb shows a
broad positive correlation with Ba (Figure 5.9e), and a strong positive correlation with Ce (Figure 4.9f), with
an average Ce/Pb of 15.0 £ 4.0. The correlations are best defined by the East Star, Barren and Clewer
Dykes, whereas the Bymes and Wynandsfontein Dykes contain a subset of samples, SdH 37, JUG 6361A
and JJG 6369 (Wynandsfontein dyke) and SJH (Byrnes Dyke), which are displaced from the main trend
towards higher Pb concentrations for a given Ce content.

Primitive mantle normalised incompatible trace element diagrams from the Star kimberlite dykes are shown
in Figure 5.10a-e. All the Star kimberlite dykes are enriched relative to primitive mantle, with greater
enrichment in the more incompatible elemenis than the less incompatible elements. The Star
diamondiferous dykes all have subdued Rb relative fo Ba, with the East Star (Rb = 172 — 253 times primitive
manvtle) and Wynandsfontein Dyke (Rb = 157 — 219 times primitive mantle, excluding JJG 6361A) showing
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similar, wide ranges of enrichment in Rb relative to primitive mantle. Sample JJG 6361A is less enriched
than the other Wynandsfontein Dyke samples in both Rb (Rb = 43 times primitive mantle) and Ba, despite
having similar degrees of enrichment in Th and U (Figure 5.10b). The Clewer Dyke extends to less enriched
(Rb = 130 — 187 times primitive mantle), and the Byrnes dyke extends to slightly more enriched (Rb = 185 —
273 time primitive mantle), Rb relative to primitive mantie than the East Star or Wynandsfontein Dykes. The
micaceous Barren Dyke samples differ from the Star diamondiferous dykes in having similar Rb and Th
relative to primitive mantle, and are enriched in Rb from 229 to 249 times primitive mantle. The less
micaceous Barren dyke sample (NC 054) has a sub-parallel pattern to the micaceous samples, but is less
enriched in all the incompatible elements except for Ba. This sample shows slight depletion in Rb relative to
Ba and is enriched in Rb 152 times primitive mantle.

The Star kimberlite dykes show sub-parallel, relatively smooth enrichment patterns, superimposed on which
are strong negative Ti, variable negative Sr and K and subdued negative Nb and Ta anomalies. The
Wynandsfontein dyke has the strongest and most variable Ti anomaly (Ti/Ti* = 0.20 — 0.32), whereas in the
Byrmes dyke the anomaly is slightly smaller (TUTI* = 0.28 - 0.38) and the Clewer (TVTi* = 0.31 — 0.32) and
East Star (TilTi* = 0.30 ~ 0.34) Dykes have intermediate and less variable Ti anomalies. The
Wynandsfontein Dyke also has the most variable K anomalies (KIK* = 0.21 - 0.37 except JJG 6361A) and
the Byrnes (K/K* = (.31 - 0.33 except SJH 79), Clewer (K/K" = 0.28 ~ 0.34) and East Star (K/K* = 0.28 -
0.39) Dykes have K anomalies approximately within this range. Sample JJG 6361A (Wynandsfontein Dyke)
has an exceptionslly large K anomaly (K/K* = 0.06) in addition o the suppressed Rb and Ba mentioned
above, and sample SJH 79 (Byrnes Dyke) has a much smaller K anomaly (K/K* = 0.45) than the other
samples from this dyke. The Sr anomaly in the Wynandsfontein Dyke varies widely In size (Sr/Sr* = 0.35 -
0.80) and the East Star and Clewer Dykes have anomalies within the range, whereas the Byrnes Dyke has
a less strong Sr anomaly (Sr/Sr* = 0.70 ~ 0.99). The Barren Dyke samples have Sr anomalies of a similar
size to the other Star kimberiite dykes (Sr/Sr* = 0.39 ~ 0.44), although the micaceous samples have slightly
smaller Ti (TWVT* = 0.38-0.44) and K (/K* = 0.38 - 0.42) anomalies. These anomalies are slightly larger in
the less-micaceous sample (NC 054) and within the range of the other Star kimberlite dykes (TVTi* = 0.35;
K/K* = 0.30). Sample JJG 2833 from the Clewer dyke has an extremely pronounced negative Zr-Hf
anomaly, as well as a negative P anomaly, whereas the other Star samples show only slight negative Zr-Hf
anomalies and generally no P anomaly. Sample SJH 80, from the Byrnes Dyke, has no Zr-Hf anomaly, and
this sample is also enriched in the HREE relative to the other Byrnes Dyke samples, as mentioned in
section 5.3.2.1 (Figure 5.10d).

Moderately sized positive Pb anomalies are present in all the dykes. The Pb anomaly is particularly variable
in size in the Wynandsfontein Dyke (Pb/Pb* = 1.88 — 3.57), with samples JJG 6369 and SJH 37 having the
largest anomalies. The Clewer (Pb/Pb* = 1.16 ~ 1.43) and Barren (Pb/Pb* = 1.69 — 1.89) Dykes have the
smallest Pb anomalies, and the Byrnes (Pb/Pb* = 1.60 — 2.98) and East Star (Pb/Pb * = 1.64 — 2.27) Dykes
have Pb anomalies between the two extremes. in the Clewer Dyke, Th is enriched to a similar degree to Ba
relative to primitive mantle, and U is less enriched relative to these two elements, whereas in the other
dykes Th and U are similarly enriched and Ba is elevated relative to these two elements (Figure 5.10).
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Figure 5.10 Continued.

5.4 Comparison in trace element geochemistry between Swartruggens, Star and
other South African kimberiites

54.1 Compatible trace elements

Both the Swartruggens and Star kimberlites have high and variable concentrations of the compatible
elements, and for most elements show a similar range in abundances (Table 5.1 and 5.2). The variation of
Ni and Cr with La is shown in Figure 5.11 and, for comparison, fields are plotted for other South African
Group Il kimberlites (Finsch, Bellsbank, New Elands and Newlands, data from le Roex, unpublished) and
Group | kimberlites from Kimberley (data from le Roex et al, 2003). For a similar range in La, the Star
kimberlites are more enriched in Cr (Cr = 1800 to 2733 ppm) than the Swartruggens kimberlites (Cr = 802 -
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1948 ppm; Figure 5.11a). Both the Swartruggens and Star kimberlites show strong and overlapping
negative correlations between Ni and La {Figure 4.118), with Ni ranging from approximately 600 to 2000
ppm. The Swartruggens and Star kimberlites define fields, which overlap with those of some other Group I
South African kimberlites, but extend to slightly lower and higher Cr contents, respectively (Figure 5.1 1a},
With respect ta Mi, the broad ranges in concentration shown by both the Swartruggens and Star kimberlites
encompass those shown by other Group || kimberlites {Figure 5,110}, Relative to Group | kimberlites, the
Star kimberlites are enriched in Mi at lower La concentrations, whereas the Swartruggens kimberlites have
Mi concentrations within the range of Groyp | kimberlites. Both the Swartruggens and Star kimberlites are
enriched in Cr at lower La concentrations relative to Group | kimberlites. The composition of the
Swartruggens Mull lamprophyre lies cutside the fields for South African Group | and Group I kimberlites,
with lower Ni and Gr concentrations for a given La content.
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Figure 5.11 Variation of selected compatible trace elements in the Swartruggens and Star Kimberlltez, and the huil
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54.2 Incompatible elements

54.2 1 Rarg earth efermments {REE])

The Swartruggens and Star kimberlites both have steep chondrite normalised REE pattems {Figurs 5,123,
although for a similar degree of enrichment in La, the Swartruggens kimberlites are more enriched in the
HREE than the Star kimberlites. Consequently the average Lalyh, of the Swarruggens kimbedite {Lafvh, =
94 + 21) Is much lower than that of the Star kimberlites (LaiYh, = 202 + 28). Fields for South African Group
|| kimbetlites and Kimberley Group | kimbedites are also shown on Figure 5.12 for comparisen. Whereas the
Star kimberlites fall within the range shown By other Group || kKimberlitas, the Swartruggens kimberlites are
more enriched in the heavy REE than sither the Group |l or Group | kimberlites. The average LafYh,
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Flgure 5.12 Chondrite normalised rare earth elament patterns for selected reprasahtative samples from the
Swartruggens and Star kimberlites. Data sources for Group | and Group ] kimberlites as for Figure 5.1, chondrite
values from Sun and MoDethough (19809).

ratios of both the Swartruggens and Star kimberites fall within the broad range of 67 {0 403 of the ather
Group || kimberlites {le Roex, unpublished), although the |ower average Lalvb, of the Swartruggens
kimberites is more similar lhan that of the Star Kimberites to the Kimberdey Group | kimberlites (which have
an average Lal/Yb, of 122 = 21; le Roex at af., 2003). For clarity, the Swartruggens Muil Dyke is not shown
on Figure 5.12. The sub-parallel chondrite normalised REE pattern of this dyke lies within, but towards the
less enriched edge of, the field of Soulh African Group 1l kimberlites.
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5.4.2.2 High fiefd strength and farge fon fithophife elements

Warigtions of selected HFS and LIL elements in the Swartruggens and Star Kimberlites are shown in Figure
5.13, with fields for South African Group il Kimberlites and Group | Kimberlites from Kimberiey shown for
comparison. Despite the strikingly similar co-variation of Zr and Hf in the Swartruggens and Star kimberlites
{Figure 5.13a), the Star kimberlites are more enriched in Nb at & given Zr than the Swartruggens kimberlites
fFigure 5.13b). The Star kimberlites are also maore enriched in Ta far a given Nb than the Swarttuggens
kimberlites {Figure 5.13¢), and have higher Th contents at low U concentrations (Figure 5.13d). Zr/Hf and
La/Nb of the Swartruggens and Star kimberlites ate simitar (Swarruggens ZifHf =450+ 39, LaNb =16 +
(.25, Star Zr/Hf = 40.6 £ 5.6, La/Nb = 1.5 = 0.16), although the Swartruggens kimberlites have slightly
higher average Zr/Nb and Nb/Ta than the Star kimberlites (Swartruggens ZriNb = 2.9 £+ 0.8, NbfTa = 25.0 =
5.2, Star ZrfNb = 1.6 £ 0.4, Nb/Ta = 18.1 + 4.B). The Swartruggens and Star kimberlites both fall largely
within fhe range of the other Scuth African Group Il Kimberiites and the Kimberiey Graup [ kimberlites for
most of the HFSE elements, although the Swartruggens South Fissure frends to more enriched
concentrations of Zr, Hf and Nb. The Zr/Hf rafios of the Swartruggens and Star kimberdites are similar to
those of ather Group 1l and Group | kimberlites (Figure 5.13a), whereas the correlation between 2r and Nb
in the Swartruggens and Star kimberlites, although similar to that of Group | kimberlites, is much better
defined by fhese kimberlites than by the field for ather Group 1l kimberlites {Figure 5.13h). Although the
Swarirugnens kimberites have MNb and Ta concenirations within the field of other Group |l kimberlifes at
lower cancentrations, at higher Nb concentrations they have lower Ta concentrations than other Group |l or
Group | Kimberlites. At low Nb cencentrations, the Star kimberlites are slightly enriched in Ta compared te
the field of Group Il kimberlites or Group | kimberlites {Figure 5.13c). Both the Swartruggens and Star
kimberlites have higher UTh ratios than the fields for either Graup | ar Group || kKimberlites, and at high U
confents both the Swartruggens and Star kimbertlites are less enriched in Th than tha other Graup || or
Group | kimberlites (Figure 5.13d).

The Swartruggens kimberlites trend towards higher cancentrations of the LILE than the Star kimberlites {e.g.
Eb and Ba in Figure 5132} Both kimbatites show broad positive correlations between Rb and Ba (with
considerable scatter), with the Star kimberlites being slightly enriched in Ba relative to the Swartruggens
kimberites for a given Rb concentration, and strong positive correlations between Ce and Pb, with the
Swartruggens kimbertites being slightly enriched tn Pb relative to the Siar kimberlites for a given Ce
concentration (Swartruggens CefPb = 9.1 + 2.3; Ster CePb = 15.0 + 4.0; Figure 5.13f). The positive
cormelations between Rb and Ba of the Swartruggens and Star kimberlites crosscut the field of Group I
kimberlites and the Swartruggens kimberlites extend to higher Rb and Ba concentrations than this figld. The
majority of samples from both Swartruggens and Star have Pb concentrations within the field of other Group
Il kimberlites and samples with lower Ce content have CefPb similar to this field. However the more
enriched sampies have higner Ce/Pb than the Group || kimberlite field, with elevated Pb concentrations for a
given Ge content.
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Figure 513 Varialion in selected high field strength and large ion lithophile elemants in the Swartruggens and Slar
kimberlites. Data sourcas for Group | and Group I kimberlites as for Figure .11,
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Primitive mantle normalised incompatible trace element wvariation in representative samples from the
Swartruggens and Star Kimberlites are shown in Figure 5,14 with fields for South African Group 1l (Figure
513a} and Kimberley Group | (Figure 5.13h) kimberlites shown for comparison. Both the Swartruggens and
Star kimberlites show similar, sub parallel patterns, with similar degrees of enrichment in the more
incompatible As noted praviously, the Swartruggens kimberlites are slightly enriched relative to the Star
kimberlites and the other South African Group || kimberlites in the heavy REE. The strong negative Sr and

[}
1060 "
LY
B
g
100
o
=
E
4 10
5 Group || kimberlites
=3
5 g
iyl
D 1 i 1 i i i i 1 i i i i 1 i i i i 1 i i i i i i
RhBaTh Ll K FaMblaCePhPr&rMNd P SmHf ZrEy Ti GdThDyHa ErTmyh Lu
18300
2z
=
g
o 100
=
E
o a
o
=1 Group | kimberlies
E
=] 1
W
{]_.1 E— . i 5 : - i . ~ L - i - + - . i = Lz i§ 1 5
RbBaTh U K TaMblLaCeFb Fr GriMd F SmHf Zr Eu Ti G Th DyHe Er Trivh Lu
B Sweartruggons  kimberlitas [l Field of South African Group || kimberlites
[ star diamondiferous  kimberitea {Finsch, Bellsbank, Mew Elands, Newlands)
1 Stlar Barren Dyke Fiald of Group | kimbadites from Kimberley

Flgure 5.14 Primitive mantle normalised incompatible trace slement varialion in selected representative samples from
the Swarlrugnens and Star kimberfites. Crata sources for Group | and Group || kimberlites as for Figure 511, primitive
mantle values from Sun and MoDonough {1588).
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foth of the Graug I and Group | kimberfites, whereas the subdued negative N% — Ta anomalies present in
the Swartruggens, Star and ather Group 1 kimbedites are nol present in Grouo 1 kimSernites (Figure 5.14)
Ti. and slight negative Zr-Hf, anaomalies present in bath the Swartrugoens and Star kiméerlitos arc a feature
The abundances of the more incompalbls elements in the Swartruggens and Star wmberlites
[ Swartruggens b = 103 1o 420 times prirmilres mantle;, Star Bb = 43 to 249 times primitee mantle) largely
willin the range of ather Grauwp 1 kiméerlites (Figure 5.14a).

Swarlrugaens, Star and ather Greup 1 kimdearlites show similar, moderately =ized, K anomalies and have
supprassad Rb relalive to Ba, whereas Group | Kimiorlites show much stronger K anomalies ccupled with
strong negative RH anemalies. The slrong positive Pboanomaties, which are a featwre of both the
Swanrugnens and Star simberlites, a-g alsa presenl noothier South African Group I simborltcs Sut are
gasent from the Kimberley Groug | kim3erlites

Alihough the Swartruggens Muil Dyke {not shown in Figure 514, for clarityl lies within the range of
gnrichment shown by Group B kimSerlites, the lack of Ti anomaly (Figuee 5 5e) differenliates the arimitive
mantle normalised pattern of this dyke from those of eithar the South African Group | or Group | kimberlites,



Chapter 6

{sotope geochemistry

6.1 Introduction

tn the 18705, the Sr and Nd isctope characteristics of many southem African kimberlites were measured
with the primary aim of obtaining age determinations {e.g. Berg and Allsopp, 1972, Allsopp and Barrett,
1975, Barrett and Berg, 1975, Allsopp and Kramers, 1977, Kramers, 1977), Following the pioneering work of
Smith {1983a), radiogenic isotopes have since been used in attempts to understand kimberlite petrogenesis
and constrain source region characteristics, Smith (1983a) observed that the two distingt petrographic
groups of southern African kimberlites ("hasaltic” and “micacecus”; Wagner, 1914), can also be
distinguished based on their Sr and Nd isctops compositions, and further that the two groups have
isotopically distinct mantle source regions. Group I kimbedites (T8r™Sr = 0.7033 - 0.7049 "*Nd/"*Ng =
0.51271 - 0.51277) have a sourcs in undifferentiated to slightly depleted mantle, commonty intemreted to be
convecting upper mantle, whereas Group Il kimberlites (7" Sr™Sr, = 0.7074 - 6.7109, "Na/"¥Nd, = 0.51208 -
.51228) originate from mantle which has developed enriched isotopic compositions over time, commonly
interpreted {o be the lithosphere {Smith, 1883a). Sr and Nd Isotope data for suites of samples from the same
intrusion have also been used to constrain the effects of secondary processes such as assimilation of
mantle lithosphere, contamination by crust and alteration on the isotopic characteristics of some kimberlites
{e.q. Smith, 1983h: Fraser &t al., 1985; Tainton, 1992},

hMore recently, the Hf isotope character of some southern African kKimberlites has been determined. Noweil
af al. (1993, 2004) noted that whareas Group |l kimberlites have Hf isotope signatures that cluster around
the mantle array in HE-Nd isotopic space, the HF lsctope compositions of Group | kimberlites deviate
significantly below the mantle array. These authors argued for 2 conbribution from subducted oceanic crust
at depths greater than the lithospheric mantle in the source region of Group | kimberlites,

¥5¢/%°Sr in the crust can be as high as 0.75 {Smith, 1983b and references therein: Barton et af., 1999). This
is significantly higher than that of kimberiite magmas, and as Sr is abundant in crustal rocks ¥Sr™Se in
kimberlites may be affected by crustal assimilation. In addition, it was noted by Kirkley (1987) that
kimberlites such as Swartruggens, which intrude through the Chuniespoort dolomite have significantly
higher *"Sr/™Sr than those such as Star, which do not. Both "*Nd/™**Nd and "“Hi""Hf are typically slightly
lower in the crust than in kimberlite magmas (e.¢. Archean crust '"Hi' Hf = 0,280 — 0.2815, "'Nd/"*Nd =
0.5101 — 0.5112; Vervoort and Patchett, 1996) and so assimilation of crust may lower these ratios in the

kimbertite magmas.

i)



Chapter & |solope pgeocharmistny

The permeable and porous nature of kimberlites (e.g. Berg, 1984}, combined with the mobility of both Rb
and, to a lesser extent, Sr, renders their *'S1/*°Sr susceptible to post-emplacement alteration by meteoric
fluids, Smith (1883h} concluded that assimilation of a few percent crust would only affect the Sr isotope
composition of 8 kimberlite magma By a smal! amount {of the order of .05 parcent), whereas alteration may
substantially raise the *"Sr*sr ratios of kimbedites (Kramers of af., 1981; Smith, 1883b). In contrast to Rb
and Sr, Sm, Nd, L and Hf are all immobile elements in the weathering enviranment, and thus their isctepic
cormpositions should not be affected by groundwater infiltration.

Due to the isolopic diversity of ocratonic lithospheric mantle (e.g. Carlson, 1995; Pearson and Nowell, 2002;
Fearson af al., 2003b), the assimilation of mantle material by the kimberile magmas en route o the surface
may be less easily detected. However, cratonic lithosphere typically has “"Si**Sr of the order 0.70 to 0.71,

cNd of <40 to 0 {Pearson and Nowell, 2002; Pearsan st &, 2003k). Hf isotope compositions of continental

lithospheric mantle are even less constrained, and 2 range in £Hf from —15 to +3800 has been recorded
{lonoy and Waiss, 2002, Schmidberger gf af , 2002; Simon ot af., 2002).

Whale rock analyses of the Sr isolope compasition of four samples from the Swartruggens Main Dyke have
yielded a wide variation in initial ratios {*'Sr/*°Sr; = 0.708 - 0.7109; Smith, 1983b). Smith (1983b}, considered
that this range may he due to alteration or contamination, but as the samples showed no petrographic
evidence of either of these two factors, he also considered that the kimberlite may not be isotopically
homogenous,

The Swartruggens kimberlite has previously been classified as a Group Il kimberlite (Smith st al., 1985a)

Although classified as micaceous {e.g. Gurney and Hatton, 1988}, the Star kimberlite has not previously

been classified according to its Sr and Nd isctope composition. A suite of samples from each of these twao

kimberlites have been analysed for their Sr, Nd and Hf isatope compositions, with 3 principal aims in mind:

1] Todocument the Sr, Nd and Hf isctope characteristics of the Swartruggens and Star kimberlites, and to
assess the varigtion present at each locality, both within and betweean individual dykes.

2] To isclate, as far as possible, the effects of contamination by crustal material and weathering, and so
determine the isctopic characteristics of the primary kimberlite magmas and any primary isotopic
varlations between individual dykas, and betwesn the two localities.

31 By constraining the isotopic character of the respective kimberlite source regions, to constrain the
petrogaenetic processes giving rise to thase bwo kimberlites and the likely physical location of the source
ragions (i.e. lithospharic vs. asthenospheric mantla).

The Sr, Nd and Hf isokope characteristics of the Swartruggens and Slar kimberlites are documented and

described in this chapter. Points 2 and 3 above are considered furtherin Chapter 7.

The analyses were oblained using a ThermoFinnigan Neptune Plasma lonisation Multi-collector Mass

Spectrometer at the Arthur Holmes Isotope Geosciences Laboratory, Department of Earth Sciences,

University of Durham, Delails of analytical techniques are reported in Appendix 3.

TE
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6.1.1 Data presentation

Md, 5r and Hf analyses, together with 26 uncertainties, for the Swarruggens and Star kimberlites are
reparted in Tables 6.9 and 6.2, respactively. Initial isetopic ratics have been salsulated using an age of 155
Ma for the Swartruggens kimberlites (Smith o af, 19833} and of 124 Ma for the Star kimberlites (Macintyre
and Dawson, 1878). It is uncertain whether the Swartruggens |amprophyric Muil Dykea is the same age as,
or younger than, the Swartruggens kimbetlite dykes (Smith et af, 1985a), although for comparattve
purpnses an ags of 156 Ma has been used to caiculate the initial ratios given in Table 6.1.

143

€ng IS @ measure of the deviation of “Nd/™*Nd from a hypothetical chondritic mantle at time (T) and is
estimated as follows:

"IN/ *Nd sample initial ratio (T)

]
1
-
4
i
o

g =

"IN Nd CHUR (T

whera CHUR is a chondritic uniform reservoir (DePaclo and Wasserberg, 1976, G'Niens ef af, 19790, gy is
estimated in the same way, but with ""Hi"'"Hf substituted for "*Nd/"™*Nd. Following Johnson and Beard

{1993], the notation Aey 15 used to refer to the degree of displacement of gy from the well-defined mantle

array in eqrtyg Space (g = 1,336y + 3.18, Vervoort of af, 1999) llustrated in Figure 6.5¢,

6.2 Isotope geochemistry of the Swartruggens kimberlite dykes and the Muil

lamprophyre

51z samples from the Swarttuggens kimberlite dykes (2 from the Main Dyke, 2 from the Changehouse Dyke
and 2 from the South Fissure) have been analysed for their Sr, Nd and Hf isctope compesitions. Four
samples from the Muil lamprophyre have also been analysed for their Sr and Nd isctopic compoesitions. The
data are reported in Table 6.1, and selected variations are shown in Figures 6.1 and 6.2,

6.2.1 Neodymium and Strontium isotopes

The Swartruggens kimberite dykes collectively have restricted initial “*Nd/'**Nd, ranging from 0.511825 =
18 to 0.511855 + 19, There is no significant variation in Nd isotope composition within individual dykes, with
the Changehouse Dyke showing a range in | CNd/™*Nd, from 0.511825 + 18 to 0.511834 = 16 which
encompassas the ranga of the Soulh Fissure samples {Tahle 6,1). Although the errors on the Main Dyke MNd
analyses overlap thoss of these two dykes, the Main Dyke has slightly higher initiat "**Nd/"**Nd {0.511851 +
19 to 0.511855 + 19; Table 6.1}, This is well illustrated on a Sm-Nd iscchron diagram (Figure €.13), where
the South Fissure and Changehouse Dyke samples show a broad positive correiation betwesn ' Nd/"*'Nd
and '"Sm/™Nd which approximates to a theoretical 156 Ma isochron. The Main Dyke samples define a
separatae trend, also approximating to a theorstical 156 Ma isochron, but with a slightty higher initial ratio.
However, the Main and Changehouse Dykes define & negative correlation between initial '“*Na/'**Nd and
1/Nd {Flgure 6.1k}, with the mere macrocrystic Changehouse Dyks having lower Nd concentrations coupled

(i
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Table 6.1 Whole rock isolope analyses of the Swartruggens kimberlite dykes and the Muil lamprophyric dyke. M =
more macracrystic, LM = less macracryse. Initiah ratlos and & values caloulated assuming an age of 156 Ma {Smith,
1985a). Subscipts: m = measured, | = initial, © = present. Best (smallest uncertainty) analyses are repored. Repeat
analyses are repored in Appendix 3; 20 uncertainties include errar on standards, standard reproducibility reported in
Apperndix 3.

i Changehousa

Dyke : Main Dyke Dyke South Fissura Mull Dy ke

Sample HCO0S  NCO40 ;. NCODS  NCOO7 |JIG 3143 JIG 345| NCGOE  NC G2  NCDi4  NCo1s

' Magro Lk M| M M LA M L b M M

H

Rb ppm 267 14 183 180 221 bl 672 122 145 130§
&r pprm 1388 oz a3g B25 2777 2060 915 734 741 G481
" Rb'Sr 0536013 0.852268| 0.55092% 0.617409| 0224421 0287263| 0.300126 0466738 (S57826 0565202
Men™Er, D.708505 O.71144B| 0710331 0711814 | 0.70B209 0708701 07104563 0709816 0.700467 0.709682
\:Zur uficertalnty | 0080012 0000013 ©.000014 0000015 0000014 000GG14| 006080014 GO00048 6000016 6080018
R D.70B310 0705506 | 4709110 Q710447 | 07077471 070BOG3| 0708797 G.70BTE1 6708230 0768420
i Sm ppm 236 16.7 12.4 14.1 25,8 721 524 5.13 .02

' Nd ppm 187 141 952 109 185 172 72.0 484 458
MSmNd 0.076331 0071848 £.079313 0078560| D.0BO3G3 0.078189| 0077870 0.078845 ©0.078095 -
EN ™ N el 0511832 0.511825| 4511966 0.511915| 0.511914 0511805 0512062 Q.512057 O.512070 -

2 uncertainty | D00EMS  0.00G018| 0000018 Q000016 | 0.003318  G000018| DOG001G 60086515 0.600011 .

A T T 0511855 0.511851] 0511825 0511834 | 0511832 Q51826 0511882 0511971 0.5119% -
nsa 4336 13810 429 <141 1413 4.38| -11.24 1144 109 =

Enck 214,37 -11.435 4185  -11.78|  -11.82 - 4145 -8.88 3,10 273 .
e2g uncartainty 0.38 6,7 034 2.3z 0.ar 0,35 .20 0.2a 021 - i
'Lu ppm 0.24 a.11| 0.1z 814 030 D.21 :
Hf pprm /.62 4.54. 575 4,80 9.21 5.94 ;
L THE 0003967 0.003521) 0002973 0002087 | G.O04658 0.00508% - - - -
[ TUHET HE, G.282241 0282170 0.282180 0.281976| 6.082257 0.282253 - - . = :
20 yncertainty | 0.000004 0.000005] 0.060005 0.000004 | G.000004  0.000005 - - - .
P THE 6.282230 02821601 0.282172 D.281870 | 0.282244 0.282239 : 2 £ - ;
EHIa -18.78 -21.27 -20.92 -28.14 -18.20 B34 - - . - 5
Eunl -15.74 -13.204: A7 2482 1524 1543 - x - -
1 £2¢ uncartainty 015 Q18 048 318 0.158 il Ird - - - - :
| Afn -3.81 5,181 508 1247 b 273 i . - - }

Decay constants used: Rb-Sr=1.42x107""; Sm-Nd = 6.54 x 10", Lu-Hf =1.876 x 107"";
CHUR: "Nd/M™Nd = 0.512628; "“Smi™Nd = 0.1967; "*HI/""Hf = 0.282772; "Lu/"THf = 0.0332

with stightly lawer initial isotopic ratios and thus the variation in initial Nd ratio between these two dykes may
be gue to contamination by lithospheric mantie. This aspect will be discussed further in Chapter 7.

Initizl *'Sr**Sr in the Swartruggens kimberlites ranges from 0.707711 + 14 to 0.710447+ 15 and individual
dykes show broad ranges, with the more macrogrystic samples from the Main Dyke and South Fissure
having higher "7Sr**Sr, than the less macrocrystic samples from these dykes. The Main Dyke shows a
range in Y'SH™Sr from 0.708310 + 12 to (.708506 = 13 (Table 6.1) and sample NC 005 from the
Changehaouse Dyke (with "Sr/°Sr, = 0.708110 + 14; Table 6.1) lies within this range, whereas sample NC
(07 (Changehouse Dyke) has the higher ratio of 0.710447 + 15 (Table 6.1). The South Fissure has the
towest initial S Sr of the Swartruggens kimberlite dykes (0.707711 = 14 to 0.708063 + 14; Table 6.1}
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Caollectively, the Swartruggens kimberlite dykes defing a strong positive correlation on a Rb-5r isochron
diagram (Figure 6.1¢). However, all the samples analysed have consistently higher measyred ¥ Sr™°Sr than
would be expected for their "'Rb/™ Sr, if they were to fit an isochron of 156 Ma with an initial *'Sr*Sr of
0.705, as calculated by Smith &f &/ (18853a] following analyses of phlogopite separates from Swartruggens

a2 051200

i) [ ® i
: g 0
L s [
051205 p—"""1"8 2 5] D.51185
B L I I
2 £
* ongizog k . D110
= = I
= F =
g F 3 I
? I Izn- r ]
9.511895 LD.E51185 - (|
[ = a— | i Fil
: 156 Ma i v A
51100 L b=l Ma T B LA (E-ZRT: v S Y AN PR RS
00F2 o0.ovF4  0OVE  G4aYE 0080 0.00% 0010 005 0,020
Wamr Mg 1/ Md
e TP | U iy N ST S T oy S 710 |- :
e (o] ¢ td) % :
i 3 WG G5 '
S - -f
LERREE £ 3
= - = - ;
£ oo i = i
1z £ L :
] = 7000 - :
= = 1
)
2 o7oen 5 . E
47072 | i
: s | BRI v Mall Dyke
' « il Cryke
A.706E ¢ . )
[ =
ot 1 I 1 L R e A et LR PO PR S ol T Y A PR
0.20 40 B0 (.80 L0005 L0010 L0015
TRb Mr 1iEr
-3
{&)
(]
ik 5 ®
[
- -t ; |
z r B hzin Dyke ¥ South Fissure
i A Changehouse Dyke & Mull Dyke
=1 £ Solid symbols less macroenysliy, G sprbols more
| | O macrCryElic
r Fa
A2 | Tzo Yy &
1 i i P 1 1

£, 73a0 0.7090 0.7 00
ey Fgr

Figure 6.1 Vanations in Sr and Nd isotope composifions in the Swarlruggens kimbedife dykes and the Muil
lamprophyre. Typical Nd 2o uncertainties are shown by errar bars, Sr 2o uncertainties are smaller than symbol size.
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(Figure ©.1c). An errorchron can be drawn through the Swartruggens kimberlite whole-rock samgpies
(excepting NC 007, Changehouse Dyke, with anomalously high “'3rSr), but this vields an age of
approkimately 322 Ms, more than twice that calculated by Smith ef al (19853} or Allsopp and Barrett
(1875} In addition, there is a strang positive correlation between * Sr™Sr and 1/Sr (Figure 5.1d) for these
gamples. These consistent trends, together with the large within-dyke variations, are difficult to recaneile
with primaty isotapic heterogeneity, as suggested by Smith (1983b), especialy given that there is little
variation in Nd |sofope compasition for & wide range in ¥8:/%8r for these samples (Figure B.1e). The
variation aserved is therefore considered lo represent a mixing frend. either due to assimiation of crust or

mteraction wilth groundwater. This sspect will be discussed in more detail in Chapter 7

The Muil Dyke samples show na systematic variation in "N/ *Nd,, with "' 8m/'"Nd, and so clearly do not
define any isochron (Figure 6.1a). Mowever, age-covecting the Muil Dyvke to 156 Ma yields substantially
higher initial *"Na/"™*Nd { N/ Ng; = 0511971 + 15 to 0.511990 - 11; Table 6.1; Figure 6.1a) far this
dyke than for the Swartruggens kimberlite dykes. The fuil Dyke cross cuts the kimberlite dykes and
therefore cannot be older, and thus the difference in imitial ““*Nd!™*Nd reported in Tabie 6.1 and illusirated in
Figure G.1a and & is & minimum. [t will be @rgued in the next chapter that the difference in Nd isatope
composition between the Muil Dyke and the Swartruggens kimberlite dykes cannet be produced by addition
of reasanable guantitizs of mantle or crustal material, and the Muil Dyke is therefore believed to originate
from a seurce that 1s isotopically distingt from the source of the Swartruggens kimberiites. The aphanitic #uil
Dyke sample (NC 408) has a Nd isctope composition within the range of the macrocrystic samples, despite
having & considerasly higher absolute MNd concentration (Figure 6.1b).

"Nd *han the Swartruggens kimberl.te dykes, the Muil Dyke has

Despile having substantialiy higher "™ Nd!
*'Sr*Sr; of 0.708230 - 16 lo 0.709757 = 14, within the range of the kimberite dykes, However, there is na
consistent variation between measured ' Sr"°Sr and *Rbi*®Sr or 1/8r for the Muil Dyke, and it appears to
be unrelated to the trends observed within the Swarlruggens kimberlite dykes (Figure 6.1 ¢ and dj. The Muil
dyke shows g wide rande in 5%, for 1 small variation in By {Figure 8.1d} and, as with the Swartruggens
kimzerlites, the Srsotope composition of the Muil Dyke may have been contaminated to variable degrees

by crust or groundwater. This aspect will be discussed further in Chapter 7.

6.2.2 Hafnium isotopes

The majority of the Swartruggens kimberlite samples show iittle range in inftial " HE'7 HE, from 0.282160 + 5
to 0282244 + 4 (Table 6.1). Sample NG 007 (rom the Changehouse Dyked, already noted to hewe
anomaiously high “8r*8r compared to the other Swartruggens kimberlite samples, has a much lower
YEHETTHE, of 0281970 = 4 and. as discussed further In Chapter 7, is fikely o have been significantly
contaminated by crist or groundwater. The South Fissure has the highest T8 HETHY, of the Swartruggens
kimberlite dykes, and the vatiation within this dyke is within snalytical errar {”E'Hf."”'?Hf. = D282238 + 5 o
0 282244 + 4 Table 8.1). The Main Dyke shows a much wider range in "M Hf, (7°HE 7 Hf, = 0.282160 =
4 to 0282230 = & Table A.1Y, which is significantly greater than analytical ermor, and Changehouse Dyke

sample NG 005 lies within this range. The iess macrocystic Main Dyke sampie (NC 008} has a similar H

a0



Chapler 8 |sotopg gecchemisiny

isotopic compasition to the South Fissure samples, and these three samples colleclivaly scalter around a
158 Ma reference line on a Lu-Hf Isochron diagram (Figure 6.2a). The more macrocrystic Main Dyke
sample, together wilh sample NC D05 (Changehouse Dyke), lies significantly below this ling. There is a

178, 17T

negative correlation between HF'Hf and 1/Hf for the Swartruggens kirmberlite dykes (excepting sample
NG 007, Changehouse Dyke), suggestive of mixing with a component such as continental crust, with fower
Hf contents and ""HE'SHf, The broad negalive correlation between initial *"SH*Sr, and . (Figure 6.2¢),
suggests that the same process has altered both the Sr and Hf isotope compositions of these samples, as
will be considered further in Chapter 7, whereas ey does not show any systemnatic variation with gy; (Figure

6.2d).
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Figure 6.2 Variations in Hf isotape compositions in the Swartruggens kimberlite dykes. 2 analytical uncertainties for
Hf are approximatety symbel size, 20 uneertaintles for Sr are smaller than symbel size, typical 20 uncertainties for Nd
shown by error bar, Regresslon line is a thearstical isochron caloulated st 156 Ma. Man¥e array shown in {d} from
Vervoort et al. {1999),
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£§.3 Isotope geochemistry of the Star kimberlite dykes

Chapter &

|sotope geachemistry

Ten kimberlite samples from Star {1 from the Clewer Dyke, 2 from the Wynandsfontain Dyke, 2 from the

East Star Dyke, 2 frum the Byrnes Dyke and 2 from the Barren Dyke) wers analysed for their Sr, Nd, and Hf

isotope compositions. The data are reported in Table 6.2, and selected variations are shown in Figurés 8.3

and §.4.

6.2.1 Neodymium and Strontium isotapes
Initial "**Nd/™Nd for the Star diamondiferous kimberlites range from 0.511997 + 18 to 0.512040 + 10 (Table

6.2). However, the Byrmes Dyke (both macrocrystic and |ess macrocrystic) and Wynandsfontein Dyke (less

Table 6.2 Whole rock isotope anslyses of e Star kimberlite. Initial ratios and e values ¢alculated assuming an age of
124 Ma (Macintyre and Dawson, 1378). Mic = micaceous Barren Dyke, L. mic = |ess micacecus Bamen Dvker M =
macrocrystic, LM = less macrocrystic, Subscrpts:. m = measured, | = initial, & = present calculated. Best (smallest
uncertainty) analyses are reported, repeat analyses are reported in Appendix 3 2o uncartainties include emar on
standards, standard repreducibility reparted in Appendix 3.

Clowar i

Dyke Dyke Wynandsfontein Dyka East Star Dyka | Byrnas Dyke Barren Dyke

: 1 mic I. mic
Sample JUG 2833 [JJG 638% NCOS0 JJG 6352 | JIGA570 SJHI0 | SIHTS  SJHTE | NCOSY NG D54
Macro M L LI M M LM+ LM ML M M
Fb 824 115 139 a7 119 160 178 123! 150 953
8r g67 1673 133 2383 1268 1532 [ 2 1024 B2 74
RL"Sr 0240861 | 0183584 0184048 0,162539| 0.243504 ﬂ.2955m| 0181161 0181202 0485361 0.375880
TorMar, ' 0707792 | 0708318 0707701 O.70YT73| Q707734 0708711 0.709043 0.708277° Q708263 (.7078458
' Zo uncertainty | 0000043 | 0000015 0000014 0.000013| Q000014 n.amma[ 0000014 0000015, 0.000014  0.000016
5™ e 0707367 | DFOTITE OFOVETSE 0707485 0.707304 n,msmai 0708724 (0.707957. O.707407 0.707183
Sm 114 17.0 156 - 12.4 16.5 18.1 15.5 12.4 9.25
Nd 107 153 143 - 113 156 150 137! 117 7.5
"SmiNd 0.064550 | 0067319 0.0B6461 -, 0066508 0084589 0.085265 0.0B8574: 0084051 0.084172
[ T Tt 0h512050| G512097 0.512064 - 0.512066 0512091 | 0512078 05120817 0512125 1.51212%
2o uncedainty | 0000018 0000005 0000010 . . 0000022 0.000011] 0.000014  0.000009° 0.00000¢ ©0.000015
d! N, 0.511997 | 0.512036 0.5t2040 « . 0512012 0512038 | 0512026 0512035, 0512073 0.512077
EHda At48|  0EE 1082 . I 4118 4068  -10.8 JADEE[ -0 883
ENgl -9.38 -5.63 856 - -8 -8.59 -£.83 865 782 -7.54.
e2o uncertalngy 0.35 047 0.19 - .44 023 0.26 U148 | 048 .2
Lu 0.08 0.08 008 % 0.06 0.08 013 O 0.07 G068
Hf 1.18 821 B.08 2 5.55 848 4.02 - 3.63 262
W THE 0010905 | 0001468 0001801 - 0001575 0001387 | 0.004458 - 000288  0.003502
e T H, 0.282500 | 0.282489 0282484 2 (h282475 0782488 0282487 - 0.282570 0.282506%
2o uncertainly | 0000003 | 000005 0.000008 : GOMI005  $.000005( 0.000006 z 0000007 £.000008
TEHE T HA | 0282475 Q282458 0.282480 - 0282472 0.280485%) 0282477 a 0282564 D.2R2560
| Bt 980 -0 047 - 1048 004 1008 - T3 7
| EH T A S 7 -7.58 - 788 7.43 i - -4.63 4.75|
£2 uncertainty 0.28) 017 029 - £.1% 0.8 0,22 - 0.24 0.28!
Atrm 083, (.89 .61 . 1,04 0.81 084 - 2.71 2.45]

Decay constants used: Rb-
CHUR: "Naf'*Nd = 0.512638; "'smi'“Nd = 0.1967; "™ Hii' "Hf

Sr=1.42x 10" Sm-Nd = 6.54 x 107"%; Lu-Hf = 1.876 x 10°
=0,282772; "PLu" "Hf = 0.0332

.11,
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macrocrystic) samples, ard the less macrocryslic sample (SJH 30) from the East Star Dyke, have Nd
isotope compositiors thal show no variation greater thar aralytical error ("Nd!'™*Nd, = 0.512026 + 14 to
{1.512040 £ 10). Trese samples define a broad positive correlation which approximates a theoretical 124 Ma
reference lire (foilowing the K-Ar date oblained lor the 3tar kimberlite by Melrtyre anc Dawson, 1976) or @
Sm-Me isechron diagram (Figure §,3a), The macrocrystic sample (JJG 4570} from the Easl Star Dyke has a
slightly lower initial “*Net"™ Nd ("7MNd™ M, = 0.512012 - 22), altkough the analytical erfor or this sample is
relatively large anc overlaps the lower end of the farge desoribed above for the samples that have similar
NG NG, JIG 2833 (from the Clewer Dykel, also macrocrystic, les outsice analylical error of the
samples with similar Nd isotopic cornpositions cescribed above, with the lower " 'No"**MNd; of 0.511997 & 18
(Table 6.2). There is ro comrelation between iniial  *Ne/**Nd arc 1/Nd for the Star kimberlite sampias,
aithough the two macrecrystic samples with lower PN ¥ Nd have lower Nd concentrations than those with
higher “*Nd/**Nc, (Figure 6.3b), supgestirg that their deviation in Nd isotope compesition may be dug in

part to contamination by lithospheric mantle. This aspect will be discussed further in Chapter 7.

Tke Barren Dyxe has a consinerably bigher initial ™ Nd/™Nd thar the diamondiferous dykes, ane thare s
no variatior greater than analytical error between the micaceaus and less micacedus samples {mNu:f'MNd,
= 0512073 £ 9 and 0.512077 L 15 respectively, Table 6.2}, cespite their differert Nd concertratiors {Figure
&.3b).

The ciamondiferous Star kimberlite dykes show a wide range in Srisctope compaositions, considerably in
excess of analytical uncertanty. will inital “'sn™Sr varying from 0.707304 + 14 to 0.708724 + 14 (Table
8.2). The Byrres and East Star Dykes show wide withir-cyke ranges in 5" Sr, (7 S6*'Sr = 0.707957 = 15
to 0708724 - 14 anc 0707304 = 14 1g 0.70B182 = 13 respectively, Table 6.2} anc the less macrocrystic
samplas from each of these dykes have higher F3r* sy, than she mare macrocrystic sampies. There s also
a wide range in iritial *Sr*°Sr within the Wynandsfontein Dyke {¥'S0°°Sn = 0.707376 + 14 to 0.707976 +
18], which encampasses the Clewer Dyke sample, althcugh the macrocryslic Wyranoslontgin Dyke sample
lies withun the range of the less macrocrystic samples from this dyke. The Barren Dyke shows a smaller, but
still greater than analytical error, range i inital *'5:5%°5r than the dismonciferous kimberlite cykes, The
micaceous sample {with Ysy™sr = 0,707407 £ 14; Table B.2) has the highear ratio anc lies within 1he range
of the diamendiferous kimberlite dykes, whereas the less micacenus sample {with * S04 = 0.707183 =

16; Table 6 2), has a lower initial *S6°°Sr than ary of the oller Kimbetlite samples,

Or @ Rb-Sr isnchron diagram, the samples with iowest measured ¥ Sr™8r {(JJG 2833 from the Clewer
Dyke, NC 050 and JJG 6362 from the Wynardsfontein Dyke, JJE 4570 from the East Star Dyke) define a
broad positive carrelation anc clusier around @ theoretical 124 Ma isochron (foilowing Maclrtyre ano
Dawsaon, 1976), whereas a group o samples have higher measured ®'Sr™Sr (JJG 8368 fram the
Wynandsfonteir Dyke, SJH 30 from the East Star Dyke arc the Bymes Dyke samples) anoc ceviate
significantly from this trerd (Figure 8.3¢). Although the Barren Dyke samples plot closs to the reference line
illustrated on Figure B.3¢, they have already been rowec o be isolopicaly distnet fram the ciamondiferous

kimbetlite dykes with respect to their Nd isotope composilion anc shoule be consideres 1o be urrelated o
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the diamondiferous dykes. There is no correlation between *'Sr**Sr, and 1/5r for the Star kimberlites {Figure
B.3c), and the samples with lower Sr™8r and showing similar initial ratios display a wide range in Sr
concentration (Figure 6.3d). However the samples with elevated “'Sr/Sr all have relatively high Sr

contents,
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Figure 6.3 Varialions in St and Nd isotope compositions in the Star kimberllte dykes. Typical Nd analytical 2o
uncertainties shown by error bars, Sr 2o uncerainties are smaller than symbol size. Regression lInes refloct theoretical

isgchrons calculated at 124 Ma,
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There is no apparent correlation between £yg and " Sr™Sr, for the Star kimberlite dykes (Figure 8.3e). The
samples with elevated *'Sr/°Sr; (JJG 8369 from the Wynandsfontein Dyke, SJH 30 from the East Star Dyke
and the Byrmes Dyke samples, Table 6.2; Figure 6.3b and &) have similar £, stggesting that these
samples may have been affected by groundwater movement which would affect their Sr, but not disturb their
Md, sotope compositions, as will be discussed further in Chapter 7. The two samples with anomalousty low
Eng G 2833 from the Clewer Dyke and JJG 4570 from the East Star Dyke; Table 6.2, Figure 6.3a and b)
have Sri™Sr, within the more restricted range described above. If, as suggested ahove, the difference in
Md isotope composition of these two samples relative to the other Star diamondiferous dykes is due partly to
entrained lithaspheric martle, this process does not appear to have significantly affected their Sr isotape
compositions. This aspect will be discussed further in Chapter 7. Despite having significantly higher £u
than the diamondiferaus kimberlite dykes, the Star Barren Dyke has " Sr/*°Sr, ratios that overlap those of the

diamondifergus dykes.

§.2.2 Hafnium isotopes

The Star diamondiferous kimberlite dykes show very little variation in initial "°Hf!'"Hf, either within or
between individual dykes, The Clewer, Byrnes and Wynandsfontein Dyke samples all have compositions
within the range of 0.282472 + 5 to D.282485 t 5 defined by the East Slar Dyke. The range shown by this
dyke is slightly larger than analytical error, and the more macrocrystic sample (JJG 4570) has a lower initial
"PHf)'THf than the less macrocrystic sample. The macrocrystic Clewer Dyke sample (JJG 2833) also has a
relatively low '"Hf'Hf, but the less macrocrystic samples SJH 79 (Bymes Dyke) and JJG 6368
fWynandsfontein Dyke} have initial isotopic ratios within analytical error of the macrocrystic samples. On a
Lu-Hf isochron diagram, the Star diamondiferous kimbedite dykes show a broad positive correlation, which
corresponds well to a theorelical 124 Ma isoachron {Figure 6.4a; following Macintyre and Dawson, 1976).
There is no correlation between ""HfTTHE and 1/Hf for the Star diamondiferous kimberlite dykes (Figure
6.4bY; the Clewer Dyke has a similar "Hf/'""Hf, despite having a much lower Hf concentration than the East

Star, Byrnes and Wynandsfontein dykes.

As with Nd jsotopes, the Bamern Dyke samples have much higher initial B TTHE than the other kimberlite
dykes at Star {HR'HE = 0.282560 + 8 to 0.282564 + 7; Table 6.2) and the varation betwesn the
micaceous and less micaceous samples is within analytical error. This dyke does not lie on the well-defined
correlation of the other Star kimbedites on & Lu-Hf isochron diagram (Figure G.4a), and, despite its
considerably higher initial isotopic ratio, has absolute HF concentrations within the range of these dykes
{Figure £.4b).

There is no obvious correlation between ey and TSrSr. for the Star diamondiferous kimberlite dykes,
which show a wide range in *'Sr™8r, for little change in =45 (Figure 6.4¢). However there is a weak positive
correlation for these Kimberlites between ey and gug, With the magroerystic samples JUG 2833, JJG 4570,
which have the |owest sy, also having low ey [Figure 6.4d). Although they do not greally differ from the

cther Star kimberites with respsct to initial *'Sr™5r, the Barren Dyke samples have much higher initial e

kel
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and eyy than the diamondiferous kimbeslite dykes and, as discussed further in Chapter 7, are clearly derived

from a source with an isctopically distinct composition.
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Figura 8.4 Variations in Hf isotope composition in the Star kimbarlite dykes. Analytical 2o uncertainties for Hf are
approximately symbol size, 20 uncerainties for Sr are smaller than symbal size, typical 20 uncertainties for hd shown
by error bar, Regression line reflects a thearstical isochron calculated st 124 Ma. Mantle arrsy shewn in (d) from
Vereaort &f 8f. (1999],

6.4 Comparison in isotope geochemistry between Swartruggens, Star and other

South African kimberlites
Figure 6.5a lllustrates the variation of initial £, with ¥ St/ °Sr; in the Swartruggens and Star kimberlites, with

fields of mid-ocean ridge basalts (MORB), ocean island basalts {QIB) and southern African Group | and
Group || kimbarites. It is clear that both the Swartruggens and Star kimberlites fall largely within the fleld for

il
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other Group 1l kimberites, with the Star kimberlites having higher initial 8yy (B = -9.39 + 036 to -7 .84 +
0.29; Table €.2) than the Swartruggens kimberlites {€yy = -11.95 + 0.34 {0 -11.37 = 0,36, Table 6.1}, Despite
rather restricted initial Nd isotope ratios, both the Swartruggens and Star kimberlites show a wide range in
initial St isotope ratios {Swartruggens *'$e/®8r, = 0.707711 + 14 to 0.710447- 15; Star ¥Sr/™8r, 0.707183 +
16 1o 0.708724 = 14, Tables 6.1 and 6.2} and a8 number of the Swartruggens samples plot cutside the fisld

of Group Il kimberlites towards higher initial *'$r*°Sr at lower initial £y4.

The Swartruggens and Star kimberlites define sub-parallel, sub-horizontal trends on a plot of eyy versus
STsr sy, with widely varying *'Sr*"Sr, for little change in £y, which, with the exception of the high ' Sr™Sr,
Swartruggens samples, lie within the field of other South African Group Il kimberlites {Figure 6.5b). The
Swartruggens kimberites (with initial £ = -24.92 + 015 t0 -15.24 + 0.15; Table .1} have lower 5.5 than the
Star kimberlites (with initial 84 = -7.8 + 8,19 {0 -4.63 = 0.24; Table 6.2}, which also overlap the range in &

af Group | kimberlites.
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Figure §.5 Yarlations in isotopic composition in the Swartruggens and Star kimberdites compared to other South African
Group | and Group | kimberlites and other derived mantle rocks. Inltial ratios and £ values are caleulated assuming ages
of 156 Ma for Swartruggens {Smith et af., 1085a), and 124 Ma for Star {(Macintyre and Dawscn, 1976}, MORE and OIB
fields are present day, but the small change in 51 isotoplc composition over 150 Ma s illustrated by the vectors for
svalution of primitive mantle shown on {a) and {b). The change in Hf and MNd isotopic compositons over 150Ma is too
small i be seer. Mantle array shown in (¢} from Vervoort 2t af. {1858), Data for MORE and OB fields frorm Patchett and
Tatsumoto (1980), Patchett (1983), Stille of af, (1986), Salters and Hart {1981), Chauval et af. (1933), Salters {1538},
Salters and White (1998), Nowall ef af. (1998). Data for Group | and Group || kimberdite fislds from Smith (1983a and b},
Talnton {1994}, Clark {1994), Nowell f &/, (1999 and 2004).
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Figure 6.5 Continued.

The variation of cup with gy for the Swarruggens and Star kimberlites is shown In Figurs 6.5¢. The Star
kimberlites plot within the field of Group || kimberlites, whereas some of the Swartruggens samples trend to
slightly lower ey; and cyg compositions than other Group || kimbetlites. Group || kimberlites typically plot
close o the mantle array defined by MORB and CIB, where sy = 1.33gy + 2189 (Mervoort at af, 1998,
Mowall et &/, 1289); the Star kimberlites plot slightly abowve this array (with Aeyy = +0.67 to +2.71; Table 6.2)
and the Swartruggens kimberiites plot below it (with Agy = -12.47 to -2.72; Table 6.1}. Group | kimberlites
overlap the CQIB field, slightly below the mantle array, with higher s,y and slightly higher gq5 than Group Il

kirberlites.

Gt



Chapter 7

Petrogenesis

7.1 Introduction

Kimberlite-like magmas have been produced, by some experimental workers, by small degrees of partial
melting of a carbonated garnet |herzolite (e.g. Dalton and Presnall, 1998}, The Sr, Md and Pb isctope
systematics of both Group | and Group 1l kimberlites have been well studied {e.g. Smith, 1983a: Fraser and
Hawkesworth, 1952) and the more enriched isotopic ratios of Group || kimberlites have been inferred o
reflect their source in the lithospheric mantle, whereas the less radiogenic isolopic ratios of Group |
kimberlites have been inferred to reflect their source in the convecting asthenosphere (Smith, 1983a).
However, this hypothesis |s not undisputed, and le Roex {1986) proposed that the Sr and Nd isotope
systematics, combined with the incompatible frace element ratios, of both Group | and Group 1l kimberlites
do not preclude a plume-related arigin for both groups in the sub-lithospheric mantle if Group || kimberlites
are associated with a plume containing significant recycled lithospheric material, In addition, the negative
AEw signature of Group | kimberlites, and the continuum of Hf isotope compaositions betwesn Group | and
Group || kimberlites, has been proposed to reflect that the source regions of both kimbarites lie within the
sub-lithospheric mantle, with a contribution from a subducted slab component (Nowell af &/, 1999, 2003,
Dowall ef &, 2003a). The most radiegenic Os isotope compasitions of both Group | and Group || kimberlites
are simitar to these of ocean island basalts {Pearson et al., 1935, 2003a), fending further support for an

origin of both groups within the convecting asthenosphere,

Due, in part, to the complications caused by post-melting processes, such as lherzolite entrainment, crustal
contamination, alteration and crystal fractionation, in ascertaining the nature of primary kimberlite magmas
{e.q. Mitchell, 1955}, few atlempts have been made to quantitatively model the trace element signature of
kimberlite source regions. Te date only one major study, that of Tainton and McoKenzie {1394}, has
atternpted to characterise the source region trace element concentrations of Group || kimberlites. Tainton
and McKenzie (1994} sonstructed a detailed model of trace aelement behaviour during Group || kimberite
genesis, and calculated a source composition that is strongly enriched in the more incompatible trace
elements but depleted in the heavy REE reiative fo primitive mantle, for the Mewlands, Sover-Morth, Sover-
Doomkloof, Bellsbank and Flnsch Group |l kimberlites. They concluded that such a composition requires a
source which had undergone a depletion event, followed by metasomatism, and that the depleted signature
of the heavy REE constrains the source of Group || kimbedites to the lithosphere, In agreement with the
hypothesis of Smith (1983a) but apparsatly in conflict with the recent Hf and Os isolope studies of
kimberlites (Nowell et af., 1989, 2004; Pearson ef &f, 1995, 2003a; Dowall &f al, 2003a). On the basis of
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comhined major and trace element and Sr, Nd and Ph isolope data, Fraser and Hawhkesworth (1992)
reached a similar conclusion to Tainten and Mckerz.e {1894 tar the arigin of lhe Finsch Group 1| kimberlite,
althaugh their hypothasis was based srimarily on isctopic constraints, following Smith (18338). Two recent
stud-es, by 1e Roex et & {2003) and Harris et af. {2004), nave atternpted to quantify the source region trace
element characteristivs of Grous | kimberlites {from the Kimsarley group, and lhe Uintjiesberg off-craton
kimberlile respectively). Based on detailed race element modelling, bolk studies iilustrated that the source
regions of these Group | kimberlites exhibit similar, depleted heavy REE signatures relative to srimitive
manie and thus, following the argumeant of Tainten ard McoKenzie (1994) descrioed above, may also be
iocated within the Lthospheric manile. However, these authors arguec tnat the source regions of the
ressective kimberites have ar overgrint of sirong melasoematism by piume related fluids or medts, and thus

this hiypethesis is not in conflict with those oased on isclopic constraints descrized above.

Kimbertites are permeable and thus highly susceptile to alteralion by percolating groundwater [e.g. Beryg,
1994}, In acdition, due to thelr rapic ascent, they cammanly ertrain and partiaity assimilate mantle and
crusial matenal o variable cegrees (e.g. Clement, 1982), These three srocesses, logether with fracionsl
crystallisaiion, may substantially alter the geocnemical composition of the primary kimoerlile magma {e.g.
Mitchell, 1995} In Seciorn 7.2, the effects of each of ‘hese processes on kimberite geochemisty iz
considared in detail and appied o the suites of samzles from Swartruggens ard Sthar with the intent of
isalaling close-lo-primary kimaerlite magma compesitions at eacn locality. Simgle parlial melting modellng
of these close-to-primary kimberlite magmas is ther usec to place caonstramts on lhe trace element
ceachemslny of [he respecive source regions. The effecs of vanables such as the degree of partial
melting, the rasidLal source mineralogy and the role Siayed by residual accessory phases are considerad in
Seclion 7.4, Evaluation of the race element signatures of the source regions of the Swartruggens and Star
kimbearlives, together wih their Sr ard Nd, ard Hf isclose compositions crovides, for gach locality, a wider
qperapective than any previous study of the whaole-rock geschemistry of a single kimaerlite, from which
evidence for the contributions made by |thospheric versus astherossheric mantie can be drawa, This

aspec: s discussed in Sectien 7.7,

The srincipa aims of this chapler are summarnised as follows;

1) To assess the effects of late-stage processes such o as aglteratior, crustal assimilalion, herzolte
entrainment and crystal fractionation on the majar element, trace element and isotopic compesition of
lhe Swariruggens and Star kimberlites.

2} To isolate these effects ard thus establish the compositions of the close-to-primary kimberlite magmais)
ard the arigin of geochemical vanations oetween and within the individLal dykes at each [oca’ity,

3] To use the close-to-gnimary kimaerlite magma compasitiors to corslrain the ressestive source ragion
geochemistry, mwneralogy and losation (thosphere ve. asthenosphare) of the Swartruggens and Star
kimberlites.

4] o evaluate the petrogenelic srocesses givird rise to e Swarruggens Muil lamproghyric dyke and its

relatinnshiz o the kimberite dyhes,
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7.2 Medification of primary kimberlite magmas

7.2.1 Alteration

Petrographically it is evident that some of the samples kom both the Swartuggens and Star kimberlites
hava been afectsd by |low termperature slterastion: ollvine is commonly altered partizlly or whelly to
sarpenting, and sometimes replaced by calcite; in more altered samples phlogopite is altered to chlarite; thin
veins of secondary calcite cut through some samples. In identifying the igneous processes that have
affected the primary magma compositions of the Swartruggens and Star kimberlites, it is therefore imporiant
to consider the sffect such altération may have had on the geochemical composition of the samples studied,

Late-stage, low temperaturs alteration of kimbarlites occurs in two ways:

1 — the high volatile content of kimberlite magrmas concentrates into residual fluids durng solidification,
restlting in pervasive deuteric alteration {ke Rosx &t &f,, 2003) or “autometasomatic serpentinisation” (Berg
and Allsopp, 1872; Berg, 1994} and

2 — post-solidification permeation of groundwater through the kimberlite (e.g. Berg and Allsopp, 18972).

An impertant censequence of process (1) above is that, in a clesed system, the alteration reactions arg
essentially Isochemical and thus extensive sempentinisation of primary minerals, and redistribufion of the
flutd-mobile elements, may ocour withouwt changing the bulk rock composition. For sxample, Price ef af.
{2000} reported samples from the Jericho kimberdite in Canada with serpentinised groundmass olivine,
although O lsctope data preclude the involvernent of meteoric fluids. In reality, however, some of the
primary volatie content of kimberlite magmas is belisved to ba lost and thus some of the more fluid mobils
glaments may be leachad, during emplacement. The permeable and porous nature of kimberlites makss
tham highly susceptible fo the percolation of considerable quantities of groundwater (8.9, Berg, 1894), The
effect of groundwater moverment on the geochemistry of the kimberlites will be similar to that of the loss of
magmatic water in leaching mobile elements, but in addiion may slevate in the kimberlites the
concentrations of mobile elements that are present in high abundance in tha host rocks or groundwater.

The alteration of otivine to serpentine by a reaction such as the following:

EMQ25104 + 3H:0 =M933i205{GH}4+MngH]2
olivine + water = serpentine + brucite

releages Mg, seme of which may be leachad from the kimberliles {e.g. Clement, 1982} The surrounding
shales at Swartruggens and Star are MgO poor {(Appandix 43, and so mokility of MgO will result in & net loss
from the kimberlites. The abundance of Fe oxides within and around relic olivine macrocrysts suggest that at
least some of the Fa relsased during breakdown of alivine has been retained. Analysls of the country rocks
indicate that they contain Fe in similar abundances to the kimberlites (Appendix 4), and thus, sven though
the Fe concentrations in the kimberlites may be disturbed, the individual kimbertiite samples are unlikely to
nave caonsistently ganed or lost significant Fe. Desplts the typically fluid-mobile behaviour of K, as a
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stoichiometric component of phlogopite it will be stablised to some exteqt by lhe abundant phlogooie
present in bolh the Swartrdggens and Star kimberites, However, where phlogopite has beer altered
exlensively to chlorile {such as in the Swarriggens Third Lease samgles, Appendix 1), K may be more
susceptible to leaching. AlxZ; ard SiC; arg immobie, bul may become enricked in the kimberlites either
directly, or relatively as a result of leachirg of more mebile elements sich as Mg and kK (Clement, 1982).
Duea 1w the allaralion of ollvine to serpentire, ard chloritizat on of phlogogite, samgles that have interacted
mare axtersively with groundwater may have elevated L0l Some authors have used high LO| as an
ind.cater of alteralion (g.g. Sweaney and ‘Wirler, 1999% although care should be *aker wilh this approach as
primary kimberlite magmas are expected to have high volatile contents, which may be lost lo variabie
exlents during emplacement (.. Dawsor, 18807

The concertrations of the immobile trace elemeants such as the HFS clemenls and REE are not susceptible
to alteration, whereas the abundances of the more mobile LIL elements may be disturbed. I particllar Ba,
which 1s present in high concentrations in the crist {Rudnick and Foundain, 1985), may become efevated in
more aitered Kimberlites by percolating grourdwaler, This effect is difficult to distinguish from that of

assimilation of crusal material discussed in more detain in seclion 7.2.2.

The Md and Hf isotope comgositions of the kimberlites will remain undisturbed by alteration, as Sm, Nd, Lu
and Hf are immobile elements n the weathering environment. However, Sr-bearirg groundwater may have
a corsiderable effect an the “'Sr™sr comoosition of the kimberlites (e Keamers &f al, 19871, Smith,
1983h).

F 244 The sffect of afteration on the Swarfruggens kimbserlite dyles
All the Swartruggens samples have suffered alteration of the primary mirerals lo some extant, as described

in Chapter 3. The geochemical effect of th's alteration is Hlustrated W Figure 7.1, The maorily of the
Swartruggens kimberlite zamples have MgD/Si0. greater than £.54, and show & limiled range of variation
both in BgMEiI0. and K0, which can readily be explainet by smail degrees of lherzolite enlrainment,
fractionation of alivine ard phlegopite, and possibly assimilation of minor amounts of crist (Figure 7.1a).
However, the Third Lease samplas, 2 samoles from the South Fissere (JJG 3145 ard IS 3130), and 3
samples from lhe Changehouse Dyke (WG 007, NG O0S and Sr 7) have lower MgOrSice, ratios, and cover a
range in MgOf5i0, that cannct read.iy be explained by reasonable amownts of assimilation or fractionation.
This range ig consistent with some gD having been leached from the samples due to weathering or
growndwater movemant, and those samples with lowered MgOISi0; ratios are alzo depleted in KO relative
ta he least altered samgles. Even if the inghvidua! dykes forming the Swartruggens kimberlite were formed
from separale magmas with different MglSi0., the chserved within-dyke rangt is oo large o be
accourled for by any other likely process. The Third Lease sampoes MC 007 and NC 003 have sulfered the
most desletior in Mg and K.O, and this 1 consistent with e observation that these samples ara the most
attered pelrograghically (Apperdiz 1), The altered samples do nol show a consistent trend of increasing LO!
with decreasing MeO/5S, (Figure 7o1bB) However, it is noteworthy that those samples thar are the most

altered all have elevated LOI relative 1o b less altered samples.
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Figure 7.1  The effact of alteration on the Kz0 and LOI concentrations relalive to MgQiSiCs:, and Sr isotope
compositions of the Swartruggens kimberlite dykes. Mafor elemant data for typical crust from Rudnick and Fountain
(1995); mixing parameters for Sr isotope composition of the crust are given in Table 7.1, after Smith (1953k) and
rafarances tharain.

The LiL elements are variable in abundance in the Swartruggens kimberlites (Figure 5.4}, although there is
a well-defined positive comsiation betwsen K and Rb, indicating their strong geochemical similarity {Figure
5.4a). The fiuid mobility of Ba is reflscted in the variable abundance of |ate-stage barite in the groundmass
of some samples {Mitchell, 1995}, However, the concentrations of the LIL elements in the Swartruggens
kimberlites are high, and although absclute abundances of these elements should be treated with cauticn in
evaluating petrogenetic processes, they may still yvield valuable information,

It was noted in Chapter 6 that the Sr isotope compositions of the Swartruggens sampiles define a positive
correlation betwean *'Si/Sr, and 1/8r, indicative of mixing with a compenent containing less abundant Sr,
with higher *'Sr/®gr, than the kimberiite samples. Using the parameters of Smith {1883b), given in Tabile
7.1, the effect of addition of up to 20% crust is lllustrated in Figure 7.1¢. This cleardy dogs not account for all
the variation in initial " Sr*Sr even within individual dykes and addition of crust of this composition (300
ppm Sr, ¥8r*%8r = 0.75; Smith, 1983b; Table 7.1) also does not account for the observed variation in
absolute Sr concentration within individual dykes. Thus the samples with alevated Sr isotope compositions
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are belleved to have suffered some interaction with groundwater. However, the broad negative correlation of
¥Se/*Sr, with '""HE'Hf, Is suggestive thal contamination by crust has played some role in creating the
observed isotopic variation in the Swartruggens kimberiites, as will be discussed further in Section 7.2.3. Of
the samples with most strongly elevated Sr/*'Sr ratios (NC 005 and NC 007 from the Changehouse Dyke,
and NC 010 from the Main Dyke}, oniy sample NC 007 appears io have disturbed major element
abundances (Figure 7,12 and b).

7.2.1.2 The effects of atteration on the Star kimberite dykes

Although fresh olivine remains in several of the Star samples, all the samples have been affected to some
extent by low temperature alteration as discussed in Chapter 3. The geochemical effect of this alteration is
ilustrated in Figure 7.2. The majarity of aphanitic kimberlite samples from Star have MgQ/SIO, between
approximately 0.5 and 0.8, and show variation in both MgO/Si0. and KO consistent with small degraes of
fractionation of olivine and phlogopile and addition of lherzdlite, with possible small amounts of addition of
crust (Figure 7.2a). To the high MgO side of this group, the mare macrocrystic samples form a trend of
increasing MgO/Si0; with decreasing KO centent consistent with entrainment of more substantial quantities
of lherzolite, as will be discussed further in seclion 7.2 4. To the low MgO side of the diagram, a subset of
samples (MG 63614, SIH 37, JJG 6361C, and JJG 6369 from the Wynandsfontein Dyke, SJH 78 from the
Byrries Dyke) form a trend of decreasing MgO/SI0; with decreasing KO content. Although a portion of this
trend could be atributed to assimilation of small ameunts of crust, or small degrees of phlogopite
fractionation, these processes cannol account for the entire range in compositions. These samples are
therefore interpreted to have suffered leaching of both MgO and K2O. The Barren Dyke samples also fall on
this trend, although, as discussed in earlier chapters, they appear to be geochemically distinct from the
other kimberlites at Star (e.g for Nd and Hf isotopes; Table 8.2} and they should be considered separately.
The Barren Dyke samples show no consistent within-dyke trend of alteration.

The most allered Star kimberlite samples all contain high LOI (>15 wt %; Figure 7.2b) However, other
samples, such as the aphanitic Bymes Dyke samples which are cansidered less allered, also contain high
LOL, indicating that high veialile content in Kimberlites is not necessarily indicative of highly altered samples,

The LIL elements are variable in abundance in the Star kimberlites, suggesting some redistribution due lo
the movement of |ate-stage fluids through the rock, However, they are gererally present in high
concentrations (Table 5.2) and thus, although their absolute concentrations should be Wreated with caution in
evaluating the petrogenesis of the Star kimberlites, they may stili yield vatuable information

As mentioned in Chapter 8, 2 number of samples from Slar (JJG 6363 from the Wynandsfoniein Dyke, SJh
30 from the East Star Dyke, and SJH 79 and SJH 78 from the Bymes Dyke) have elevated initial *'Sr™*Sr
ratios, compared the {o rest of the samples, yet show no vanaticn in Nd or Hf isotope compesition. These
high *'Sr*°Sr samples all have relatively high Sr contents and, with the exception of sample SJH 79 (Bymes
Dyke) form a trend away fram the lower 75r/™Sr samples with high St contents towards higher * Sr/**Sr and
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Figure 7.2 The effect of alteration on the KD and LO| corcentrations relative to MgQYSi0z and Sr isotope
compositions of the Star kimbedite dykes. Majar element data for typical crust fram Rudnick and Fauntain {1995); mixing
paramelers for Srisolope composition of the crust are givan in Table 7.1, after Smith {19530} and referances therain.

lower Sr concentrations (Figure 7.2¢). Using the mixing parameters of Smith {1983b), given in Tahle 7.1, the
change in Sr abundance in these samples is somewhat too large to be accounted for merely by crustal
assimilation (Figure 7.2c) and is better explained by alteration, although of these samples only SJH 78
{Byrnas Dyke) appsars to have disturbed major element abundances (Figure 7.2a8). In addition, as
discussad in Section 7.2.2, tha Hf and Nd isotope compositions of these samgples do not appear to be
affactad by crustal contamination. However, absoluta Sr abundances, and isotope ratios, are highly variable
in the crust (6.g. Barton, 1999), and thus it cannot be concluded that the higher *"Sr**Sr samples have not
been contarminated by crust with a lower Sr concentration and higher * St™Sr than given in Table 7.1

¥2.2 Crustal contamination
Average crustal material is typically enriched in Si0;, AlLOCs; and Nax0, and less enriched in MgO and K

retative to kimberlite magmas. Cn this basis, Clament (1932} proposed the following eontamination index (C,
1Y for identifying samples that have suffered extansive alteration and crustal assimilation;
Gl =8I0, + &,0, + Na0
MgO + 2K,0
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Clement (1982} nated that apparently uncontaminaled Group || kimberlites have contamination indices up ta
1.4, Since low temperaturg alteration may cause the loss of MgO and KO from the kimberlites and relative
enrichment of 510, and AlLCy, anc the index doss not distinguish between the two processes. Crustaiy
contaminatec kimberlite magmas also commaonly have raised abundances of the heavy REE [le Hoex af al |
2003), and consequently lower Gdivb than unconlamnaled kimberites, o Rook of af (2003) discarded
Group | kimbedite samples with large positive Pl anomalies on the basis of cruslal contamination, althaugh
this approach may nat ke valid far Group I Kimberlies as pesitive Pb anomalies appear to be ubiquitous
and Pb cancentrations in the crust {e.g. Rudnick ang Fountain, 1995) arc similar to, or lower than, those of
Groap B kimbenites (this sludy; e Roex, unpublished: Coetzee, unpublished; Fraser and Hawkeswarth,
1992 Taintan and MoKenrig, 19941,

Assimilation of crust may alter the isotopic ratios of the kimberlites as both "™*Ndi"Nd and "™“HE 'Hf are
lower (e.g. Smith, 1983b anc references therein: Yervaort and Patchett, 1996), whereas *'S¢™Sr can be
considerably higher (Barton, 1999 Smith, 1983k and refarences thersind, in the crust than in kimberlite
magmas. Although all these ratios are highly variable in “he crust, typical valugs have beean ysed ta illustrate
the effects of crustal assimilaton on the izotopic compositions of the Swartruggens kimberites, anc are
given in Takle 7.1. For 3r, these parameters are =zimilar to values reported for crust in the region (Smith,
19830 and references therein; Barton el al., 14988} Hf isotope data far crust in the region dg not exist and
thus, for illustrative purposes, and average value for Archaean crust has been used {Vervoart and Patchett,
1968).

Table 7.1 Parameters used 0 crustal assimllztlan models, Sr parameters after Smith (19830 and references therein;
Ht paramctors from Yeroor and Patchott £1998).

Crugt
Sr ippm) g :
= T 075,
Ht (ppim) 5:
TR 0.2615

7.2.2.1 The effect of crustal assimilation on the Swarfruggons kimbeditc dyvkos

Samples NC 001, NC 002, NC 003 [Third Lease), NC Bd7, NC 009, 3R 7 {Thangehouse Dyke), JUG 3145,
JdG 3150 (South Fisswrg) have contaminatian incices of 1.5 or greater (Table 4.1), and all these samples
have already been noted 1o have been affectec by alteration {as mentioned in section 7.2.1). However,
sample JJG 3150 (South Fissure; Figure 7.3} 2lzo shows raised heavy REE abundances and a low GoiYb.,
and may, in addition, be cristally contaminated. Raised hewvy REE sbundances are also a feawre of NC
004 (Mzin Dyke), despite the lower C.l of this sempie. Thers s no consistent trend of increasing S:0h
content with decreasing GofYh, ratio within the Swartruggens kimbernlite dykes. However, this effect may be
masked to some extent by lherzalile catrainment or ractional orystallisation (Seclions 7.2.3 and 7.2.4).
Given the high Zr and Hf concentrations iy the continental crust [Zr ~ 100-200ppm; Hf ~ Sppm: Rucnick and
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Fauntain, 1985) the positive Zr-Hf anomalies shown by three of the samples with high centamination indices
(L} 3130 from the South Fisswe, NG 007 and SR 7 from the Changehouse Dyke), compared fo the
negative Zr-Hf of uncentaminated samples {e.g. Figure 7.3, Figure 5.5), may also be a feature of crustal
contamination. Samples showing arny of these featlures are excluded from further discussion of the
petregenesis of the Swartruggens kimberlite dykes, Nine of the ninetesn Swartruggens kXimberlite samples
are therefore discarded on the basis of crustal centarninationfalteration, As discussed in Chapter 5, sample
NG 010 (Main Dyke) shows several features on a primitive mantte nomalised diagram that are anomalous
for the Swartruggens kimberlites (strong negative U and P anomalies; depletion in the heavy REE), and
aithough these features are not readily atfributable to crustal contamination, this sample is ot believed to
be represeniative of the Swartruggens kimberlite gecchemistry and its major and trace element
geccheamistry are not discussed further.

Swartruggens
1000

; Sguth Fissure
n
=
c
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Figure 7.3  Primitive mantke normalised incompatlible elemeant patterns for tha South Fissure samplss (excluding
excassively weathansd sampla JJG 3145), Swartruggens, |lustrating the effects of crustal assimilation Ir terms of raised
heavy REE and Zr and Hf abundancas. Primitive mantle values from Sun and MeDonough (19893

It was menticrned in section 7.2.1.1, and ilfustrated in Figure 7.1, that afthough seme of the range in Sr
isotope carmpositions of the Swartruggens kimberlite sarmples may be accounted for by alteration, some of
the variation present may aiso be due to contamination by crust. This s supported by the briad negative
correlation between the intial Sr and HFf isotope ratios in the Swartruggens kimberlites (Figure 7.4), with
samples NC 005, NC 007 (Changehouse Dyke) and NG 010 (Main Dyke} having significantly lower initial
TEHETHE, combined with higher initial *'Sr/%Sr, thar the other three Swartruggens samples., A mixing
surve illustrating the effect of assimilation of crust, using the parameters given in Table 7.1, is illustrated in
Figure 7.4, and it is clear that the variation in Sr and Hf isolope compesitien of samples NG 007, NC 005
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{Changehouse Dyke) and NC (M0 {(Main Dyke) show evidence of severe crustal contamination. Of these
samples, NC 010 and NC 007 were noted above to have disturbed major and trace element compositions.
However, thare is no comelation betwesn Sr or HF isotope compositions of the Swartruggens kimberlites with
Md isptope composition {Figures 6.1e and 6.2d) and therefore the Nd isotope compositions are believed not

to be significantly affected by crustal contamination.
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Figure 7.4 "HETHE vs. ¥8r™8n for the Swartruggens kimbetlite dykes, ilustraling the effect of crustal
vontamination. Errors are smaller than Symbol slze. Mixing curve caleulated using the parameters for crust given in
Tabla 7.1, after Smith (1283k) and Vervoort and Patchett {1996),

7.2.2.2 The effect of crusial assimifation on the Star kimberite dvkes

Applying Clement's (1882) contaminaticon index, samples SJH 37, JJG 63614, JJG 6361C and JJG 6368, all
from the Wynandsfontein Dyke, are contaminated, l.e have . | = 1.5 All of these samples were noted in
section 7.2.1.2 to be altered, and their high contamination indices probably reflect, in large part, their
lowered MgO contents due to siteration, However, some of the samples from other dykes (SJH 38 and 3JH
101 from the East Star Dyke; SJH BO from the Byrnes Dyke; Figure 7.5} show elevated heavy HEE
abundances, and these samples may aiso be crustally contaminated {following le Roex et al, 2003).
Sample SJH 80 from the Bymes Dyke in addition shows g positive Zr-Hf anomaly when normalised to
primitive mante, compared o the negative anomalies shown by the uncontaminatad samples from this dyke
{Figuwe 7.5b), As discussed for the Swarruggens kimberlites, this feature may be due to crustal

contarmination.

Although there is no consistent correlation between GdfYb and Si0; for the Star kimberlites as a wholg, this
effect may be maskad by the slightly different GedfYb raties of the individual dykes coupled with variable
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Chapter ¥ Pelrogenssis

Prirmitive mantle normallsed incompatible element patterns for the East Star and Byrnes Dyka samplas,

Star, illustrating the effects of crustal assimilatlon in terms of raised heavy REE and Zr and Hf abundances. Frimilive
marntla values frem Sun and McDonough {1933),

degrees of [herzolite sntrainment and fractional crystallisation. All samples that may be crustally

contaminated using any of the above criteria have been excluded from further discussion of the Star
kimberlite petrogenssis. Seven aof the Star kimberlite samples (SJH 37, JJG 63614, JIG 63681C and JJG
8368 fram tha Wynandsfontein Dyke, SJH 38 and SJH 101 from the East Star Dyke; SJH B0 fraom the
Byrnes Divke} have heen discarded on this basis, in addition to sample SJH 78, ncted above {0 be altered,

but without evidence of crustal contamination,

It was concluded in Section 7.2.1.2, and illustrated in Figure 7.2c, that the variation in initial 8™ 8r within

the Star kimberlite dykas is likely to be due primarily to alteration, although crustal contamination may alsa
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have elevated the ¥ 5™ 81 of samples JJG 6369 (Wynandsfentein Dyke), SJH 30 {East Star Dyke), SJH 79
and SJH 7B (Byrnes Oyks), However, if these sampees have been crustally caontarminated, 1 is not reflec’ed
in their Nd or Mf isotope compositions since there is no cosrelatien between Sriso'ope compasition and MNd
or Hf isotope compaosition (Figures 6 3e and 6.4c).

7.2.3 Peridotite entrainment

Kimbesliles freqaentiy contain a suite of macrocryst minerals, which may imclude olivine, phlogopite, garnet,
chremite, clinepyraxens and orthapyraxene {eq Clement et af., 1984), which are commony atributed to
disagoregated peridolile enirained by the kimberlite magma en route to the swiace (e e Roex s af.,
2003} In samples of koth the Swarlruggens and Star kimberlites, macroerysts of aliving and phlagopite are
present, 1ogather with rare garmel These rmacrocrysts have the typiea rounded. strained appeasance
consisanl with a xenocrystic mantle origin and therefore the Swartrdgaens and Star kimberlites are inferred
to have enlrained variable quantities of peridotite en rowte to the sutace, Macrocryst phases arg observad
in thin section to be present, in varied propottion, in all the kimberite samples anaiysed, and allbough, as far
as possible, macrocrysts were remaved prior o analysis, smaler fragments of macrocrysts may have been
included. n addition, some minerals (particularly arttopyroxane, which shows a reaction relatonship with
kimberlite magma; Shee, 1985]) may have baen assimilated into the kimberlite magma. Thas the effects of
lherzelite entrainment on the geachemisty of he analysed samples must be considered in order to izolate

cloge-tg-primary magma compoasitions.

Assimilalion of peridotile by the kimberite magma will increase the RMg# of the kimberlice, and the
concetralicns of certain compatible race elements such as Mi, which are high in olivine, erthopyroxene angd
phlogopite. Incompatible element concentratens are generally low in garnet lherzolites {e,q. Gregoire ef afl,
2003) cormpared to kimberite magmas, and therefore mantie eafrainment win simply produce a minor

dilution effect on ther concentratiens in the kimberlite magma,

The Md and Sr isotope campositizns of the continental lithospheric mantle are diverse. with ey, ranging from
—55 to +40 {although typically bedweeq =50 and +10; Pearsoen and Nowell, 2002; Pearseon et af., 2003h) and
¥Sr*Sr randing between 0.702 and 078 [although typically between 0.700 and 0.711; Pearson and
Mowel|, 2002, Peargan et af, 2003k). The HMf isotope composibions are even less canstrained, with gy
ranging from =15 to +3800 [lanov and Weiss, 2002, Schmidberger &f al., 2002; Simea et af, 2002). Thas
‘he effects of entrainment of peridotite by the kimberliie magmas are difficult to quantify kazed on isotope

compositicns a.one.,

72,31 Penrdotife enfrainment in the Swarruggerns kimberite dykes

Cn a plot of Ce vs, TiC,, the Maimn Oykes samples define a positive correnation. with the least macrocrystic
sample (NC 006} being the most enriched (Figure 7.6a). The variation within the dyke is consistent wilh Lp
tn 30% dilation by a component such as peridotite, with a very iow Ce concentration [<~30 ppm) and
appraximately 0.4 wt % TiDz. if the wilhin dyke trends shown by the Main Dyke samples o1 plols of KO vs,
Mi AT s, Mioand M va. Scoare extrapolated, sech that the within dyke variation from NC 006 constitutes
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elements shpwn de not appear to be disturbed. GL1 is the composition of 2 hypothetical average peridolife entrained by
the Main dyke, GLZ is the compopsition of 2 hypothetical average peridptite entrained by the Changehouse Dyke. Minaral
composition fields from Gregoire ef af, (2002 and 2005).

30% of a mixing line, the composition of the other end-member s ~0.4 wt % TiQ,, ~2170 ppm Ni, ~1 wt %
Kot and 2.5 wt % AlO. (Figure 7.6). This is consistent with the end-member being a peridotite containing
~10 wt % phlogopite {determined from the KzO concentration), ~0.5 wt % garnet {determined fram the Al.O;
concentration) and a maximum of 68 %6 olivineg (determined from the MNi concentration). The REE variation
within the Main Dyke can also be accounted for by up te 30% dilution by pendotite {(Figure 7.7), and this

agrees well with the observed macrocryst proportions in this dyke (Table 3.1}

The Changehouse Dyke composition lies off the inferred mixing trend of the Main Dyke samples {Figure
7.6). On a plot of Ce vs. TiOy, the composition of this dyke lies on a possible mixing line between the least
macracrystic Main Dyke sample (NC 006) and a component that is Ce poor, but has a2 higher TiO; {~ 1 wt
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%) than the average peridotite assimilated by the Main Dyke. The Changehouse Ovke composition could
thus be derived from addition of up to 50% of this more TiDs-rich peridolile to the least macrocrystic Main
Diyke composilion. If mixing lines are drawn on piols of ALCy ve. Ni, KO va. Mi and Ni vs. Se, such hat the
Changshouse Dyke represents 0% addilion of a cotmponent o NG 006, then the composition of this
component is exdrapolated to be ~3.5 wt % K0, ~ 2400 ppm Mi, ~ 3.5 wi % Al,QOs Assuming that the
Changehouse Dyke and the Main Dyke derived from the same parental magma, lhen the Changehouss
Dyke must have assimilated peridotite with an ayerage composition that is higher in K20, TiQ; and Al.O-
than that assimilated by the Main Dyke. consistent with a greater proportion of phlogopite in the mineralogy.
The REE concentrations in the Changehouse Dyke are also conszislent with addition of 50% peridotite to
sample NC 006 froim ihe Main Dyke {Figure 7.7), In addition, the Changehouse Dyke has slightly lower
inltial "**Nd™*MNd coupled with lower absolute Nd concentrations than the Main Dyke {Figure 7.8). If this
trend represents 30% addition of peridotite, then for Sppm Wd (Gregoire et af., 2003} the average
NI NG of the peridotite s ~0.508 {eNd = -33.9), within the range of cratonic lithospheric mantle
{Fearson and Mowell, 2002). This argument is alse in good agreement with the petrographic observation
that the Changehouse Dyke containg up to 50% macrocrysts (Table 3.1 However, It cannot be confirmed
that the Main and Changehouse Dykes were not formed from bwo distinet parental maginas by this

approach. This aspect will be discussed in Section 7.5.
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Figure 7.7 Chandrite normatised REE patterns for the Swartruggens kimberitte dykes, relative to calculated fields of
up to 30% and 50% peridotite entrainment from, and up to 20% fractional crystallisation of alivine and phlagoplte by, the
lzasl macrocrystic Maln Dyke sample (NC 008), Average Kaapvaal peridolite composition from Gregoire of &l (2003}
Chandrile values from Sun and McDaonough (1985).
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The major element concentrations of the South Fissure samples cannot be accounted for simply by
entrainment of peridotite by the least macracrystic Main dyke sample (Figure 7.8) and the South Fissure is
mera enriched in the REE than the Main Dyke, which is also not conslstent with dilution by peridotite (Figure
7.7). However, the South Fissure has initial "*Nd/"™**Nd simllar to that of the Changehouse Dyke (Figure
7.8), and the effect of peridetile entrainment on the major and trace element abundances in this dyke may
have been masked o some extant by superimposed fractional crystallisation, as will ba discussed in more
detall in Section 7.2.4. The required degree of addition of peridotite to create the '"**Nd/"“Nd of the South
Fissure, illustraled on Figura 7.8, is somewhat too high when compared with petrographic observations
{Table 3.1}, and the degres of fraction of cliving and phlogepite fractionation {(=30%) necessary to create the
Nd concentration is too large to be reasonable {e.g. Ni would bea completely removed). However the average
compaesition of the peridotite enfrained by the Scuth Fissure is unconstrained, and in reality may have higher
Nd content and lewer ““Nd/'"**Nd than that entrainad by the Changehouse Dyke. The cratonie lithosphere
typically has gy between from —50 and +10 {Pearson and Nowsall, 2002) and sc such a hypothesis is not

unreasonable.
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Flgure 7.8 The effect of perldotite entrainment on the Swarmuggens kimberljte d1ykas with respect to their Nd isotope
composilons. Mixing line assumes a perdotite compoesition with Sppm MNd, NG Nd = 0.500 (Pearson and Nowell,

2002).

7.2.3.2 Peridotite entrainment in the Star kimberiiie dykes

If the Barren Dyke is excluded, on a plot of Al:Os vs. Ni the Star Kimberlites show a distinct break i slope
betwesn the trends of the mora aphanitic samples and the more macrocrystic samples at approsimately
1400ppm Ni (sample JJG 6362), consistent with addition of peridotite (Figure 7.9a). On a plot of Ca vs, Ti0:
(Figure 7.9b) the magnitude of this difution can be estimated using the lever nule, as the predominant
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Figure 7.9 “ariation diagrams fHlustrating the sffects of paridotite entrainment on the Star kimberlite dykes, Gt [herz is
the compasition of a hypothetical average peridotite entrained by the kimbarlites consisting dominantly of cliving, and
comtaining approximately 5% phlogopite. Mineral compesition figlds rom Gregoire f 2/, (2002 and 2003),

peridotitic minerals all have very low Ce contents, to be spproximately 40%, which is in agreement with the
nhserved proportions of macrocrysts in the Star samples (Table 3.4). Consistent trends within the
macrocrystic samples are also observed on plots of KO vs. Ni and Sc vs. Ni (Figure 7.8c and dj, and if
these trends are extrapolated such that the variation within the macrocrystic samples represents up to 40%
dilution by peridotite, then the peridotite contains —2 wt % TiCy, <07 wt % ALD,, ~0.5 wit % KD and -2400
ppm Mi. The high Ni content of the proposed diluent suggests a dominantly olivine compesition, and the
Al and KO contents imply involverment of approximately 5% phlogaopite, broadly in agresment with the
observed proportions of olivine and phlogopite in the macrocryst suite of the Star samples (Table 3.4).
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Az menlened in Chapler 6, the intial A N and "HETTHT of the more macrocrystic Star kimberlite
sampies are lower than those of the less macroorystic samoles. This vanation can be aceounted far by
approximately 40% entrainment of peridetite with a "™Mdi'™Nd of 0.5105 (g4 = -41 73 and "°Hi'7Hf of
028225 (g = -18.48), and Nd and Hf concentrations of & ppm and C.5 pom resoectively, by the lass
macracrystic samales {Figure 7,103 This Md isoteos composition is within the range of cratenic lithospnaric
mantle (Pearsen and Moweil, 2002), althougn the Hf isolene comaasition is slightly lower than praviously
analysed lithasahesic mantle (Ex = -15; lonov and Weiss, 2002, Sehmidberger ef af, 2002, Simen et af.,
2002}) However, a3 discussed above, tne cratonic litnospheric mantle is clearly extramely isctopically

diverse and the mixing curve shown on Figure 7.10 is enly jiiustrative.
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Figure 7.10  Variation of '™HiTHE with ““Nai'*'Nd in the Star kimberlite dykes with respert to thelr macrocryst
nontent, witn & mizing ling calcclated to represent entrainment of 40% of 4 thoorotical poridetite with PR TTHE =
0.28223, *"Nd/"™Nd = 0.5105. Numbers rofer io % cntrainmant of pe-idotite. See text for further discussion.

The absolute concentrations of the REE within the macrocrestic Star kimberlite dykes lig witnin fne range of
up to 40% additien of peridodiie to ine mest enriched macracrystic sample JJG 83682 (Figure 7.11). However,
the variaton n La'rb, betwern the individual dykes, desodbod in Chadier o, canned be accounted far simoly
by dilution by peridatite and must be exolained by another process, This will be dissussed further 0 Soechon

752
The Bar-en Dyke has been proviously identified as different to tne other Star kimberlite dvkes based on ils

considerably highes "™MNdi' *'Nd and iHE T Hi initial ratios (Table 6.2), which cannot be accounted for by

addition of oeridotite. It is also clear frem Figure 7.8 tnat the micaceous samples do not lie on the same
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trends of peridolite assimilation as the other Star kimberlite samples. However, despite having Md and Hf
isotepe compaositions within analytical efror of the micaceous Barren Dyke, the less-micaceous sample les
an the trend of peridotite assimilation of the diamondiferous kimberlite dvkes. This may be due lo sxtreme
degrees of peridatite entrainment by this sample, such that ils whole rock geoshemisiry dominantly reflects

that of the entrained peridotita.
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Figure 7.11 Chandrite normalised REE vadation of the Wynandsfontein, East 3tar and Clewar Dykes relative to the
calculated field of 30% peridotite entrainment by sample JJG 6362, Typical peridotite compositian from Gregoire et af,
{2003% Chondrite values from Sun and MeDonawgh §1989)

7.24  Fractional crystallisation

The affect of olivine fractionation on the major element abundances of the Swartruggens and Star kimbedite
magmas will be a decrease in the Mg, Fed and Si0. conlents of magmas, with canseguent enrichment of
other major oxidas. Certain compatible elements such as Ni and Co, which partition strongly into oliving
{Hart and Dawvis, 1978} will become depleted in the kimberlite magmas, whereas the concentrations of the
incompatible elements will become relatively enriched. Since phlogopite 15 the most abundant phenocryst
phase in these kimberlites it is also impartant to consider the effect of phlogopite fractionation on the
kimberlite magrmas. This is of particular importance, not only bacause phlogapite fractionation will decrease
the Mg, S5i0; and Ni concentrations of the primary magma, but siso because K is a stoichiornestric
somponent of, and Ti substitufes for Al in, phlogopite {Deer of af,, 1998) and all the Swartruggens and Star
kimberlite samples analysed display strong negative K and Ti anomalies on a primitive mantle normalised
incompatible element diagram, as discussed In Chapter 5 (Figures 5.5 and 5.10), The effects of fractional
erystallisation within the kimberlite dyke swarms al Swartrugpens and Star are discussed separately below,
tut as bath kimberlites display swnilar negative anomalies on a primitive mantle normalised diagram, the
role of fractional crystallisation on these anomalies wilt be discussed for both |ocalities together in Sectlan
7.2.4.3.
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7.24.1 Fractional crystallisation in the Swartruggens kimbariite dykes

&ltholgh there is no consistent variation between MgO and Ni in the less macrocrystic Main Dyke samples,
the South Fissure samples form a trend of decreasing MagO and Ni away from the average less macrocrystic
Main Dyke compaosition, with the less macrocrystic sample (JJG 3148} having a composition consistent with
up to 10% fractionation of alivine and phlogopite in the ratic 8.2 (Figure 7.12}. The REE concentrations of
the South Fissure are also consistent with up to 10% fractional crystallisation from the least macrocrystic
Main Dyke sample (Figure 7.7). This iz consistent with the observation that the South Fissure is
petrographically more evolved than the Main Dyke, 8s recorded in Chapter 3, containing more abundant
diopside both as phenocrysts and 2 groundmass phase, and the presence of possible saniding in some
South Fissure samples (Alan, 1930}, However, as mentioned above, the South Fissure samples do contain
8 proportion of macrocrysts, and the Nd isotope composition 15 sungestive of peridofite entrainment to some
extent {Figure 7.8}). The more macrocrystic Main Dyke samples trend to higher MgO and Ni contents than
the average less macrocrystic Main Dyke composition, consistent with peridetite entrainment as discussed
above, Sample NC 005, the least altered sample from the Changehouse Dyke, does not have MgO and Mi
contents consistent with peridotite entrainment by the less macrocrystic samples, but has lower Mg for a
given Mi concentration (Figure 7.12). However, it was noted above that the other three samples from this
dyke are significantly altered, and it is therefore likely that this sample bas also experienced some loss of
MgQ, this effect having been masked in Figure 7.1 by the high MgO content of the sample.
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Figure 7.12 Tho effect of fractionation of clivine and phlogopite in the Swartruggons kimberlite dykes, with respoct ta
iheir Mg and Ni contents. Numbars along fractionation trajoctary refer o the percentage of alivine and phlogepite
fractivnated in the rgtin 8:2. Mineral composition fields from Gregeire ef & {2002 and 2003).
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7.2.4.2 Fractional crystalfisation in the Star kimberfite dykes

The effect of fractional crystallisation of olivine and phlggopite on the Mg and Ni concentrations of the Star
kimberlite dykes is illustratad in Figure 7.13. From the macrocrystic sample with the lowest MgG content
(JJG B362. Wynandsfontein Dyke), two trends of peridotite entrainment are evident, with the
Wynandsfontsin Dyks samplas defining a trend towards lower Ni concentrations at given MgO contents than
the macrocrystic samplas from the other Star diamondiferous kimberlite dykes. The aphanitic Bymes Dyke
samples define a trend consistent with Up to approximatety 15% fractionation of cliving and phiogopite in tha
proportions 8:2 from sample JJG 63682 However the REE concentrations of the Bymes Dyke samples are
not consistent with 15% fractionation of clivine and phlogopite from sample JJG 6362, as discussed in
Chapter 5, and for similar enrichment in the light REE they are more enriched in the heavy REE than JJG
6362 This fasture cannot be attributad to therzolite entrainment as discussed above, and will ba addressad
further in Section 7.5,

40040
i Star
L o
3000 2 Aallvine
Baran /fl
i - Creke iy
- Frimary magma i Anat J/;
& I BHEOBION Lhercalite “ herzalite
% 2000 accumulatan e //
= + y S 7
Alteraiicn W Py
[ Mreiietaes 7 =
/ -~ phlogopte o
1000 I t. * -~ /
L Fracticnatlon "JEPX
L of oliving and‘-n:,\ = -_
|  phlogopits =i
0 e AN, L, WOl g L L b
4] 14 20 30 40 i
Mg pwt )
W Wynandsfontain Dyke ® Barren Dyke
& Eyrnes Dyke + Alterad or cnzetlly
& Clewer Dvke contaminaled samples
¥ East Star Dyke
Sold syrnicole less masroorystis, ofen symbale moee macmonyatic

Figura 7.13 The efect of oliving and phlogoplle fraclionalion in the Star kimberlite dykes, with respect to thelr Mg
arnd i contents. Numbers on fracticnation trajectory refer fo percentags fractichation of oliving and phingopite in the
rallo 5:2, Mineral composibien flelds from Gregoirg ef af. (2002 and 2003).

7.2.4.3 The sffect of fractional crysialiisation on primiiive mantle normalised incompatible efements.

As phlogopite fractionastion appsars to have been relatively minor within the Swartruggens and Star
kimberlite dykes, it is unlikely to actount for the strong negative K anomaliss prasant in all the samples on
primitive mantle normalised diagrams {Figures 5.5 and 5.10). Figure 7.14a lllustrates the range in size of the
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Chapter 7 Petrogenesis

k anomalies (expressed as KIK* as described in Chapter 53, calculated with respect to Th and La {as Nb
also partitions into phlogopite;, e.g. Gregoire et al., 2003}, in the Swartruggens kimberlite samples, and a
caloulated curve for phlogopite fractionation from a theoretical magma displaying no K anomaly [i.e KK =
1}, but with similar La and Th concentrations to those of the Swartruggens and Star kimberlites. it is clear
fram this diagram that to produce the relative depletion in K observed, 30-40%, and greater than 40%,
phlogopite fractionation is required by the Swarltruggens and Star kimberlite samples, respectively. The
strang negative K anomalies of these samples are therefore concluded to be features of the primary
kimberlite magmas at each locality, However, as indicated by the calculated vectors on Figure 7.143, small
degrees (up to 10%) of fractionation and assimilation of phlogopite may account for same of the variability in

size of the K anomalies within the kimberlite samples from sach locality,

Ti substitutes for Al in phlogopite {Deer et al, 1998) and since all the kimberlite samples from baoth
Swartruggens and Star display strong negative Ti anomalies on primitive mantie narmalised incompatible
element diagrams {Figures 5.5 and 5.10%, it is important to consider the role of phingopite fractionatian may
have played in creating these anomalies. The magnitude of the Ti anomaly 10 the individual samples from
Swartruggens and Star, expressed as TiTi* (as described in Chapter 5), is illustrated in Figure 7.14b,
together with a fractionation curve illustrating the effect of phlogopite fractionation from a theoretical magma
containing no Ti anomaly {.e. TiTi* = 1), and with Eu and Gd abundances similar to those of the
Swartruggens angd Star kimberlite samples. For simplicity, Ti has been assumed to be a stoichiometric
compaonent, constituting 1.5 wt % (8893 ppm, typical of Swartruggens and Star phlogopite; Tables 3.2 and
3.6), of phlogopite. It is clear from Figure 7.14b that although small degrees of phlagopite fractionation may
account for the vanation in size of the Ti anomalies at each [ocality, phiogopite fractionation from a magma

where Ti/Ti* = 1 cannot create Ti anomalies of the magnitude of those present in the Swartruggens and Star

1 E Fhleopile (Al g g by |
~ fraclionalion i
20
0.8 r b LT Fhlugopita
na fractianaton
:_;{ 0E k S nagnens |':
¥ rf BEF i - - -
04 - CE: 0% pordl. 0% al,
II" =nlr. Irazt.
az | - D4 - Bwariiiggens
128 perid. W% al
Bnir, frasl.
U L PR - e PR ik | T 0.2 U .Y T Ak
210 A0 40} BO0 a0 700 200 A0 40 A0 G0 fielal
Ce (ppm) Ce {ppmj

W Swartruggens kimberlites
[ Star kimberlites

Figure 7.14 The affect of phlogopite fractionatlon on a theoretical magma displaying no K and Ti annmaliels an a
primitive mantle normallsed Incompatible element diagram () = 1; TUT" = 1), Numbers on lractionation trajectory
refer fo percentage phicgopite fractionation, See text for further discusslon.
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wmberlites. Smal| degrees of fractionation of a titanate phase such as ilmenite may sccount for declation in
Ti from some mogmas, and in addition waould cause relative depietion 0 Nb and Ta since these elerents
partition stroagly into titenates (e g, Ryerson and Watson, 1987, Green, 1985; Baudaier et &/, 1998, Faley
et af., 2000). However, in cammon with ather Graup | simberlites {e.g. Mitchell, 1995}, ilmenite was aot
observed in thin sections af the Swartruggens or Star kimberlte samples and is not cons-dered [kety to
have fractionated from the respective mogmas. Phlogooite s also 8 host to Mb oand Ta, but panition
soefficients for Mb iato phlogopite are relatively smail (of the order of 0.15; caluulated trom mineral data in
Grepoire &f @, 2002 and 2003) and thus phiogopite fractionatian canagt account tor these negative

anomales,

7.3 Compositions of the close-to-primary kimberlite magmas

Following the exclusian of all samples believed to have suffered wlteration or crustal contamiaation, the
vampasition of the grimary kKimberlite magma at eoch locality should lie between the trends of herzolile
assimilaton and fractional orystallisation. This composition is reasanably well defined for the Stor
sirrberlites, as a distingt break in slope on many dingrams (e.g, Figures 7.9, 7.13), with the majority of the
magracrystic sampies trending towards a peridatite compositan, and the aphanitic sampies shawing trends
consistant with fractionation of olivine and phlogopita (Figure ¥ 13}, The samrple that best approximeates the
close-dg-primary magma comeosition for the Star kimberlites is JJG 6382, from the Wynandsfontain Dyre.
Althalgh this sample was observed to be masracrystic i thin section (Appeadix 2). the geocherica!l effacts
of peridolite entrainment in ths case do not appear fo have been severe, perhaps Jue to heterggeneity of

the sample (see discussion in Chapter 33},

The Swarlruggens kimberlite dykes behave less coherently as a group than the Star kirherlies, and thus
an individual primary kimberiite magma s more difficult 1o define, However, the Main Dyke sampies appear
ta be the ciosest in composition to & primary magma, with the Changehouse Dyke being consisteat with
addiiion of lherzalite to the least macrocrystic Main Dyke samples (Figure 7.8), and the South Fissure being
the mosl evolved of the dykes, und showing *reads of fractionation of alivineg and phlogapite away fram the
averuge aphunitic Mina Dyke compositian (Figure 7123 The Third Lease sampies are exclided an the
basis of alteration. As there are na coherent trends of fractional crystallisation within the Main Dyke, the
least macracrystic Main Dyie sample NC 006 has been taken to represent the compaosition of a primary
Swartruggens kimberlite magma. The possibility that there may be more *han one primary magma

compasition at Swarruggens wi! be considered later.

The Swartruggens and Slar close-to-primary kimberlte magma composiions are givea in Table 7.2 and
illustrated in Figure 7.15. The major elerment compasitians of the two magmas are similar (Swartru gaens
Mo = 249 wt %, Tids = 1.64 wt % 510, = 381 wt %; Star Mg2 = 21.8 wt %, Tid, = 1.31 wt %, 50, =
462 wt % Table 7.2, although the Swartr.ggens clase-ta-primary kimberlite magma has a sigafcantly
higher K.0 and Al;O; contents (KO = §.64 wt %, ALD, = 477 wt %, Table ¥.2), end slghtiy lower Cal
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Table 7.2 Close-to-primary magma compasitions of the Swartruggens and Star kimberlies. Major oxide data in wit %o
{race elemenl dala in ppm. Swartruggens major and frace element and HI and MNd isotope compositions are from sample
MWE 008 [(Main Dyke). Sr composition from JJG3149 {South Fissure) Star major and traca element and Sr isctope
compositions from sample MG G362 {Mynandsfontein Dyke), Nd and Hf isotope compositions from sample NC 050
(Wynandsionlein Dyke). Ta concentrations may be slightly low, dus ta incomplete dissalution of cerlain phases prior ©
ICP-MS analyses, see Appendix 3 for details; Mg# = atomic Mg/(Mg + Fe™"), with Fea0x/Fad = 0.2; Initial isatopic rains
calculated using an age of 156 Ma for Swartruggens (Smith et al,, 198%5a) and 124 Ma for Star (Mcintyre and Dawsan,
18746); £ values calculaked as described in Section £.1.1; 20 uncertainties on isctape data are given in brackets,

Swartruggens Star : Swartruggens Star
S0, 381 36,2 ! Ph 40.3 INE
o, 1,54 1,31 by a7 125
AlLD; 477 316 : Zr 455 264
 Fe 0 .88 823 Nb 174 152
MnC 0.16 .29 (Hf 853 5,14
‘MgD 211 8 I Ta 5,82 a.08
Cad 8.54 10.5 Th G a5
i Na; 0 0.2 0.21 U 7.89 7.38
|K;0 6.64 3.32 La 257 223
P:0s 1.26 1.0% Ce 43 441)
|50, .34 0.25 Pr 524 46 5
iNiD 1 015 e 187 16
| Cr0s 0.23 0.91 | Sm 23.6 173
LoJ .56 11.78 Eu 577 4041
- Tatal 892 99,7 Gl 4.7 87 |
' Mg # 0.25 085 Th 1.74 0.95
: Dy B.85 3.42
'S¢ 2.5 22 Ho 1.4 0.51
'} 190 144 Er 2,58 1.01
Cr 1418 2384 T 0.32 0.12
' Go &4 74 l Yb 176 0.65
i B2 1401 Lu fhad 008
Cuy 0 £ 36
Zn uEs.a 785 ' T2r*sn GFOTTE{14]  (.FOT4TE(13)
Rb 273 137 bt Tl=T it P2 0511855 (18] G.572036 {10 |
sr ; 1422 2383 Eria -11.37 {0.25) -5.49 (0,13}
Cs f.62 375 TEHETTHA, [,282230 (4) 0.282480 {8]
Ba i 1452 5060 | Eun -15.74 {0.11} -7 50 [0.28) l

content {Cal = 8.54 wt %; Table 7.1) than the Star close-to-primary magma (K:0 = 3.32 wt %, AlO; = 3.16
wt %, Cal = 10.5 wt %; Table 7.2).

These two close-to-primary magmas differ from the close-to-primary Kimberley Group | kimberlite magma,
as determined by le Roex et al. {2003}, which has significantly higher MgO (26 - 27 wt %), and higher Gal
(Cal = =12 wit %), content. The Kimberley Group | kimberlite magma also has considerably lower SiC; {25-
27 Wt %), KO (=1 — 2 wt %) and slightly lower ALD, (2.2 wt %) than, but a similar TiQ: (1-2 wt %)
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27wt ), KD (=1 — 2wt %) and slightly lower AL, (2.2 wit %) than, but a similae Tid, (1-2 Wt %)
conceniration to, the Swartruggens and Star close-le-primary kimberlile maamas ile Rogx &f al., 2003} The
Sk, AlCh, and MgO contenis of the Swartruggens and Star glose-to-primary kimber.ite magmas are
similar lo those delermined expermentally by 0.3 %o 1% melting of a carhonated garnet lherzolite at & GFa
iDatton and Presnall, 1998), although the Si0, contents are suggestive of a 1% melt, whercas the MgO
contents are considerably lower than thosc cxpocnmentally determined at 1% melting (Mgl = ~29 wit %,
Balton and Presrall, 1998), and are more consistent with 0.33% melting. As with the Kimberiey Group |
close-to-primary magma. Both the Swartruaaens and Star close-to-primary kimberlitc magmas have Cal
contents much lower than the experimentally determined melts {Ca0 = 16 — 18 wi 36, Daltan and Prasnall,
15898). However, these cxporiments used sfarting compoesitions that are anomalously CaQ rich when
compared fa ypical cratonic peridetite. The high Mg#s of the Swartruggens and Star close-to-primary
kimbkedite magrmas (Mg # = 485 for both magmas; Table 7.1) sugoest cquilibration against gliving with
Fo.ges (Using an olivine-melt KDr.;o.'r.mg of .36, Herzherg and O'Hara, 2002), shightly higher fhan that of

olivine in gamct Iherzolites from the Kaapvaal Craton (Fo g oq; Gregoire ef af, 2003,

The ¢lose-to-primary Swartzugoens and Star kimbedite magmas show scoveral commaon features on a
primitive mante normalised incomrpatible element diagrar (Figure 7.15). Both magmas are strongly
enriched in the more incompatibie relative to the less noompatible clements, show similarly-sized negafive
K., Ti and Sr anomalies (Swartruggens KK = 058, T =026, S5 = 041 Star WK* = 0,30, TUTiT =
0.32, Br/5r" = 0.E0), and subdued negative Nh, Ta and HF anomalics, There s some analbytical uncertainty
on Ta concenirations dug to the possible incompleic disseivtion of Ta bearing phases prior o CP-M3
andlyses {see Appendik 3 for defails). A positive Pb anomaly is also presenl in both cioss-fo-prirrary
magmas (Swartruggens PLY/PL® = 2.07; Star PEPE* = 2.19). The heavy REE are netably more enrighed in
the Swartruggens (GdYb. = 6.9) than the Star (Gd™b, = 11.0) clese-to-primary kimberite magma. For
compaisan, the composition of the clese-to primary Group | Kimberlite magma from Kimberley {le Ragx et
af, 2003% is also showr on Figure 7.11. The Kimberdey magma also shows strong enrichment in the mare
incompatible clements relative fo the less incompatible elements, although it is iess ennched in the former
relative to the close-to-primary magmas at Swartrugoens and Star. Similar negative Ti and Sr anomalics are
displayed by the Kirherlgy magma, althounh no negative anomalics are present for Nb or Ta, and a much
larger nedgative K anamaly is present in the Kimbearlcy magrra than cither he Swartruggens or Star close-to-
primary maqmas, The kKimberley close-to-primary magma also differs from the Swartruggens and Star

Giose-to-primary magmas in having ro positve Pb anomraly.

The Swartruggens close-to-primary zimberlite magma has considerably lower &, and £, than thal at Star
{Swartruggens ciese-to-primary &g = -1 1.37 (£ 0.258), &y = -15.74 (= 0.11Y; Star close-to-primary €, = -
11.37(+ 0.13); &= -7.80 (+ 0.28); Tablg 7.2). The 3r satope compositions of the Swartuggens kimberlites
have clearly been strongly contaminated either by weathering or grustal contamination, as discussed above.
The closest to primary inftial " Sr°"Sr is inferred to be the lowest (JJG 3149, South Fissure, Table 6.1, as a
mixing trend fowards higher Fortier iy clearly evident (Figure 7.1). The inital *'Sr%°&r of the S%r close-fo-

primary kimbeerlite magma (H'rSr."BESr; = 0707476 £ 13, Table 7.2) is slightly 'ower than that at Swartrunaens
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"Sr®sr, = 0.707711 + 14; Table 7.1). However, the Swartruggens ratio cannot be confidently inferred to
represent the true primary magma compositions, and the higher initial *‘Sr/*Sr may in part reflect intrusion

threugh the Chuniespoort dolomite (Kirkley, 1987).
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Figure 715 Primitive mantle nommalised incompatible elemant sbundunces in the Swartruggens and Star close-lo-
primary kimbeelile magmas. The clese-to-primary magma ot the Kimbetley Group | kimberlites {le Roex &t af., 2003} and
low-Ti Karoo basalis trom the Central Area (Marsh and Eales, 1984} are shown for eomparisehn.

7.4 Source region characteristics

The source trace element compositions giving rise to the primary kimberlite magmas at Swartruggens ancd
Star can be estimated by using simple partial mefting medelling, assuming small degrees of non-modaf
equilibrium partial melting of a garnet Iherzalite source, as suggested by experimental work {e.g. VWyllie,
1580; Daltan and Presnall, 1898; Uimer and Sweeney, 2002}, The calculated trace slement concentrations
ir1 the source regions are model dependent, and affected by three principal unknowns:

1 — the degree of partial melting giving rise to the kimberlite magmas; although known to be small to account
for the enrichment in incompatible elements in the kimberlite magmas, it is uncertain whether the degree of
partial melting is of the order 0.5%. or as much as 2% (Dalten and Presnall, 1998). The higher the degrees
of partial melting, the moere enriched the source regien must have been in the more incompalible trace

elernents.
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2 — the assumed presence and propartions of minerals in the sourcs regions; the partition coefficients for
the heavy REE azre high in garnet (Table 7.4) and thus the amount of residaal garnet in the source ajter
meliing to 2 large extent cantrols the concentration of the heavy BEE In the kimberlite magma. The mare
residual garnet present in the source region, the mare enriched the source must have heen in the heavy
REE. The light and middle EEE partirion into clinopyroxene, and thus the colculated light REE
concentratgns in the source region are parly dependent on the assumed amount of residual clinggyroxens,
3 —the presence and role during meling of accessory phases such as phlogapite, and titanates sueh as
ilmenite. lindsleyite and rutile,

Thase thres important variahles are addressed balow,

7.4.2 The geachemical compositions of the kimberlite source regions at different degrees of partial
melting, and the sffect of residual mineralogy

Fhe trace element compositions of ine respective sgurce regions of the Swartruggens and Star close-to-
primary kimberlite magmas, calculated assuming 1% perial melting of a garmst Iherzclite source using
partiton coeficients fram a campilation in Sedth ef al (20013, and given in Table 7.4, are reported in Table
7.5, Mineral praportions {Table 7.3} of the starting source are typical of garnet lherzolite from the Kaapvaal
craton (e.g. Gregaire of af, 2003, Fearson and Nowell, 2002} and meli modes (Tanle 7.3) are thase used by
le Rgex et al (2003} for Group | kimberites, and are similar to those determined experimentally by VWalter
{1928) for melting of a dry garmet peridotite at 7 GPa,

Table 7.3 Modal propedions and melt moedes of porldalitic minerals {after le Roex ef al, 2003) vsed to model the
source region charactorstics of the Swarraggens and Star Kimberlites.

Phase Modal | Meiting
i jPrapartion | praportion
“twol. %)
Olvine Q.57 nos
Drthopy ruxene 328 205
Clincpyrosene 0.1 0.5
Garnit (1,04 04

Chondrite narmalised REE patterns far the Swartruggens and Star kimberlite source regians are shown i
Figure 716 A field of caleulated REE abundunces in the soures region is shown fom emch locality, to
lluisirate the effests of varying the degrees of partizi melting between 0.% and 2%, and of varying the
proportion of garnet in the solrce setween 2 and 6 volume %. The proportion of clinopyroxens s vared
accoqdingly, such that garnet + clinopyroxens = 15%. In making these calculations, it is evident that the
effect on the calsulated sourse compasition of varying quantities of clinopysoxene is minimal and is masked

by the effest of varying degress of parial melting (Figure 716}
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Tabte 7.4 Paditlon coefilcients for the incompatible elements in peridodtitic minerals used in partial melting modelling.
From a compilation in Spath ef af., (2001).

Phase Rb Ba Th U K Ta Miy La Ca Fht Pr &r Nd P
Hivine ooot 4o 00 0007 G007 G001 00M 0001 08 090 o001 O oM 000
O 001 4o oM 000 40Mm 400 Do 0001 dO0M 000 Cood O3 0037 0.0m
Cpx 4.0M D01 00 00H B & 0.1 0.5 0.08 .08 &1 012 014 31
Garnet G001 000t 00M 4001 o0t 4001 0,001 0 G021 0021 0054 0001 0087 $.03
Spinel o0f ooy oo 001 000 &0 ool o o 4 o1 01 G010 oo
Fhasa Sm Hf Zr Eu T Gd Tb Dy Ho Er Tm ¥h Lu

Cliving Do 4001 00H  00m 0007 G001 00M OM 40 O 0009 G401 0.001

O 0001 0.1 a3 0.1 1 ame Q¢s o222 0022 .03 0.03 1 IR

S 14 0.2 g.2 015 0.7 (.2 25 0.3 0.3 0.28 0.29 N3 0.4
Gamet r13 0.1 R | 0.2 0.1 0.3 ne 0.9 1.4 2 3 4 B

I Spinal oM o oM o oo 401 M 01 A 4 o oo ol

Assuming the primary kimberite magma was produced by 1% partial melting and the source contained 4
volume % residual garnet, the caiculated source for the Swartruggens kimberlite is enriched to
approximately 20 times chondrita in La and has heavy BREE abundances approximately 3 times chondrite,
with Lafyb, = 7.4 {Flgure 7.16a). Howaver, higher and lower degrees of melting require a source which is
more and less anriched in the light REE respectively, with source region La = 32 times chondrite for 2%
partial malting, and La = 13 times chondrite for 0.5% partial melting {Figure 7.16a). The heavy REE
abundances in the calculated sourcea vary with assumed mode of residual garnet, and the calculated source
cantaining & volume % garnet is more enrniched {Yh = 4 times chondrite), and 2 volume % gamet is less
enviched {Yb = 1.5 timas chondrite), in the heavy REE {Figure 7.16a). By varying the degrees of partial

Tabla 7.5 Calculated trace glement abundances {in ppm;} of the Swartruggens and Star kimherlie spurce regions
assuming 1% non-modal partial melting of 2 garnet Iherzolite source, with 2ource mineralogy and malt modes given in
Table 7.3 and pattition coefficients aiven in Table 7.4,

Swariruggens Star Swartruggans Star

Rb 2 1.5 Sm 0.71 .52
Ba 379 55.6 Hf 0.33 0.23
iTh 0.24 .37 Zr 15 10
U 0.8 bos| [Eu 0.21 015
K 58 329 Ti 580 471
Ta n.ot &1 Gu {59 .41
Nb 204 1.81 Tb 0.11 0.06;
La 431 3.74| Dy 0.55 0.28
Ca B.85 .81 'Ho 011 4,05
‘Pb 0.81 04| Er 0.31 412
i Pr 1.21 1.08 i Tm &.05 .02
| Sr 334 56 'vb .28 .14
| Nd 5.37 4.59 5_ Lu 0.07 402
L 168 110
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mielting and the amount of garmel in the source a range in Lal/Yh, from 4.5 to 23 for the source region of the
Swartruggens kimberlites is established, It is of inlerest thal the estimated source region for the
Swartruggens kKimberlites lies within the compositional range of garmet lherzolites from the Kaapvaal craton,
ag determined by Gregaoire et al., {2003), lyving at more ennched end of the spectrum,

The REE content, normalised to chondrite, of the mantle source region calculated to give rise to the Star
primary kimberlite magma is illustrated in Figure 7.16b, assuming 1% melting and 4% residual garmet. The
caloulabed source is enriched to approximately 17 times chandrite in La, and has approximately chondritic
abundances of the heavy REE (Figure 7 .16b). The range of possible source region compositions depending

B Swarugoens pmany kimbarite
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Figure 7.16 Chondrite normalised REE abundances In the calculated source reglans of the Swarruggens (u) and Star
{b) kimberlites. The effect of vanable degreas of partial melting lrom 0.5 to 2%, and varlable valume of residual gamet In
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on the degree of partial melting and the abundance of garnet in the source is also dlustrated in Fig 7.16k0;
the light REE range from 12 to 27 fimes chondrite as degree of partial melting varies from 0.5% to 2%, and
the heavy REE range from 0.5 te 1.4 times chondrite as rasidual garnet varies from 2 to 6 volume %. Taking
these bwo variables together, the Lalb, ratio of the possible Star source region varies from 10 to 54, with
Lafyh, = 21 fer 1% melling f a seurce containing 4 volume % residual garnet, The calculated REE range
for the Star source region ligs within the figld of garnet lherzelites from the Kaapvaal craton {Gregoire ot af
2003, Figure 7,160},

The calculated scurce regions of the Swartruggens and Star kimberlitos show several features in commeoen
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Figure 7.17 Primllive mantle normalised incompatible element abundances In the calculated source regions of lhe
Swarlrsggens (a) and Star (b kimberlites, The affect of varlable degrees of partial melting frem 9.5 to 2%, and varighble
yolyme of residual garmet in the source betwsen 2% and 5% is shown by the light grey and dark gray fialds for
Swartruggens snd Star respectively. Flelds for Kaapvaal Ihermoliles from Gregeire et atf., {2003); primilive mantle values
from Sun and MeDongugh {$989).

117



Cnapter 7 Potrogonesis

with: respect to their incompatible trace elerment abundances (Figure 7174 Using the same paramaiers as
‘ur the REE modelling {Tables 7.3 and 744, it is evident from Figure 7.17 that both source regions stow
enrichment in the more incompatible elements corrparsd to the less incompatibie elements, with the heawy
FEE being depleied, relative to primitive mantle [Swarruggens Ybh = 0.8 dimes primitive manie; Star Y =
0.4 times primitive manile, assuming 4 vowme % residual garnet). Moderately sized negative Ti and ¥
anomalies [Swartuggens TITM = 0.4, KK = 0.8, Star T/Ti* = 0.5, kK" = 0.3}, and subdued negative Sr
anomalies are feawres of both souwrce regions. The negative Sroanomaly s sliighily larger for the
Swartruggens source (Sri3rT = 0.4 than the Star seurce (SKSr* = 0.7}, altheuab Sris & moderately mobile
glement and its 2nalysed aburdance should be weawed with caution, The Star source region has
suppressed Rb, Th and 1) relative 1o Ba, and this pattern is aiso evident, altholak less praraunced, in the
Swariruggens source [Figure 7.17) Both source regions show subdued negative Mb-Ta anamalies
(Swartruggens LafMb, = 2.20, Star La/Mb, = 3%} and less proncunced negative Hf anomaties. The
Swartruggens and Star kKimperlite source regions alsa bath show strong positve Ph anomalies of similar
size [Swartruggens Fh'Ph* = 2.3, Star Po/Fp™ = 2.0), The calculated source compositons for bath {he
Swarrkggens and Star kimberlites e within the field of analysed garnet Iherzolites from the Kaapvaal
craton (Gregoire ef 8., 2003, Figure 7.17),

7.4.3 Residual accessory phases

The anove discussion assumes that the source regions of the Swanrisgoens and Star kimberlites consisied
omy of the minerals olivine, orthopyroxene, clinppyraxens and garnet, Since none of these minerals have
very high partition coefficients for Ti, K, Wb or Ta [Table 7 .4) the relative depletion in these elements on a
arimitive mantle nommalised diagram in the primary kimpearlite magmas (Figure 7.15) at both localives are
autamatically transferred to ther respective source regians, However, it is possible that minor rasidual
accessory phagses coud cause the observed anomalies. For example, phlegopite is present in many garnel
therzalite xeneliths from the Kaapvaal craion (e.g. Gregaire ef af, 2002, 2003) and, i residual afrer melting,
could give rise 0 a magma witlho a negatve K anomaly. Since the partition coeflicients for Ro and Ba in
ahlogopite are alse igher than any of the other primary silicate phases (e.q. Gregoire ef al., 2002), residual
ahlagopite could also account for the relative depletion in Rb present in the srimary magma at Star, and, to
2 lessear extent Swartruggens. A residual phase suck as rutile or some other titanate, which are also
aresent in some xenolitbs from the Kaapvaal craton (eq. Haggerty, 15983, Gregoire et af, 2002), could

similarly cause relative depletion in Ti, Nb and Ta in a2 derivative melt.

K is a sto’chiometric comganant of ahlegogite, witk: mantle phlogopitas containing approximasely 9 wt % K0
fe.g. Gragoire of af, 2002). The K cantents of malls in equitib-um with residual phlogopite are therefare
buffered by the shlogopite, and will remain at a constant concentration which is dependent only on the
relative propoction of phiegopits entenng the melt (Spadth ef s, 2001} IF phlggopite has a melt mode of
between 50 and 70% [Wass and Rogers, 1980; Greenough, 15988), the melt in eguilorium with residual
phlogozte should contain in excess of 4.5 wt %), or 36 000 ppm K {le Roex st af, Z003). The Swartrugoens
and Star kimberiites contain variagie K abuwndances, which may partiy refiect the maobilisy of this element.

However, although the Swartruggens kimberlites generaily faii within the field for possible equlibration
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Figura 718 K concentrations in the Swartruggens and Star kimbedites relative bo the fields of melis in equilibrum with
residual phlogopite and K-richterite, after Spéth sf al. (2001).

against residual phlogopite, the Star kimberlites do not contain sufficient K (Figure 7.18). Although the
possibility remains that there was residual phlogapite in the source after the Swartruggens kimberlite melt
was extracted, some ather process must be responsible for the K and Rb depletion in the Star kimberlites.

In addition, whereas early expenimental evidsnce suggests that phlogopite may be stable during melting at
pressures in excess of 40 Kb depending on the relative abundances of CO; and H;O {z.g. Wendiandt and
Egoler, 1980%, mare recent evidence suggests it is nat stable during melting of garnet peridotite at pressures
of greater than 4 - 5 GPa in the presence of CO, (Uimer and Sweeney, 2002}, rendering it unlikely that
either the Swartruggens or Star kimberlites equilibrated against residual phlogopite. The Star kimberlite
dykes contain enough K for K-richterite to be a residual K-bearing phase in the source (Figure 7,18}
Howewer, K-richterite does not usually coexist with garnet (Edank ef al, 1987), and in addition, like
phlogopite, is believed to he unstable on the petidotite solidus at pressures of greater than 4 - 5 GPa in the
presence of GOy {Hmer and Sweenay, 2002). The observed relative depletion in K and Rb in the primary
kimberlite magmas from both localities are therefore believed to be features of their respective mantle
source regions. A similar argument was put forward by le Roex ef a1, {2003}, who attributed the much more
pronounced negative K and Rb anomalies in Group | kimberlites to intrinsic features of their mantle sourge

region,

Fesidual rutile in the source of island arc magmas has been proposed to explain the negative Nb and Ta
anomalies observed 0 such magmas (e.g. Foley and Wheller, 1990; Foley ef &l., 1359). Since rutile is a
common phase in metasomatised mantle xenoliths frem the Kaapyaal craton (e.q. Haggerty, 1583; Gragoire
ef al, 2002), it iz conceivable that it may have given rise to the negative Ti and coupled Nb and Ta
anemaliss ohserved in the Swartruggens and Star kimberlites. By extrapolation of adjacent elements on a
primitive mantle normalised diagram it is estimated that for the source regions of the Swartruggens and Star
kimberlites to show no Ti anomaly they must contain approximately 1600 ppm Ti. Rutile consists of almost
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100% TiO,, |.e. 539,500 ppm Ti, and thus the maximum amount of rutile that could be present in the source
regions is approximately 0.2%, aissuming the entire Ti budget is accommodated by rutile,

Fartition cosffictents for Nb in rutile in the literature are extremely variable (e.g. 16 to 30, Ryerson and
Watson, 1987; 160, Boudinigr et af, 1998}, although they are always high, with Dy/Dhs ranging from 0.5 to
.8 (Green, 1995} The effect of small amounts (<0.2 %) residual rutile on melts of a source where bath
Eu/Ti. and La/Mb, = 1, and Eu and La contants are similar to those of the calculated source regions of the
Swatrugnens and Star kimberlites (Table 7.5}, are jllustrated in Figure 7.19, A parlition coefficient of Nb intg
rutile of 15 has been used, estimated from mineral data in Gregoire of al. (2002) and Gregoire et &/, (2003),
at the lower end of the range of published values. It is clear that small degree (~1%) melts which have
equilibrated against 0.1 o 0.2% residual rufile develop EwTi, and La/Mb, similar to those of the
Swartruggens and Star kimberlites. Melts that have not equilibrated against residual tutile have much lower
La/Mb, and EwTi, than the kimberlitese. Thus, from a geochemical perspective, it is possible that the
negative Ti, Nb and Ta anomalies in the Swartruggens and Star kimbedite magmas were created by melting
in the presence of residual rutile and are not features intrinsic to their respective source regions, However,
there are three strong arguments against this scenario.

1 — As mentioned above, the maximum rutile in the source hefore melting is 0.2%, if the source regions are
to have no Ti anpmaly. Therefore an extremely small melt mode {of the order 1.2%) for rutile would bhe
reguired o leave even 0.1% rutile in residual following 2 1% melt extraction. This sesms unreasonable
considering the metasomatic nature of rutile or other titanate phases, and their liksly low melting

temperatures compared to other peridofitic minerals.
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Figure 719 Calculaicd melling curves from a spurce which dispays na Nb or Tl anomalies relative 1o primitive: mandle
{LaiMb, = 1; EuTi, = 1), centainlng 0.1%. 0.15% and 0.2% residual rutile, relative to the flelds of the Swarlruggens and
Slar kimberlites. One rulilefmelt s assumed to be 15 (calculated from mineral data in Grogore ef al, 2002, 2003),
Numbers on melting trajoctories represent parcont of partial melling, See toxt for further discussion,
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2 — Mot anly are the relative depletions in Nb, Ta and Ti of similar magnitudes in the Swarttuggens and Star
kimberlites, but in many omer southern African Group || kimberlises as wall (c.g. Tainton and McKenzie,
1994, le Roex, unuublished, Coctzee, unpublisned). Given the neteragencous distribution of metesomatic
ahases in the lithosunere mantle, as determined from xenolitas in kimbenites (2., Gregoire et al, 20023 it
seems unskoy that all Group 1l kimberlites originate from a sodrce containing no less than ¢.1%, and ao
more: than 0.2%, rutile.

3 — Relative depletinn in Ti, Mb and Ta is also obscrved in tne Karao and Ctendeka flood basalts (e.g. Marsh
and Eales, 1984, Figure 7.15). As these are clearly large valume melts, argued by some ta be of lithosaheric
arigin (e.g. Hawkesworth at al, 1984), tnese are even mare uniikely to have cuilibrated agamst residual
rLitile.

The pariticn cacllicien: for Tl in siinopyrosens :ncreases coansicerably with the carbonate content of e meh
‘Blundy and Dalkary, 2000}, and also increases with ingreasing Y&l content (Hill &f al., 20000 Akhough it also
decreases with increasing pressure (Adam and Green, 1894, as kimberlite magmas aave high carbonate
contents it is imoortant to note that it may be substantially higher than that ased in the above model (Table
74) Taus it s possible tnat, with a higner partition coefMicient for Ti, residual clinouyrozene could guenerate a
negative Ti anomaly in ximberlite melts. Although a résidual oxide pnasc therefore seem unlikely to be
responsible for the negative I anomalies relative to primitive mante in the Swartruggens and Star
kimberlites, the coupled negative Nb ard Ta are suggestive that suco a phase may nave played arole in tne
evoluton of the source regions of the dmberlites, It s thorefore concluded -hat the regative T, Mb and Ta
anomaiies present in the Swartruggens ard Star, ard olher Group N, kimberlites are likely to he features
Intrinsic ta their respective source regions. This theory is supoarted by the presence of strang negative T7,
and moie subducd negative Nb-Ta anomalies in many of peridotite xenaliths from the Kasowvaal oraton (e.q,
BD 2421, Figure 717, Grogoire sf &, 2003).

7.5 The arigins of geachemical variation between the individual kimberlite dykes

at Swartruggens and Star

In tae subsequent discussion and moseiling, the assumution Fas boen made that the comuositions of
individual dykes can be represected by the samples analysed from the resacctive dykes, b s recogaised
that some might represent multizie ‘\ntrusions, but most show faidy restricted ranges 0 composition {as

reported in Cnapters 4, 5 and &)

1.52 Swartruggens kimberlite dykes

It was illustrated in Scction 7.2 that toe geocoemical variation within the Swarruggens kimborite dykes
could be produced by reasonable amounts of peridotite entranment and ‘fractional crystallisation from the
least macracrystic Main Dyke samole. However, the possibiliey that the individual dykes were formed from
separate magmas snouid he considered. The isotouic comuositions of the individual dykes are similar,

sunaesting derivatian from the same source region, and taus the only otaer possible saurce of variation
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within the dykes is the degree of partial meting giving rise to the magmas. The REE variation produced by
variable degrees of partial melting of the caleulated source region for the Swartruggens close-bo-primary
kimBreriite magma (Table 7.5} s illustrated in Figure 7.20. For higher degrees of partial melting the resultant
magmas become less enfiched in the light REE, whersas lower degrees of partial mealting result in a magma
which 15 mora enriched in the tight REE, relative 1o chondrite {Figure 7.20). The heavy REE abundances are
buffered by the residusl garnet in the source and remain faifly constant for different degrees of partial
melting.
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Figure 7.20 The range of chondrite neemalised REE abundances, shown by shaded field, produced by variable
degrees of partial melting, betwesn 0.5 and 2% of the source region caleulated o give rise to the Swarlrugoens close-
to-primary kimbedite magma by 1% melling, relallve 1o he compositions of the Swarmiggens kimberlite dykes,
Chaondrlks values from Sun and MoBonough (1988}

Since the Swartruggens kimberlite dykes show sub-parallel chondrite normatised REE patterns with similar
Lafrh,, variable degrees of partial melting cannot account for the variation observed between the individual
dykes {Figure 7.20). Therefore, as discussed in Section 7.2, the Main Dyke is inferred to be the closest to
the primary kimberlite magma, and the geochemical variation within this dyke is congistent with entrainment
of up to 30% peridotils. The geochemical variation between the Main and Changehouse Dykes is concluded
to be due to up to 50% peridotite entrainment by the latter, of a different average compaosition to that
entrained by the WMain Dyke, as discussed in Section 7.2.1.3. The South Fissure has a composition
consistent with up to 10 % fractionation of olivine and phlogopite from the Main Dyke, although the hd
isotope syslematics also suggest some degree of peridetite sntrainment by the former. The Third Lease
samples are all aitered to a considerable degree, and were discarded in Section 7.2, However, these
samples have similar concentrations of the immobile REE to the Main Dyke (Figure 522 and b), and at the
time of emplacement they may have represented closeto-primary magma compositions,
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7.5.3 Star kKimberlite dykes

The diamonditercus Star kimberdite dykes have similar isolopic signatures {Table 6.2), and are therefore
beleved o originate from the same source region. However, although the variations in absolute major and
trace element abundances of the samples fram the diamondiferous Star kimberlite dykes are consistent with
reasonakle degrees of lherzolite entrainment or crystal fractionaton, as discussed in Secion 7.2, the
difference in La'Yhb, of the different dykes, described in Chapter 5, is not accounied for by these praocesses.
Increased degrees of Jartigh melting lowers the La’Yb, of the magma, as the lighl REE become less
enriched in resultant melts, wnereas the heavy REE abundances are buffered by the residuai garnet (Figure
7.21a) A range of oossible Lafrb, of ~155 to ~245 is aroduced in melts of she caloculated source of the Star
close-te-arimary kimberiite magrma (recorted @ Table 7.3) by varying the degrees of aartial melting betwesn
0.5% and 2% (Figure 7213 A melting curve showing the change in La'Yh. with Ce for oartial melts of the
source giving rise to the ciose-to-primary Star kimberdile magma is illustrated in Fig 7215, and it is eviden:
that the Star kimberlite samales plot close to this curve, with deviations in Ce content either side consistent
with small degrees of aeridotite enfrainment and fractional crystaiiisation as discussed in Section 7.2,
Whereas the Wynandsfonten and East Star Dyke sampies have La'Yb, consistent with approximalaly 0.8 -
1.3% melting af this source, the Bymes and Clewer Dyke samales have iower LalYb. consislent with slightly
higher degrees (1.5 - 2.2%) sartial meiting of his source (Figure 7.21b).

The diamondifercus Siar Kimberlite dykes are therefore believed to onginate from the same source ragian
and Lo represent @ conlinuum of small degrees of pattial meiting, from the lower degres meils of the
Wynanidslonlein and East Slar Dykes te e slightly nigher degree melts of the Byrmes and Clewear Dykes.
Furlher variation between the dykes is eslablished by entrainment of peddotite (dominant within the East
Star Dykel and fractional crystalisation of olivine and ahlogoaite (dominan wilhin the Byrnes Dyke), with
samples from the Wynandsfantein and Clewer Dykes representing closes -to-primary magma compositions
fFigure 7.27b).

It wag illustrased in seclion 7.2 that the composition of the Barren Dyke cannot be aroduced by addition of
peridotize or fractional crystallisation from the other kimberiite dykes at Star. In addition, the Nd and Hf
isotope cotnpositions of this dyke are significantly more radicgenic than the other kimberlite dykes,

confirming derivation fram a geocheniicaily disinct source reqgion.

Foliow'ng the exper mental work of Herzbern (1932) which illustrated he pressure sensitivity of the relative
proportions of garnet and clinooyroxene entering the mell during 2artial meling of garne: seridatite, and the
conseguent change in CalfiCal + AlO.) of meks produced al different pressures, Sweengy and VWiner
{19649 suggested [hat the death of origin of kimberlites can e eslimated from their whole-rock Calf(Ca0 +
Alz05). Aoplying this methed to the Star kimberites, she diamond Learing dykes are calculaed o originate
at a oressure of asproximately 13 GPa (Figure 7.22)L The Barren Dyke samoles have a much [ower
CaliCal + AlLDhw) than the oher Slar Kimberlites, and are calculated to originate at lower aressures of
apdroxirmately 4-7 GPa (Figure 7.22} Although there is a considerable range in Cal{Cal + Al Cg) within
the diarmmondiferous and the barren kimberlite dykes (Figure 7.22) and thus these pressure estimates are
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kirnberlite magma by 1% melling, relative to the compositions of lhe Star kimberlite dykes, Chondrite viluss from Sun

dand MeGonough (15349).
(b] Melting curve illustrating the chande In LalYhn with Ce for different degree melts from the source

reqion calculated to give rlse lop ne Star close-ta-primary kimberlite magma by 1% melting, relative ko lhe cumpﬂsli!ions
of lhe Slar kimbarlite dykes. The shaded field shows an aray of possible primary melts produced by 1 — 2% melling of

this sourca,
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not well constraingd, this observation is intergsting because it lllustrates that not onby does the Barren Dyke

have a different source region te the other kimberlite dykes at Star, but also that it originated from pressures

outside the diamond stability field. The relatively shallow origin of the Barren Dyke thus offers a plausible

explanation for the absence of diamonds in this kimberlite dyke,
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Figure 7.22 CaQiCal + Al.Os) ratiog of the Swarlrungens and Star diamandifercus kimberlites and the Star Barran
Dyke flustraled as an indicator of melt segregatlon depth, after Sweeney and Winter (18959), Tha low Cald(Cad +
Al of the Barren Dyke suggests an orgin outside the diamond stability field.

7.6

The origin of the Swartruggens Muil Dyke

Severai lines of evidence, summarised below, suggest that the Swartruggens Muil Dyke is unrelated to the

kimnber|ite dykes:

Fetragraphically, the Muil Dyke 15 very different to the kimberlite cdykes and is classified as a
lamprophyre. Although macrocrystic in places, the macrocrysts are all olivine, and these olivines are
suhadral, unlike the rounded macrocrysts in the Kirnberlite dykes.

The Muil Dyke has different major and trace slement compesition, with considerably higher Si0y, AlD;
and MNa.0, and lower KO and €O, than the kimberlite dykes, for a similar MgO content (Table 4.1).
Despite the higher S0, content, incompatible element concentrations are ruch lower in the Muil Dyke
lhan the kimberlite dykes, and thus this dyke cannot have svolved from the primary kimberlite magma,
The differences in major element composition cannot sither be explained by peridotite entrainmant by,
or crustal contamination of, the primary Kimberlite magma, and the Muil Dyke displays strong within
dyke trends towards of olivine accumulation that are unrelated to the trends of the kimberlite dykes
{Figure 7.23),
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Figure 7.23 Til: ws. Ce In the Muill Dyke compared to the Swarruggens kimberlites, illustrating that this dyke is
unrelated to the kKimberlite dykes.

=  Althcogh LafYb,, are slightly lower in the Muil Dyke (La’Yb, = 725 + 3.0} than in the Swartruggens
close-to-primary kimbetlite magma (LafYb, = 105, Table 7.2), the Muil Dyke compesition cannct be
produced by higher degress of melting of the seurce region of the Swartruggens kimbetlite magrmas. To
produce a melt with La concentrations similar fo those of the Muil Dyke requires approximately 10%
partial melting of the catculated source for the kimberlite dykes, and as the heavy REE abundances in
the melt are buffered by residual garnet, such a melb would have a very low LalYh, of 12.5.

* The chondrite normalised REE pattern of the Muil Dyke cannot be produced by a second bateh of
rmelting of the kirnberlite source region afler 3 1% melt has beaen exiracted. Although a 1 to 2% melt of
the depleted seurce could account for the light REE abundances, as mentiohed above the heavy REE
abundances in the melt are buffered by the residual garnet and remain a facter of bwo times chondrite

too high (Figure 7.24).
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Figure 7.24 Chandrite narmalised REE abundances of the source for the Swarmuggens kimbedltes afler a 1% melt
has been removed, and the carpositans of subssquent <% and 2% mells of this source refative to the composition of
the Swartrugnens Muil Dyke. Chondrite values from Sun and MceDonough (1889).
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* |n addition to being less enriched in the ncompatible reve elements than the Swartruggens kimberlize
dykes, the primitve mantle normalised signature of the Muil Dyke zalso differs from those of the
kKimberlite dykes in having no Ti anomaly {Figure 5.5). Since this anomzly s belisved o be a source
region feature of the kimbetlite dykes (see above) the Muil Dyke must ofginate from a source hat is
geocnemically distinat from the kimberlite source regions.

= The Muil Dyke has a considerably higher initial " Ndi" Nd ratio {with minireum ™ Nd'* Mg, = 0.511671
= 15 ko 0511880 = 11, Table 6.1) than the Swartruggens close-to-primary kimbedlite magma
{-ﬂNdIl.

"Nd = 0.511855 + 19, Table B.1), and ‘herefore must heve an isotopically distinct source

regian. The difference in Nd isotope composition is unlikely 1o be due to peridatite entrainment, as this
process appears to have lawered, rather than raised, the "Ndi"™*MNd, ratios in the mare masrocrystic

kimberlite samples (Figure 7.8}

Since the Muil Dyke s not a Kimbedlite. the high contamination indices (following Clemant, 1982) af the Muil
ke samples repartad in Table 4.1 are irrglevant, and it is considered that crustai contamination is unlikely
i have severaly allecled e whole-rock geochemistry of the Muil Dyke to the same exten: as the kimberlite
samples. Maor and trace elemenls within :he dyke form coherant trends (Figures 7.23, 7.25, 4.1 and 5.1-5],
wilh the maore macrocryshic samples having compositions consistent with up o 30% gliving addition o :he
most Mo and MNi rich aphanitic sample (NC 008), and sample JJG 3141 having a compos™ion consistent
with 20% alivine fractionztion from NC 008 (Figure 7.25). On a plot of MgQ vs, Ni the rend of alivine
acuumLizgtion within the macrocrys:ic samples is slightly dispiaced fram that of aliving fractionation within the
aphanitic samples, possibly due ta the loss of some MgQ subsequenl lo the serpenlinisation of lhe alivine
macrocrysts. The frend of olivine, rather than peddotite, enirainment is consistent with the petrographic
observation that dliving s the only macrocnyst phase in the Muil Dyke samples (Tabie 2.1 Together wilh
the apparenty Lnsirainec, euhedrs nature of the olivine macrocsysis, this suggests that the Muil Dyke
represents A pastial olivine cumulate, rather than having enlrained peridolite en rowfe to the surface in a

similar mannear to the kimbearlite dykes.
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Figure 7.25 The vanation in Mgd and Ni concentrations in the Muil Dyke relative to trends of oliving accumulation and
frachonalion. Mumbers cefer to percontage olivine fractionalion.
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The strong enrichment in the more incompatible elements relative to the less incompatible elements in the
Muil Byke {Figure 5.5), suagests that it is a low degree partial melt. Howaver, due to its barren nature, there
ig no reason to conclude that it eriginated in the garmet stability field. Figure 7.26 shows, for illustration,
calculated source region compesitions assuming for the 3% partial melting in the garnet and spinel stability
fields. The source mineral proportions and melt modes used are the same as for caleulating the kimberlite
source region characteristics, {Tables 7.3 and 7.4) bt with spinel subslituted for garnet for melting in the
spinel stability field. The two calculated source compositions have essentially the same abundances of all
elements except the heavy REEs; a source |acated in the spingl stability figld would be more depleted in the
heavy REE (Lu = ~0.12 times primitive mantle), whereas a source localed within the garnet stability field
woukd be less depleted in the heavy REE (Lu = -0.4 times primitive mantle; Figure 7.26).
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Flgure 7.26 Calculaled abundances of the incompalible elements, relativa ta primitive mantla, in the pessible sourco
regions of the Swartreggens Muil Dyke asseming 3% melting in the garnel and spinel stability figlds. See lext for further
discussicn, Parition coefficients givan In Table 7.4, primltive mantle values from Sun and MeDonough (1984),

Both calculated source regions are enriched in the more incompatible slements relative to the less
incompatible elements relative to primitive mantle {Rb = ~4.5 time primitive mantle) and show rather similar
primitive mantle normalised patterns to the Swartruggens kimberlite dykes, with moderate negative K
anamaties and Ba being slightly enrichad relative to Rb, The calculated Muil Dyke source region also shows
a negative Sr angmaly and slight relative depletion in Nb and Ta, although these fealures are not so strongly
defined as in the kimberlite source region. Two marked differences between the Muil Dyke source and the
kimberlite source region are evident from Figure 7.26: the absence of a negative Ti anomaly in the kuil
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Uyke source region and the relative enrichment of the heawy REE in the kimberlite source regicn relative ta

the Muil Dyke source region, whether the latter is located within the spineal or garnet stability fields.

7.7 Location of the source regions: lithospheric vs. asthenospheric contributions

Detailed petraganetic madelling of race element hehaviour during kimaerlite petrogeresis has revealad thal
the source regiors af both Group | and Graup || kimaerlites are likely to be locatad within the lithosohere
fe.g. Tainton and Mokenzie, 1984 le Raex &f af., 2003). Taintor and Mckenzie (1984} calculated a saurce
for Graup || dimberlites thal is depleted in the heawy REE relative to primitive mantle, despite be:ng strorgly
enriched in the more incampatiole elements, They proposed that such a signature recuired a depletion
event and suasecuent metasomatism, and that the saurce ‘ar these kimberlites must be located within the
lithespheric, rather thar convecting asthercspharic, mantle for the depleted signature to be preserved. |e
Foex ef al., (2003) and Harrs e &l [2004) reached a similar corclusion foliowing detailed trace elerment
modalling of the netrogeresis o the Kimberley group, and the Lintjieskerg Group | kimaerlites, respectively.
The incompatible trace element fatios of the Grouo | kimberlites {e.g. NB/U, CafFE} are similar ta those of
ovoean islandg basalts (O1B), and an this basis these authors concluded that the source regions of Group |
kimberl tes had baen strongly metasamatised by plume reia:ed melts or fivids. The hypothases of Tairton
and McKenzie (1934}, and le Roex & 4/, (2003) ard Harris ot & (2004) are in good agreemert with Sr, MNd
and Pb isotope data, which suggest ar ancient enriched source Tor Group || kimberltes and a slightly
depleted source for Group | kimberlites, implying & major cantrioution from the underlying, convecting

martle to the iatter.

HF isotooe syslematics provide an alternative approach o determiring the logation of kimberlite source
regions. Nowsell &f &l (1999) sroposed a sub-lithospheric arigin for both groups, oased an their regative ey -
sigratures, which they interpreted o reflect g susducted sigh comporent to the source region at depths
greater than the lithaspheric mantle. Although this was later revised on the hasis of mere data to apoly only
to Group | kimoerlites (Nowe| of al., 2004) and Dowall et sl {2003a) coraider that the cortingym in Hi
sotope compositions betwesn Group | and Group b kimberiiies is not supportive of completely separate
source regians for the two groups, The same carclusion was crawn by Fearson aof al (1945, 20463a) hased
on Os isotape gata, which support ar asthenospheric origin for both Graup | ard Group || kimaerl ites.

After careful selectian of the close-to-primary kimberlite magmas at Swartruggens and Star, the calculated
ircompatible trace element compasitions of thair respective source compositions are repoted in Table 7.5,
The dichatormy af sgurce enrchment relative te primitive mantle, discussed below, (Figure 7.07) requires at
least a two-stage evolution of the source region. Together with the close-to-primary Sr, Md and HF isotope
ratios of these kimberlizes 2 numoer of lines of eviderce are provided, discussed below, that both ihe

Swartruggers and Star kimberlizes have or'gins within metasomatised continental lithosphernc mantle. The
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Chapter 7 Perogenesis

respective source regions do not require a contribution from the sub-
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Figure 7.27 Selacted Incompatible trace elament ratlus in the Swartrugaens and Star kimbardiles relative to the Neld of
asthenospheric melts, Data far MORB and OIB from Hofmann of &/ (1988); Groug | kimberlites from la Roex ef all
{2003); Karoo basalts from Marsh and Eales {1984): continental crust from Rudnick and Fountaln {1835).

The heavy REE in the calculated source regions of both the Star and Swartruggens kimberlites are depleted

relative to primitive mantle, with maximum depletion of 0.7 and 0.5 times primitive mantle for Star and

Swartruggens, respectively, i the presence of 4 volume % residual garnet (Figure 717} This inferred

depletion suggests that the source regions of both localiies had previously undergone melt extraction, in
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agreement with the conclusions drawn by Tainton and Mokenrie (1994} for the suurce regions of sther
southern Africar Group [ kimberlites. The btgh Mg# of the Swartruggens ang Slar close-to-primary
kemberlite magrmas (Mg # = 0.85 fur boih magmas, Tadle 7.2} requirg equiliaration against highly maghesian
rasadal olivae, with Fooy e, (using an olivine-rnalt Kﬂrlﬂ.wo of 0.35, Herzberg ana O'Hara, 2002), consistent

with cerivation from a refractory, previcusly depleted, manile sadrce

Sub-liihoesphenc melts (mid-ocear ridoe basalts and QIB) have a limited range of No/lW of 37 L 10, and
CelPd of 25 = 20 (Hofmana sf &, 1986}, Whereas Group | kimberlizes, thought ta carry & plume signatare,
have NoU and Ce/Pb which fall within this range {le Roex of ai., 2003}, both the Swartruggens (average
MBI = 18483 L 21; CePb = 98 +~ 2.3) ana Star [average No'd = 248 - 591, CePl = 159 = 4.08)
kirnberlites have considersbly lower ratios for these elements (Figure 7,273 Samples suspected to have
sufferss crustal cortaminstion or alteration have already been discarded [(Sections 7.2.1 and 7.2.2). and
additien of minor amounts of iypical continental crust (Noit) = 740, Ce!Pb = 3-4 5; Rugnick and Fauntain,
18935) could not accourt for the dewviation of the Swartruggens and Star kimoertites from those aof
asthenospheric melts; addition of the order of 50% crust would be reguired anc such a large guantity would
hiave a noticeable effect an the major and lrace element abuncances of the kimberlites, The Swarrugoens
and Star dmbertlites are therefare infersed to have source regions that are geochemically distnot from the
saurce of mid-ocean ridge sasalts (MORE), Q1B and Gruup | kimberlites. It is of significance that N/ and
CelPb in the Karoo flood basalts, argued oy soeme 0 have @ suurce in the sub-continerntal lithospharic
martie (e.g. Hawkeswarth et &, 19843 show a sirmilar range to the Swartruggens and Star <imberiites
{Fgu-a 7.27; Marsh and kaleg, 1HE4).

Both the Swartruggens ana Siar bave enriched initial Sr and Mo isotape ratios [Figure 7.28a), requiring a
saurce that has been isolated from the convecting mantle far some time. The Hf isctope compaositions of

noth these kimberlites lie close to the mantle array ang thus as not provide any further consraimts,

The =simplest concept mudel is that the source regions of thege kirmberlites are located within the sub-
continental lithospgheric mante, with no contribution from the sub-lithospheric mantls, An alternative
hypothesis is that the kimberlites are related to alume upweling, where the source of plume material is
recycled ar de aminated sulx cantinental lithosphernc mants (e.g. Mokenzie and O'MNions, 1983, le Rusx
1RES). Itis not possible to unequivocally sule out this latter alisrnative, but it is notewosthy that such extreme
S and Nd isatope and race element ratios as shose present in the kimaerlite ragmas have nat yet been
recagnized in the acean hasing surrcunding southem Africa. Cansequently, 8 moasl whereby these two

Group Il kimberlites are derived fram within the sub-continental lithospheric mantle s favourec,

Heweves, whereas the Mg# of the kimberlite magmas and REE of the caiculalez source -egions requira a
previously depleted source, the incompatible element enrichment of the calculates source regions (Figure
7.17) requires & sudsequent metasomatic evert. Model Nd enrichment ages, calculated relative to cepleled
mantle and asing the SmdNd of the estimated source regeons (Table 7.4} suggest that this enrchment

accurrea at & minirmwm of 1Ga, and 15 thus unlikely to be related to Mesozoic plurne upwelling. Therefars it
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is believed that the trace element and sotopic characteristics of the Swartruggens and Star kimberlites
reflect those of the sub-Gandwana lithaspheric mantle, metasomatised prior to the Mesozoic break-up of the
super-continent. However, the superposition of Mesozoic plume-related metasomasism on a more ancient
metasomatic signature is not precluded.
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Figure 728 ‘fadations i isctopic composition of the unconlaminatad Swartruggens and Star kKimberlites,  Initial ratios
and £ values for Swartruggens are calculated assuming an age of 158 Ma, and for Star assuming an age of 124 Ma.
MORE and OIB fields are present day, bhut the small change produced by the evolution of primitive manlle over 150 Ma
|5 shown by & vector on (a), vector is too small to sec an (B, Mantle array shown in (2] from Yerveort et al (1999). Data
for MORE and CHB fields from Patchet and Tatsumoto (1960), Patchett (15833, Stile ef al. (1988), Salters and Hart
{18813, Chauval ef af. {(1992), Salters and White (1998}, Nowell ef al. (1998), Salters {1598), Data for Group | and Group
Il kimberites fields from Smith (1983a and b}, Tainton {1584}, Clark {1994}, Nowell ef 3/ {1990 and 2004},
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Chapter 8

Summary and Conclusions

8.1 Introduction

Swartruggens and Star are Group ll kimberlite dyke swarms, located in the Northwest Province and the
Free State, respectively, South Africa. The major and trace element and isotopic compositions, together with
detailed petrographic descriptions, for a suite of samples from each of the kimberlite dykes exposed in the
mining operations at Swartruggens (Main Dyke, Changehouse Dyke, South Fissure and Third Lease) and
Star (Clewer, Wynandsfontein, East Star, Bymes and Barren Dykes), and the Swartruggens Muil
lamprophyric dyke have been used to describe the petrographic and geochemical variation present within
and between individual dykes at each locality. Geochemical trends within each locality have been used to
assess the extent of the effects of post-melling processes such as peridotite entrainment, crustal
assimilation, fractional crystaliisation and alteration on the geochemistry of the samples studied. Close-to-
primary magma compositions at each locality have thus been isolated, and the origin of the geochemical
variation present within and between individual dykes has been assessed. Using simple non-modal
equilibrium partial melting modelling of garnet lherzolite source, constraints have been placed on the source
region trace element characteristics of the Swartruggens and Star kimberlites, taking into account the
effects of variables such as the degree of parlial melting, source mineralogy and the role of accessory
residual phases. Combined with Sr, Hf and Nd isotopic data, the source region trace element characteristics
have then been used to constrain the source region location and evolution, and the likely contributions made
by lithospheric and asthenospheric mantle.

8.2 Petrography

The petrography of the Swartruggens and Star kimberlite dykes and the Muil lamprophyre has been
described in detail from thin sections of each sample. Both kimberlites are micaceous, and are broadly
petrographically similar. They contain variable proportions of rounded, anhedral and fractured olivine and
phlogopite macrocrysts, attributed to be disaggregated mantle peridotite, in a groundmass consisting
predominantly of phlogopite with lesser calcite and sometimes diopside. The olivine macrocrysts are
commonly altered to serpentine and are often replaced by calcite or partially replaced by phlogopite, with
associated opaque oxides. The majority of phenocrysts in both kimberlites are phlogopite, with minor
diopside present in some dykes. The rarity of olivine as phenocrysts and a groundmass phase in both
kimberlites may in part reflect the degree of alteration, such that it is now difficult to distinguish from
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groundmass calcite and serpentine. Phlogopite macrocrysts, phenocrysts and in the groundmass is
commonly rimmed by tetraferriphlogopite. Groundmass calcite occurs as discrete euhedral crystals, as an
interstitial phase, and as secondary calcite veins. In addition to phlogopite and calcite, serpentine, apatite
and opague oxides occur as minor groundmass phases. Distinctive feature so the individual dykes at each
locality are summarised below.

e The Swarlruggens Main Dyvke contains between 10 and 30 volume % macrocrysts, dominantly of
serpentinised olivine with lesser phlogopite, with up to 20 volume % phenocrysts of phlogopite, in a
groundmass consisting almost entirely of phlogopite with minor calcite. It differs from the other
Swartruggens kimberlite dykes in that phenocrysts and groundmass diopside are extremely rare.

=  The most macrocrystic of the Swartruggens kimberlite dykes is the Changshouse Dyke, which contains
up to 50% macrocrysts, predominantly of olivine, either serpentinised or replaced by calcite, and lesser
phiogopite. it is also distinct from the Main Dyke in having phenocrysts of, and groundmass, diopside. The
Changehouse Dyke is also distinct from the other Swartruggens kimberlite dykes in having rare olivine
phenocrysts, which wers not identified in samples from the other dykes. '

= The South Fissure is the most evolved of the Swartruggens kimberlite dykes and has been noted to
contain groundmass sanidine (Allan, 1990). it contains up to 35 volume % macrocrysts of dlivine and
phlogopite, with up to 20% phenocrysts dominantly of phlogopite with lesser diopside. Similarly to the other
Swartruggens kimberlite dykes the groundmass of the South Fissure consists primarily of phlogopite, with
up to 10 volume % calcite and minor diopside.

= Extreme alteration has affected all the samples taken from the Third Lease at Swarlruggens; olivine
macrocrysts are completely replaced by calcite, and in places phlogopite is partially altered to chlorite.
These samples contain up to 25 volume % macrocrysts, the majority of which are relic olivine with
subordinate phiogopite. Phenocrysts of phlogopite and minor diopside constitute up to 30 volume % of the
Third Lease samples, in a groundmass of phlogopite with up to ~30% calcite.

»  Petrographically, the Swarltruggens Muil Dyke is different from the kimberlite dykes. It has previously
been correctly classified as a lamprophyre, and consists of euhedral serpentinised olivine macrocrysts in a
matrix of phlogopite and diopside needles with abundant groundmass sanidine.

= The least macrocrystic Star kimberlite dyke is the Byrnes Dyke. This contains 15 to 30 volume %
macrocrysts, dominantly of olivine with subordinate phlogopite, may of which are disaggregated into smali
(~1mm) rounded fragments. All the phenocrysts in the Byrnes Dyke are phlogopite, and these constitute up
to 20 volume % of the dyke, in a groundmass composed primarily of phlogopite with less abundant calcite
and minor interstitial serpentine.

=  The East Star and Wynandsfontein Dykes are similar petrographically, containing between 20 and 40
volume % macrocrysts, which are predominantly olivine with lesser phlogopite, and up to 10 volume %
phlogopite phenocrysts. However, rare olivine phenocrysts were identified in the Wynandsfontein Dyke but
olivine phenocrysts are absent from the East Star Dyke samples. The majority of the groundmass of these
two dykes is equigranular subhedral phlogopite with abundant, but subordinate, calcite.
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s A distinguishing feature of the Clewer Dyke relative to the other Star kimberlite dykes, is the presence of
minor diopside, both as a phenocryst phase (up to 2 volume %) and in the groundmass (up to 6 volume %).
Groundmass calcite is also less abundant in this dyke, constituting up to 15 volume % of the dyke compared
to up to 37 volume % of the Wynandsfontein Dyke. In other respects the Clewer Dyke is similar to the other
Star kimberlite dykes with up to 30 volume % macrocrysts, dominantly of olivine with subordinate
phiogopite, with up to ~20 volume % phlogopite phenocrysts. Rare olivine phenocrysts are also present in
this dyke. Similarly to the other Star kimberlite dykes, the groundmass consists predominantly of phlogopite.
»  Petrographically, the Star Barren Dyke can be divided into two categories: three of the samples contain
abundant phlogopite, whereas the fourth sample is considerable less micaceous. The micaceous samples
are petrographically similar to the other Star kimberlite dykes, containing approximately 30 volume %
macrocrysts, the majority of which are olivine with lesser phlogopite. Phlogopite phenocrysts constitute
approximately 5 volume % of the dyke, and reside in a groundmass that consists predominantly of
phlogopite with lesser calcite. The less micaceous sample is more macrocrystic (40 volume % macrocrysts)
and contains no phenocrysts. The groundmass of this dyke also contains abundant phlogopite, but calcite is
minor and constitutes only 5 volume % of the sample, and the remainder of the groundmass is primarily
serpentine and chiorite,

8.3 Close-to-primary magmas

Kimberlites are hybrid rocks, containing xenoliths and xenocrysts of both mantle and crustal material
entrained en route to the surface (e.g. Clement, 1983). They also have high volatile contents, and are
permeable and porous, making them susceptible to alteration both by deuteric fluids and percolating
groundwater (e.g. Berg, 1994). Together with fractional crystallisation, these processes may substantial
affect the bulk rock geochemistry of a kimberiite (s.g. Mitchell, 19985). Both the Swartruggens and Star
kimberlites have widely varying whole-rock geochemistry, both within and between individual dykes {e.g.
Swartruggens MgO = 12.0 - 254 wt %, SiO; = 25.1 - 41.6 wt %, La = 124 — 300 ppm Ni = 617 - 1814 ppm;
Star MgO = 5.50 — 36.7 wt %, SiO, = 22.7 - 43.7 wt %, La = 131 — 285 ppm, Ni = 684 — 1988 ppm; Tables
4.1, 4.2, 5.1 and 5.2). However, much of this variation is considered to be due to the post-melting processes
described above. Using trends in major and trace element geochemistry between samples from each
locality, the geochemical effects of these processes have been established, and samples believed to have
sufferad extensive alteration or crustal contamination have been discarded. The close-to-primary kimberlite
magmas at each locality are inferred to have compositions between the trends of crystal fractionation and
peridotite entrainment within the unaltered or uncontaminated samples. Key geochemical characteristics of
these close-to-primary magmas are described below.

* The Swartruggens close-to-primary kimberlite magma contains ~38.1 wt %Si0O,, ~21.1 wt % MgO,
~8.54 wt % Ca0 and ~6.64 wt % K,0, and is best represented by the Main Dyke.

135



Chapter 8 Summary and Conclusions

=  For a similar MgO content (~21.8 wt %), the Star close-to-primary kimberlite magma is less enriched in
Si0, (~36.2 wt %) and KO (3.32 wt %) and more enriched in CaO (~10.5 wt %) than that at Swartruggens,
and is best represented by the Wynandsfontein Dyke.

= The close-to-primary magmas at both Swartruggens and Star are strongly enriched in both the
compatible and incompatible frace elements, with greater enrichment in the more, relative to the lass,
incompatible trace elements relative to primitive mantle,

= Superimposed on relatively smooth enrichment patterns, both close-to-primary kimberite magmas
display strong negative K, Ti and Sr anomalies, subdued negative Nb, Ta and Hf, and strong positive Pb
anomalies, when normalised to primitive mantle,

= The primary magmas at both localities have steep chondrite normalised REE patterns, with greater
enrichment in the light REE than the heavy REE. The Swartruggens close-to-primary kimberlite magma Is
more enriched in the heavy REE (Gd/Ybn = 6.9) than that at Star (Gd/Yb, = 11.0).

e With respect to their isolope geochemistry, the closse-lo-primary kimberlite magmas at Swartruggens
and Star are slightly different. The Swartruggens close-to-primary magma has ¥Sr/®*Sn = 0.707711 + 14,
Ena = -11.37 £ 0.25 and gy = -156.74 £ 0.11, whereas the close-to-primary kimberlite magma at Star has
slightly less radiogenic ratios, with ®’Sr/**Sr, = 0.707476 % 13, eng = -8.49 £ 0.13, €34 = -7.50 + 0.28. The age
difference of approximately 30 Ma beiween these two kimberlites is not sufficient to account for the
difference in their initial isotopic ratios.

8.4 The origin of geochemical variation at Swartruggens

With respect to their major and trace element geochemistry, the individual dykes at Swartruggens have wide
ranges in composition (Table 4.1). However, the individual dykes at Swartruggens also have compositions
that are distinct from each other with respect to some elements. The Changehouse Dyke has higher S10;
concentrations and is less enriched in the incompatible trace elements than the other kimberlite dykes
(Figures 4.1 and 5.5¢). The South Fissure is the most enriched in the incompatible elements and is also
enriched in TiIO, compared to the other dykes {Figures 5.5¢ and 4.1e). Despite having similar abundances
of the incompatible elements to the Main Dyke (Figure 5.5), the Third Lease samples have lower MgQO and
higher Ca0 and CO; abundances than the other Swartruggens kimberlite dykes. Posl-melting processes
such as alteration, crustal contamination, peridotite entrainment and fractional crystallisation can account all
of the variation within and between the kimberlite dykes as described below, but the Muil lamprophyric dyke
cannot be related to the kimberlite dykes by these processes.

= The variation within the Swartruggens Main dyke can be accounted for by up to 30% entrainment of
peridotite, followed by small amounts of crustal contamination of some samples.

» The composition of the Changehouse Dyke is consistent with up to 50% peridotite entrainment by the
close-to-primary kimberlite magma, although the average composition of the peridotite is different to that
entrained by the Main Dyke. Thus the magma must have separated at depth. Many of the Changehouse

Dyke samples have also suffered extensive alteration.
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= The South Fissure samples have more evolved compositions than the close-to-primary kimberlite
magma, and this dyke is concluded to have first entrained small quantities of peridotite and subsequently
fractionally crystallised olivine and phlogopite.

= The samples taken from the Third Lease have suffered extensive alteration, but have concentrations of
the immobile elements similar to those of the close-to-primary kimberlite magma.

=  The Swartruggens Muil Dyke is unrelated to the Swartruggens kimberlites and originates from a source
that has a distinct isotopic, with much higher *“*Nd/'**Nd, and trace element signature from the source of the
kimberlites.

8.5 The origins of the geochemical variation at Star

individual dykes at Star show wide, but overlapping, variations in major and trace element geochemistry.
Much of the variation within the diamondiferous dykes can be accounted for by variable degrees of
peridotite entrainment, crustal assimilation, fractional crystallisation and alteration. However the different
La/Yb, of the individual dykes cannot be explained by these processes. In addition, these processes cannot
account for the difference in geochemical and isotopic composition of the Barren Dyke relative to the
diamondiferous kimberlite dykes. The individual dykes are therefore believed to be related as summarised
below:

s The difference in La/Yb, of the Star kimberlite dykes is interpreted to represent a continuum of small
degree melts of the same source region, with the Wynandsfontein and East Star Dykes being slightly lower
degree melts than the Clewer and East Star Dykes.

=  The Byrnes Dyke has a composition consistent with approximately 20% fractional crystallisation of
olivine and phiogopite from the close-to-primary kimberlite magma.

»  Further geochermical variation is introduced by variable degree of peridotite entrainment and fractional
crystallisation within individual dykes, with peridotite enfrainment being dominant within the East Star dyke.

»  The Star Barren Dyke is unrelated to the diamondiferous kimberlite dykes and originated from a source
region with and isofopically distinct signature, with higher £ and gyg than that of the other kimberlite dykes.
This dyke probably originated from shallower depths, outside the diamond stability field.

8.6 Source region characteristics and location

The trace element compositions of the source regions giving rise to the Swartruggens and Star kimberlites
has been estimated using simple partial melting modelling, assuming small degrees of non-modal
equilibrium partial melting of a garnet lherzolite source as suggested by experimental work (e.g. Dalton and
Presnall, 1998). As the exact degree of partial melting is unknown, the effects of varying the degrees of
partial melting between 0.5 and 2% was illustrated in Figures 7.16 and 7.17. It is evident that for higher
degrees of melting the source region must have been more enriched in the more incompatible elements.
Since the heavy REE partition strongly into garnet, the volume of residual garnet in the source region is also
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an important variable to consider. For larger volumes of residual garnet the source regions must have been
more enriched in the heavy REE, as illustrated in Figures 7.16 and 7.17. Assuming the close-to-primary
kimberlite magmas at Swartruggens and Star represent 1% melting in the presence of 4 volume % residual
garnet, the geochemical characteristics of the respective source regions are summarised below:

= On a chondrite normalised REE diagram, the source regions of the Swartruggens and Star kimberlites
show greater enrichment in the light REE than the heavy REE (Swartruggens source La/Yb, = 7.4; Star
source La/Yb, = 21).

= Both source regions are characterised by enrichment in the more incompatible elements relative to the
less incompatible elements, and are depleted in the heavy REE, relative to primitive mantle, with greater
depletion in the heavy REE at Swartruggens than at Star.

= Superimposed on relatively smooth enrichment patierns, the calculated source regions of the
Swartruggens and Star kimberlites show similarly sized strong negative Ti, K and Sr anomalies when
normalised to primitive mantle. Although the negative Ti and K anomalies present in the kimberlite magmas
could be created by residual accessory phases such as phlogopite, K-richterite and titanates, these phases
are not believed to have been residual after the partial melting events giving rise to these two kimberlites.
Combining the source region ifrace element characteristics with the initial Sr, Nd and HF isotopic
compositions of the primary kimberlite magmas, a number of lines of evidence, summarised below, suggest
that the respective source regions of the Swartruggens and Star kimberlites are located within the
lithospheric, with no contribution from the asthenospheric, mantle.

s The enriched Sr, Nd and Hf isotopic compositions of the dlose-to-primary kimberlite magmas require an
isotopically enriched mantle source region, which has been separated from the convecting mantle for some
time (following Smith, 1983; Figure 7.28).

s  The depletion in heavy REE, and enrichment in the more incompatible elements relative to primitive
mantle requires that the source region underwent a melt extraction event and subsequent metasomatism.
For the depleted signature to be preserved, the source region must be located within the lithospheric, rather
than the convecting asthenospheric mantle.

e Nb/U and Ce/Pb ratios of the Swartruggens and Star kimberlites are similar to those of Karoo and
Etendeka flood basalts, considered by some authors to be of lithospheric origin (e.g. Hawkesworth af al.,
1984), but are much lower than those of asthenosphere derived MORB and OIB (Hofmann ef al., 1986).
Group | kimberlites, which are believed to originate from a source which has been metasomatised by
Mesozoic plume related fluids or melts, have incompatible trace element ratios similar to MORB, and
therefore the Swartruggens and Star kimberlites are believed to originate from a source which has not been
metasomatised by a mantle plume.

The source regions of the Swartruggens and Star kimberiites are therefore inferred to represent the sub-

Gondwana lithospheric mantle. Their geochemical signature does not require a contribution from Mesozoic
plumes during the break-up of the supercontinent,
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Appendix 1

Swartruggens sample localities and individual petrographic descriptions

A1.1 Sample localities

The localities of the Swartruggens samples used in this project are reported in Table A1.1. Samples NC 001
— 014 were collected for this project during a visit to Helam mine in January 2002. All other samples are
from the mantle room collection at the University of Cape Town.

Tabls A1.1 Localities of the Swartruggens samples

Sample no. Dyke Sample locality

NC 001 Third Lease Third Lease processing dump

NC 002 Third Lease Third Lease processing dump

NC 003 Third Lease Third Lease processing dump

NC 004 Main Dyke 18 level West, cross-cut 39

NC 006 Main Dyke 19 level West, cross-cut 39

NC 010 Main Dyke 21 level West, cross-cut 32

NC 011 Main Dyke 21 level Station: cross-cut 0

SR8 Main Dyke 16 lavel East, cross-cut 20 (8), Edward shaft main sub
JJG 3143 Main Dyke 3 lgvel, Edward Shaft

Hons 85-4 Main Dyke 14 level, Edward shaft

NC 005 Changehouse Dyke 18 level, far West

NC 007 Changehouse Dyke 19 level, far East, cross-cut 57

NC 009 Changehouse Dyke 21 level West, cross-cut 32

SR7 Changehouse Dyke 16 level East, cross-cut 20 (N), Edward shaft main sub
JJG 3148 South Fissure 13-14 level East, Zone 2

JJG 3145 South Fissure 6 level West, cross-cut 11

JJG 3150 South Fissure 13-14 level East, Zone 3

JJG 3148 South Fissure 13-14 level East, Zone 1

NG 008 Muil Dvke 21 level West, cross-cut 32

NC 012 Muil Dyke Processing dump

NC 014 Muil Dyke Processing dump

NC 015 Muil Dyke Unknown

JJG 3141 Muil Dvke Edward shaft centre

SR Muil Dvke 16 level West, cross-cut 9 (N), Edward shaft main sub
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A1.2 Sample descriptions

The petrography of each of the Swartruggens kimberlite and Muil lamprophyre samples analysed in this
study has been determined from thin sections using an optical microscope, and is described below. Crystals
that are larger than 2mm in size are termed macrocrysts, after Mitchell (1995). The rounded, anhedral and
fractured nature of many macrocrysts in kimberlites suggests that they are disaggregated mantle peridotite
and not genetically related to the kimberlite magma (e.g. le Roex et al., 2003, Shese, 1985). However, in
accordance with previous studies the term macrocryst is preferred to xenocryst as it is free from genetic
inferences (e.g. Mitchell, 1995). Since many of the macrocrysts are fragmented, anhedral, strained
fragments smaller than 2mm are also classed with the macrocryst suite, with the term phenocryst being
reserved for euhedral or subhedral crystals 0.5 to 2mm in size that are believed to have crystallised from the
kimberlite magma. Microphenocryst is used to describe subhedral to euhedral crystals less than 0.5mm in
size, set in a finer grained or interstitial groundmass. Modal proportions of the mineral phases reported in
these descriptions are based on visual estimates.

NC 001 — Third Lease

Texture: Macrocrystic, containing ~25 volume % macrocrysts, with ~30 volume % phenocrysts in a fine-
grained (<0.2mm) groundmass.

Macrocryst phases (25%):

Rounded, anhedral relic olivine macrocrysts, ranging in size from 1mm fo 7mm, constitute ~80% of the
macrocryst suite. No fresh olivine remains; the macrocrysts are almost entirely replaced by calcite, with
minor serpentine occurring along fractures and the rims of some macrocrysts. Several smaller, aligned
calcite crystals frequently replace one macrocryst. Phlogopite macrocrysts constitute ~10% of the
macrocryst suite, occurring as rounded, anhedral, elongate crystals ranging up to Smm in size. The
phlogopite macrocrysts are commonly strained, showing kink banding, and are partially altered to chiorite in
parts of the sample.

Phenocoryst phases {30%):

The vast majority of the phenocrysts in this sample are phlogopite, which occurs as subhedral crystals up to
1.5mm in length. Some of the phlogopite phenocrysts show distinct optical zoning, most commonly with
darker cores than rims, and many are rimmed by tetraferriphlogopite. In places the phlogopite phenocrysts
are much more severely chioritised than the macrocrysts. Diopside phenocrysts constitute ~5% of the
phenocryst suite. These are subhedral to euhedral lath-shaped crystals up to 1Tmm in length.

Groundmass (45%):

Approximately 60% of the groundmass consists of highly chloritised phlogopite, in stubby lath shaped
crystals up to 0.2mm in size. Calcite occurs both as subhedral crystals and also as interstitial material, and
constitutes ~20 to 30% of the groundmass. Serpentine is also present as a subordinate interstitial phase.
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Fresh, euhedral to subhedral diopside up to 0.2mm in size constitutes ~5% of the groundmass, and apatite,
perovskite and opaque oxides up to ~0.1mm in size are present as accessory phases.

NC002 — Third Lease

Texture: Sparsely macrocrystic, with ~10 volume % macrocrysts set in a fine to medium grained
groundmass (crystals 0.3 to 0.5mm) containing ~10 volume % phenocrysts.

Macrocryst phases (10%):

Relic olivine macrocrysts constitute the majority (~70%) of the macrocryst suite of this sample. They are
anhedral and rounded, ranging up to 6mm in size, and are completely replaced by calcite. All the olivine
macrocrysts have with thick reaction rims. Phiogopite macrocrysts constitute the remaining ~30% of the
macrocryst suite, occurring as rounded anhedral, sometimes elongate, crystals up to 4mm in size. The
phlogopite macrocrysts are strained, with kink banding, and show undulose extinction. They are commonly
severely chioritised, particularly along cleavage planes, although this is not pervasive throughout the
sample.

Phenocryst phases {(10%):

The vast majority of phenocrysts in this sample are phlogopite, which occurs as euhedral or lath-shaped
crystals up to 1.5mm in size. Many of the phlogopite phenocrysts are optically zoned, with darker cores than
rims, and some have thin rims of tetraferriphlogopite. Many crystals are altered partially or completely to
chlorite. Diopside constitutes approximately 10 % of the phenocryst suite, occurring as subhedral to
euhedral elongate crystals up to 2mm in length.

Groundmass (80%):

The fine-medium grained groundmass consists of approximately 50% phlogopite, in subhedral equant
crystals up to 0.5mm in size, much of which has besn altered to chiorite. Calcite constitutes ~30-40% of the
groundmass, and is present both as discrete euhedral crystals up to 0.2mm in size and as an interstitial
phase, Euhedral diopside up to 0.3mm in size conslitutes ~10% of the groundmass, and accessoly opague
oxides up to 0.1mm in size are scattered throughout the groundmass of the sample.

NCD03 — Third lease

Texture: Macrocrystic, with ~20 volume % macrocrysts in a fine-grained groundmass (crystal size 0.1-
0.2mm), which contains ~20 volume % phenocrysts. Calcite veins up to 1mm thick cut through the sample.
The macrocrysts, phenocrysts and groundmass minerals are sub-parallel, giving a weak fabric to the
sample.
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Macrocryst phases {20%):

Ralic olivine macrocrysts constitute ~80% of the macrocryst suite of this sample. These are rounded and
anhedral crystals ranging up to Smm in size. The smaller (<1mm) fragments of olivine macrocrysts are
completely altered to serpentine, whereas the larger macrocrysts are all further replaced by calcite. Thick
reaction rims and very small (~0.05mm) opaque oxides are common around the edges of the relic olivine
macrocrysts. The remaining 40% of the macrocrysts suite comprises anhedral or subhedral rounded
phiogopite, which commonly occurs as elongate crystals ranging up to 4mm in length, Many of the
phliogopite macrocrysts have slightly distorted crystal shapes, kink banding is common and most show
undulose extinction. Optical zoning, from darker cores to paler rims, is common in the phlogopite
macrocrysts. Alteration of the phiogopite macrocrysts to chiorite, particularly around the crystal edges, is
common but not pervasive throughout the sample.

Phenocryst phases {20%):

The vast majority of phenocrysts in this sample are euhedral to subhedral, lath shaped or equant phlogopite.
Some of the phiogopite phenocrysts show weak optical zoning, and many are partially or wholly replaced by
chiorite. Diopside phenocrysts are less common, constituting only ~5% of the phenocryst suile of this
sample. They occur as subhedral elongate crystals, ranging up to 2mm in length.

Groundmass {60%):

The groundmass of this sample consists of ~80% phlogopite, which occurs most commonly as subhedral
stubby laths up to 0.2mm in size. In patches the phiogopite has been seversly chioritised, although this is
not pervasive and in parts of the sample the groundmass phlogopite is still relatively fresh. The interstitial
material (10-15% of the groundmass) is dominantly serpentine with subordinate caicite. Calcite also occurs
as discrete euhedral crystals, and in total constitules ~20% of the groundmass of this sample.
Approximately 5% of the groundmass is subhedral or euhedral diopside, up to 0.2mm in size. Opaque
oxides {up to 0.1mm In size) are associated with relic olivine macrocrysts and scattered throughout the
groundmass of this sample.

NC004 — Main Dvke

Texture: Macrocrystic, with approximately 30 volume % macrocrysts in a medium-fine grained matrix (grain
size 0.1-0.2mm) containing 20% phenocrysts.

Macrocryst phases (30%):

Olivine macrocrysts are rounded, anhedral crystals ranging in size from less than 1mm to 8mm and
comprise approximately 70% of the macrocryst suite. Although small patches of fresh olivine remain in
some of the macrocrysts, the majority are completely altered to serpentine and partly replaced by calcite.
Thick dark brown reaction rims surround all the olivine macrocrysts. Phlogopite constitutes approximately
30% of the macrocryst suite, and occurs as subhedral or anhedral, rounded elongate crystals up to 3mm in
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size. Although chemically fresh, the phlogopite macrocrysts are strained, showing undulose extinction and

some are partlally recrystalised.

Phenocryst phases (20%):

The vast majority of phenocrysts (>95%) are phlogopite, which occurs as euhedral to subhedral lath-shaped
crystals up to 1.5mm in size. Many of the phlogopite phenocrysts are optically zoned, and thin rims of
tetraferriphlogopite are common. Only one diopside phenocryst was observed in this sample. It is subhedral,
approximately 2mm long and slightly altered around the rim.

Groundmass (50%):

The groundmass is fine grained (grain size <0.2mm) and consists of approximately 90% phlogopite in
euhedral or subhedral stubby laths up to 0.2mm in size. These are commonly thickly rimmed by, or
completely altered to, tetraferriphlogopite. No alteration to chiorite is seen. Small veins (less than 1mm thick)
of calcite and serpentine cut through the sample but interstitial or other groundmass calcite is rare.
Accessory opaque oxides are scattered throughout the sample. Diopside is rare and constituies less than 5
volume % of the groundmass.

NC006 ~ Main Dyke

Texture: Macrocryst poor, containing ~10 volume % macrocrysts, with ~10 volume % phenocrysts, in a fine-
grained (<0.2mm) malrix,

Macrocryst phases (10%):

Olivine macrocrysts are rounded and anhedral, ranging from less than 1mm to 7mm in size, and comprise
approximately 60% of the macrocryst suite. The majority of the olivine macrocrysts are completely replaced
by calcite, although some are altered to serpentine and partially replaced by phiogopite. Many of the relic
olivine macrocrysts are rimmed by phlogopite. The remaining 40% of the macrocrysts are phiogopite, which
occurs as subhedral to anhedral rounded crystals up to 6mm In size, many of which are partially altered o
chiorite. The majority of the phlogopite macrocrysts are optically zoned, with cores that are slightly darker
than the rims. Thin rims of tetraferriphlogopite are common. All the phlogopite macrocrysts show undulose
extinction, and kink banding is common.

Phenocryst phases (10%):

The vast majority (~95%) of the phenocrysts in this sample are phlogopite. The phlogopite phenocrysts are
usually subhedral, although occasional crystals are anhedral and fewer are euhedral, and they range from
0.5mm to 2mm in size. Although slight alteration to chlorite Is seen in a few crystals, the phlogopite
phenocrysts appear to be fresher than the macrocrysts. Many are rimmed by tetraferriphlogopite and optical
zoning is common. Diopside constitutes approximately 5% of the phenocryst suite, occurring as fresh
subhedral crystals up to 1mm in length.
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Groundmass (80%):

The groundmass is composed almost entirely of phlogopite (~90%), in euhedral to subhedral crystals that
average ~0.2mm in size. Almost all of these are rimmed by tetraferriphlogopite. Diopside is present in minor
amounts (<5%). Interstitial serpentine comprises ~5% of the groundmass, whereas calcite occurs both as a
subordinate groundmass phase and as discrete euhedral crystals comprising a total of 2-3% of the
groundmass. Small (<0.1mm) opaque oxides are scattered throughout the sample. Accessory euhedral
apatite crystals, approximately 0.1mm in size constitute less than 1% of the groundmass.

NC010 —~ Main Dvke

Texture: Macrocrystic, with approximately 30 volume % macrocrysts in a fine-grained equigranular
groundmass containing approximately 10 volume % phenocrysts.

Macrocryst phases (30%): ,
Approximately 70% of the macrocrysts in the sample are rounded anhedral pseudomorphs after olivine,
ranging from 1mm to Smm in size. The larger of these macrocrysts are replaced by polyorystalline
phlogopite, with some calcite and serpentine, whereas the smaller (<3mm) are more commonly completely
replaced by calcite. The phlogopite crystals replacing the olivine range from 0.2 to 0.5 mm and are
commonly show undulose extinction, the crystals being slightly deformed. The remaining 30% of the
macrocrysts are subhedral to anhedral phlogopite, 2-5mm in size. All these crystal show undulose extinction
and several are kink-banded. Optical zoning is common, and their cores show pleochroism from a much
darker brown than the rims, to green. Some of the phlogopite macrocrysts have thin rims of
tetraferriphlogopite.

Phenocryst phases (10%):

Phlogopite constitutes the vast majority of the phenocryst suite (~90%), occurring as subhedral crystals that
range in size from 0.5mm to 2mm. Some of the phlogopite phenocrysts have thin tetraferriphlogopite rims
and many are optically zoned as described for the phlogopite macrocrysts in this sample. The remaining
~10% of the phenocrysis in this sample (<10%) are diopside. Most are ~1mm in length and they form
subhedral lath shaped crystals.

Groundmass (60%):

The groundmass is fine-grained and equigranular with crystals approximately 0.2mm in size. It consists of
~70% phlogopite, in subhedral to euhedral stubby or equant crystals, most of which are rimmed by. The
alignment of the groundmass phlogopites gives a slight fabric to the rock. Euhedral to subhedral diopside
constitutes ~5% of the groundmass. Approximately 5 — 10% of the groundmass is interstitial carbonate.
Opaque oxides (<0.1mm in size) are abundant throughout the groundmass. Minor accessory perovskite
(<0.1mm in size) is also present.

Vi
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NCO011 — Main Dyke

Texture: Macrocrystic, with approximately 20 volume % macrocrysts and 20 volume % phenocrysts in a
fine-medium grained (0.2 - 0.4mm) groundmass.

Macrocryst phases (20%):

Approximately 50% of the macrocrysts are rounded, anhedral relic olivine, ranging up to 7mm in length.
These have been altered to serpentine and most have been further replaced partially or totally by calcite.
There is also some replacement of the macrocrysts by smaller phlogopite crystals. Dark brown alteration
rims surround the olivine macrocrysts, and opaque oxides are commonly closely associated. Phlogopite
macrocrysts constitute the remaining half of the macrocryst suite. These are subhedral to anhedral, rounded
elongate crystals, which range from 2-4mm in length. Some of the phlogopites have been partially altered to
chiorite. Most crystals are highly strained, with kink-banding common, and show undulose extinction. One
crystal has been torn open along a cleavage plane and the ~0.5mm wide fracture is infilled by calcite.

Phenocryst phases (20%):
All of the phenocrysts observed in this sample are phlogopite. Most are subhedral and range from 0.5mm to
2mm in size. Some of the phlogopite phenocrysts have been partially altered to chiorite,

Groundmass (60%):

The groundmass is fine grained and fairly equigranular with crystals ranging from 0.2mm to 0.4mm in size.
Approximately 90% is comprised of phlogopite, both in subhedral stubby laths, and euhedral equant
crystals, which are altered slightly to chlorite in places. Thick rims of tetraferriphlogopite are common around
the groundmass phlogopites. Approximately 5% of the groundmass is made up from laths approximately
0.2mm in length of diopside. Fe-Ti oxides (<0.1mm) are common, particularly around relic olivine
macrocrysts. Thers is a minor amount (<5%) of interstitial carbonats.

SR6 — Main dvke

Texturs: Macrocrystic, with ~30 volume % macrocrysts and 15 volume % phenocrysts in fine-grained matrix
(grain size ~0.2mm).

Macrocryst phases (30%):

Approximately 50% of the macrocryst suite comprises rounded, anhedral olivine, ranging in size from
approximately 0.5mm to 4mm, and are anhedral and rounded. These macrocrysts have no relics of original
olivine left, but have been completely replaced by calcite with small amounts of alteration fo serpentine
remaining, There has also been some replacement by phlogopite. The olivine macrocrysts have been
resorbed around the edges and have dark red-brown alteration rims. Fe-Ti oxides are common around the
edges of the macrocrysts. The remaining 50% of the macrocrysts in the sample are anhedral phlogopite,
which range from 2mm to 4mm in size. These are commonly rounded, and have clearly been extensively
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strained. The crystal shapes are deformed, some are partially recrystalised, and they show undulose
extinction. Some of the crystals appear to have been torn apart along cleavage planes, and infilled with
calcite,

Phenocryst phases (15%):

All the phenocrysts in this sample are phlogopite. They are subhedral, and commonly occur as lath shaped
crystals that range in size from 0.5mm to 2mm. Many of the phlogopite phenocrysts are optically zoned, and
rims of tetraferriphlogopite are common. Some crystals are partially altered to chiorite, although this is not
common or pervasive throughout the sample.

Groundmass (55%):

The groundmass is comprised of ~90% phlogopite, most of which forms subhedral, lath-shaped crystals
<0.2mm in length. Some of these crystals are slightly deformed. Many of the groundmass phlogopites have
tetraferriphlogopite rims. The rest of the groundmass (<10%) is made up from calcite, which forms
subhedral crystals <0.1mm, and is also the main interstitial phase in this sample. Fe-Ti oxides <0.1mm are
abundant in throughout the groundmass and commonly associate with the rims of relic olivine macrocrysts.

JJG 3143 — Main Dyke

Texture: Macrocrystic, with ~30 volume % macrocrysts and ~20 volume % phenocrysts in a medium
grained groundmass (grain-size <0.3mm). The sample has a slight fabric shown by alignment of phlogopite
macrocrysts and phenocrysts,

Macrocryst phases (30%):

Approximately 70% of the macrocrysts in this sample are rounded, anhedral olivine, ranging in size from
<{mm to approximately 8mm. The macrocrysts are altered to serpentine and further almost completely
replaced by calcite, with serpentine only remaining along fractures. There has also been some replacement
of the olivine macrocrysts by phlogopite, particularly along fractures and around the rims. Red-brown
alterations rims surround some of the macrocrysts. The remaining 30% of the macrocryst suite comprises
subhedral phiogopite. These range in size from 2mm to 4mm and many approximate lath shapes that show
some alignment with the fabric of the sample. Some of the phlogopite macrocrysts are partially altered to
chiorite. All the phlogopite macrocrysts show strain features: deformed crystal shapes and slightly undulose
extinction. Some of the smaller crystals are also kink-banded.

Phenocryst phases (20%):

All the phenocrysts observed in this sample are phiogopite. They range in size from 0.5mm to 2mm, and are
generally subhedral to anhedral. They show varying degrees of alteration to chiorite, with some crystals
being unaffected and others completely altered. Tetraferriphlogopite partially rims some of the phlogopite
phenocrysts, but this is not common.

vill



Appendix 1 Swartruggens sample descriptions

Groundmass (50%):

The groundmass of this sample consists almost entirely of phlogopite, most of which occurs as euhedral to
subhedral stubby lath-shape crystals <0.3mm in size. Many of the groundmass phlogopites have thin rims of
tetraferriphlogopite, and some have been altered partially to chiorite. Calcite comprises the majority of the
rermainder of the groundmass (<5%) predominantly as discrete euhedral crystals, up to 0.2mm in size, but
also as a minor interstitial phase. Opaque oxides <0.1mm in size are common throughout the groundmass
of the sample.

Hons 95-4 — Main Dvke

Texture: Approximately 15 volume % of this sample is made up from macrocrysts. These are concentrated
into two parallel bands ~75mm thick, and the majority of the sample is relatively aphanitic. The groundmass
is fine-grained and fairly equigranular (grain size approx. 0.1mm). The long axes of the macrocrysts are
aligned parallel to the bands giving the sample a strong fabric.

WMacrocryst phases (15%):

Approximately 80% of the macrocryst suite is comprised of rounded, anhedral olivine, ranging in size from
<imm to ~8mm. These are completely altered to serpentine and partially further replaced by calcite,
particularly along cracks. Some crystals have also been partial replaced by phlogopite although this is not
common. Red-brown alteration rims surround all the relic olivine macrocrysts. Phlogopite constitutes the
remaining 20% of the macrocrysts are phlogopite. This occurs in subhedral laths or rounded anhedral
crystals up to 3mm in size, many of which have been partially altered to chlorite. Some of the macrocrysts
are optically zoned, with cores much darker than rims, and all the phlogopite crystals have thin rims of
tetraferriphlogopite. All the phlogopite macrocrysts display undulose extinction and many are distorted and
kink-banded.

Phenocryst phases {10%):

All the phenocrysts observed in this sample are phlogopite. It occurs most commonly in subhedral laths up
0 1.5mm In length. Some of the phenocrysts have been partially altered to chiorite, All the phiogopite
phenocrysts have thin rims of tetraferriphlogopite.

Groundmass (75%):

Subhedral, stubby laths of phlogopite up to 0.2mm in length constitute ~80% of the groundmass. These all
have relatively thick rims of tetraferriphlogopite and show some alignment parallel to the macrocrysts. The
remaining 10% of the groundmass Is comprised primarily of interstitial calcite, with Fe-Ti opaque oxides less
than ~0.1mm in size being common throughout the sample. Accessory perovskite <0.2mm in size is also
present.
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NCOOS — Changehouse Dyke

Texture: Macrocrystic, with approximately 25 volume % macrocrysts in a medium grained (<0.5mm)
groundmass. This sample has a relatively strong fabric due to alignment both of the macrocrysts and the
groundmass minerals.

Macrocryst phases (25%):

Approximately 70% of the macrocryst suite comprises rounded, anhedral relic olivine, ranging in size up to
8mm. All the olivine has been altered to serpentine or replaced by calcite. Some crystals also show the
beginnings of replacement by phlogopite. Groundmass phlogopites are commonly distorted and bent around
the relic olivine macrocrysts. Phlogopite constitutes approximately 30% of the macrocryst suite. it occurs
most commonly as subhedral lath-shaped crystals up to 3mm in size. Some of the crystals are clearly
zoned, with the cores being slightly darker than the rims. All the phlogopite macrocrysts are strained and
show undulose extinction. Thin rims of tetraferriphlogopite are common,

Phenocryst phases (40%):

Phlogopite phenocrysts ocour as suhedral or subhedral lath-shaped crystals, ranging in size from 0.5mm to
2mm, and constitute approximately 70% of the phenocryst suite. Most of the crystals are fully or partially
rimmed by tetraferriphlogopite, although the rims are generally quite thin. The long axes of these crystals
show some alignment, parallel to that shown by the macrocrysts. Diopside constitutes the remaining 30% of
the phenocryst suite, occurring as subhedral or euhedral elongate crystals that are aligned with the
phiogopite phenocrysts. They are 1-2mm in size and relatively fresh, although many are slightly fractured.

Groundmass: (35%)

Approximately 80% of the groundmass is composed of phlogopite, up to 0.5mm in size. The majority of the
groundmass phlogopite occurs as subhedral stubby laths, with more rare euhedral equant crystals.
Tetraferriphlogopite manties almost all the groundmass phlogopite, commonly thickly, and some crystals are
entirely alterad to tetraferriphlogopite. Flow features are evident in the groundmass phiogopite: the laths are
aligned parallel o the fabric of the sample and bend around the olivine macrocrysts. Diopside constitutes
approximately 20% of the groundmass, occurring as subhedral, elongate crystals reaching approximately
0.5mm In length. Approximately 5% of the groundmass comprises the interstitial phases calcite and
serpentine. Minor opaque oxides are scattered throughout the groundmass but are commonly associated
with the relic olivine macrocrysts. Accessory perovskite and apatite (~0.2 - 0.3mm) constitute approximately
1% of the groundmass.

NC007 — Changehouss Dyks

Texture: Coarsely macrocrystic, with approximately 40 volume % macrocrysts in a medium-fine grained
matrix that contains approximately 30 volume % phenocrysts.
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Macrocryst phases (40%):

Rounded, anhedral relic olivine macrocrysts, ranging in size from 1mm to 5mm, constitute 90% of the
macrocryst assemblage. These are altered {0 serpentine and partly further replaced by calcite, and some
have been partially replaced by phiogopite. Several of the relic olivine macrocrysts contain small (approx.
(.2mm} inclusions, the majority of which are diopside, and a few fresh oiivine fragments that may be
remnants of the original crystal. Phlogopite, tetraferriphiogopite and opaque oxides <0.2mm form rims
around most of the relic olivine macrocrysts. Opaque oxides are also common within the relic olivines,
particularly along fractures. Approximately 10% of the macrocryst assemblage is comprised of subhedral
phicgopite, ranging in size from 2mm to 4mm. These commonly have large cores, which are darker in colour
than the rims and are often then rimmed by tetraferriphlogopite. Some crystals show slight alteration to
chiorite, particularly around the rims. Opaque oxides are often associated with the more altered rims of the
phiogopite macrocrysts. Strain features such as undulose extinction and kink banding are common.

Phenocryst phases (30%):

Phlogopite constitutes ~70% of the phenocryst sulte, and occurs as suhedral to subhedral crystals ranging
up to 2mm in size. The phlogopite phenocrysts tend to be fresher than the macrocrysts, and chiorite is not
seen. Thick mantles of tetraferriphiogopite are common around the phlogopite phenocrysts, although, unlike
the macrocrysts, there is no alteration of the phlogopite phenocrysts to chlorite. Diopside occurs as euhedral
elongate laths up to 1.5mm in size, and comprises ~30% of the phenocryst suite. Only one olivine
phenocryst is present in this section. It is subhedral and approximately 1mm in size. Although fractured and
slightly recrystalised along one side it is fresh and has not been serpentinised.

Groundmass (30%):

Approximately 80% of the groundmass of this sample is composed of subhedral phlogopite, which ranges
up to 0.4mm in size. The groundmass phiogopite is commonly rimmed by, and sometimes completely
altered to, tetraferriphlogopite. Diopside constitutes a further 10% of the groundmass, usually as subhedral
elongate laths <0.5mm in size. Rare, small (0.1-0.2mm) crystals of fresh euhedral olivine remain in the
groundmass. Calcite fills a vein 1mm thick through the sample but primary groundmass carbonate is rare
and constitutes less than 5% of the sample. Rare apatite, up to 0.1mm in size, is present, and opaque
oxides (<0.2mm in size) are scattered throughout the groundmass.

NCO0S - Changehouse Dyke

Texture: Macrocrystic, with ~50 volume % macrocrysts in a fine-grained porphyritic groundmass containing
~25 volume % phenocrysts.

Macrocryst phases: (25%)

Approximately 90% of the macrocrysts in this sample are rounded, anhedral olivine which have been altered
to serpentine and further almost completely replaced by calcite. Some of the macrocrysts show partial
replacement by phlogopite. They range in size from 1mm up to 8mm. The olivine macrocrysts commonly
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have thin rims of dark brown microcrystalline phlogopite. Opaque oxides and euhedral perovskite
(approximately 0.1mm long) are closely associated with some of the relic olivines. The remaining 10% of the
macrocryst suite comprises subhedral to anhedral, rounded phiogopite crystals that range from 2 to 6mm in
length. These tend to be fresh and unaltered, although they are commonly slightly fractured and show
undulose extinction. The rims are slightly more Fe rich than the cores, and small (<0.1mm) opaque oxides
often cluster around the rims.

Phenooryst phases: {25%)

Approximately 85% of the phenocrysts in this sample are phiogopite. Most of the crystals are subhedral and
form laths which are 1-2mm in length and approximately 0.5mm wide. Subordinate numbers of the
phlogopite phenocrysts are euhedral or anhedral. No alteration to chiorite is visible in the phlogopite
phenocrysts, but some crystals have thin rims of tetraferriphlogopite. One euhedral olivine phenocryst, 1mm
in length is present in the section. Diopside constitutes the remaining 15% of the phenocryst suite in this
sample. As with the phlogopite phenocrysts they tend to form subhedral to euhedral laths approximately 1-
2mm in length. The diopside laths are generally thinner (0.25mm wide) than the phlogopite laths.

Groundmass:

The groundmass of this sample is inequigranular, with coarser (<0.4mm) crystals of phiogopite (80%),
diopside (15%) and olivine (5%) in a very fine-grained matrix consisting also of these three minerals
together with abundant opaque oxides and accessory apatite (<0.imm) and perovskite. Most of the
phlogopite in this matrix is very thickly rimmed by, or altered completely to, tetraferriphlogopite. The
groundmass contains minimal (<5%) interstitial calcite and serpentine.

SR 7~ Changehouss Dyke

Texture: Macrocrystic, consisting of ~40 volume % macrocrysts, with ~20 volume % phenocrysts. The
groundmass consists of 50% microphenocrysts (0.1-0.4mm) in an extremely fine-grained (<0.1mm) matrix.

Macrocryst phases (40%):

Rounded anhedral olivine comprises approximately 95% of the macrocryst suite, ranging in size up from
<{mm to ~7mm. These have been completely altered to serpentine with minor further replacement by
calcite. Phiogopite constitutes the remaining 5% of the macrocryst suite, occurring as rounded subhedral to
anhedral elongate crystals that range in size from ~2mm to 4mm. The phlogopite macrocrysts show slightly
undulose extinction and have been extensively strained. One macrocryst has been tormn along the cleavage
planes and infilled with calcite. Partlal alteration to chlorite has occurred in some of the phlogopite

macrocrysts.
Phenocryst phases (20%):

Approximately 75% of the phenocryst suite is comprised of subhedral to euhedral phlogopite, which ranges
from 0.5mm to ~1mm in size. Unlike the phlogopite macrocrysts, the phenocrysts are fresh and show no
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alteration to chlorite. Rare euhedral or subhedral olivine phenocrysts, up to imm in size, constitute
approximately 10% of the phenocryst suite. These are completely altered to serpentine. Diopside constitutes
the remaining 15% of the phenocryst suite, and occurs as subhedral or euhedral, commonly elongate lath-
shaped crystals up to 1.5mm In length.

Groundmass (40%):

The groundmass of this sample consists of an extremely fine-grained matrix containing approximately 50%
microphenocrysts 0.1mm to 0.3mm in size. Approximately 70% of the microphenocrysts are euhedral to
subhedral phlogopite, usually in lath- or stubby lath-shaped crystals. The remaining ~30% of the
microphenocrysts are subhedral diopside. The matrix is comprised of ~80% phlogopite (<0.1mm in size),
with tetraferriphlogopite, diopside, apatite, opaque Fe-Ti oxides, and interstitial serpentine as lesser
constituents.

JJG 3149 — South Fissure

Texture: Macrocrystic, with macrocrysts constituting ~35 volume % of the sample, in a medium-grained
matrix {crystals <0.5mm), which contains ~20 volume % phenocrysts.

Macrocryst phases (35%):

Approximately 80% of the macrocrysts in this sample are rounded, anhedral olivine, all of which has been
completely replaced predominantly by calcite and sometimes partially by subordinate phlogopite. The relic
olivine macrocrysts range in size from ~1mm to Smm. Phlogopite comprises ~20% of the macrocryst suite,
occurring as rounded, subhedral or anhedral crystals ranging in size from ~2mm to 4mm, some of which
are extensively altered to chlorite. Thin rims of tetraferriphliogopite are common. Strain features are evident
in all the phlogopite macrocrysts: they show undulose extinction and are commonly kink-banded. Some
macrocrysts are partially recrystalised.

Phenocryst phases (20%):

All the phenocrysts observed in this sample are phiogopite. They are subhedral to euhedral in habit, and
range in size from 0.5mm to 1.5mm. The phenocrysts are rimmed to varying extents by tetraferriphlogopite,
and some show slight alteration to chiorite.

Groundmass {(40%):

Approximately 80% of the groundmass is made up from phlogopite, predominantly occurring as subhedral
stubby laths approximately 0.4mm in length. These all have thick rims of, or are completely altered to,
tetraferriphlogopite. Approximately 10% of the groundmass is calcite, which occurs both as discrete crystals
up to 0.2mm in size, and as interstitial material. Opaque oxides less than 0.1mm in size are abundant
throughout the sample, and apatite (<0.1mm) is also present as an accessory phase.
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JJG 3145 — South fissure

Texture: Macrocrystic, containing ~20 volume % macrocrysts and ~10 volume % phenocrysts, in a medium
grained (<0.4mm) equigranular groundmass. The macrocrysts occur in two distinct bands in the sample,
with the long axes of the macrocrysts aligned paraliel to the bands.

Macrocryst phases (20%):

Approximately 80% of the macrocrysts in this sample are anhedral, rounded relic olivine, ranging in size
from <tmm to Smm. These have been almost completely replaced, predominantly by calcite, although small
(<0.1mm) relics of fresh olivine remain in some macrocrysts. Some of the olivine macrocrysts have also
been partially replaced by phlogopite, particularly around the rims. The remaining 20% of the macrocrysts
are anhedral to subhedral phlogopite, with some of the macrocrysts being very rounded. Their size ranges
from 2mm to 4mm. All the phlogopite macrocrysts are rimmed by tetraferriphlogopite, and some are slightly
altered to chiorite. Strain features such as undulose extinction and kink banding are common, and some of
the phiogopite macrocrysts are recrystalised.

Phenocryst phases (10%):

Approximately 90% of the phenocrysts are subhedral phlogopite, which ranges from 0.5 to 2mm in size. All
the phlogopite phenocrysts are rimmed by tetraferriphlogopite and some are partially altered to chiorite. One
phenocryst of diopside is present in this sample. It is subhedral and approximately 1mm in length.

Groundmass {70%):

The groundmass of this sample consists of ~80% phlogopite, which occurs predominantly in subhedral
stubby laths ~0.1 to 0.4mm in size. All the groundmass phlogopite has thick rims of, or is sometimes
completely altered to, tetraferriphlogopite. The remaining 10% of the groundmass is composed primarily
from interstitial carbonate, with minor amounts of subhedral diopside (<0.3mm in length). Opaque oxides
(<0.1mm in size) are scattered throughout the groundmass of the sample.

JJG 31580 — South Fissure

Texture: Sparsely macrocrystic, containing ~15 volume % macrocrysts with ~10 volume % phenocrysts in a
fine-grained {<0.3mm In size) groundmass.

Macrocryst phases (15%):

Rounded anhedral olivine constitutes ~80% of the macrocryst suite of this sample, ranging up to 6mm in
size. These are all completely replaced by calcite, with replacement by phlogopite particularly around the
rims. Disseminated opaque oxides are commonly associated with the relic olivine macrocrysts, occurring
both within the macrocrysts and around the rims. The relic olivine macrocrysts have preserved strain
features and some were clearly recrystalised before being replaced by calcite. Phlogopite constitutes the
remaining 10% of the macrocryst suite, and occurs as rounded anhedral crystals up to ~3.5mm in length.
They are commonly strained and all display undulose extinction.
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Phenocryst phases (10%):

Approximately 90% of the phenocryst suite of this sample is comprised of phlogopite, which occurs as
euhedral to subhedral laths up to 1.5mm in length. Subordinate diopside constitutes approximately 5% of
the phenocryst suite, most commonly occurring as subhedral elongate laths up to 1mm in length.

Groundmass (75%):

Calcite and phlogopite are the most abundant minerals in the groundmass. Calcite occurs primarily as an
interstitial phase and constitutes ~40% of the groundmass. Phlogopite occurs most commonly as subhedral,
or occasionally euhedral, stubby lath-shaped crystals up to 0.3mm in size. A further ~5% of the groundmass
comprises euhedral to subhedral diopside, which ranges up to 0.3mm in length. Disseminated opaque
oxides up to 0.2mm in size are abundant throughout the groundmass, in addition to being commonly closely
associated with the relic dlivine macrocrysts.

JJ G 3148 — South flssure

Texture: This sample was taken from close to the dyke margin. It contains approximately 40 volume %
macrocrysts in one half, but becomes almost completely aphanitic towards the contact. The macrocrysts are
gligned sub-paraliel to the dyke margin, giving a weak fabric 10 the sample. The grain size of the
groundmass ranges from <0.1mm close to the dyke margin to ~0.2mm away from the dyke margin.

Macrocryst phases:

Approximately 60% of the macrocrysts in this sample are rounded anhedral olivine, ranging from 0.5 to Smm
in size, which have been altered to serpentine and in most cases completely further replaced by calcite.
Partial replacement or rims of phlogopite around the relic olivine macrocrysts are common. Phlogopite
comprises ~40% of the macrocryst suite. This occurs as subhedral to anhedral, commonly elongate, crystals
that range from 2mm to 4mm in size. Tetraferriphlogopite rims are common around the phlogopite
macrocrysts, which are also sometimes partially altered to chlorite. Strain features such as undulose
extinction and kink banding are present in all the phiogopite macrocrysts, and some are partiaily
recrystalised.

Phenocryst phases (15%):

All the phenocrysts present in this sample are phlogopite. They are generally subhedral and range in size
from 0.5mm to 2mm. These phenocrysts commonly have thin rims of tetraferriphlogopite, and some have
been partly altered to chlorite. ’

Groundmass:
The grain size of the groundmass in this sample varies from between ~0.1 and 0.2mm on the coarse,

macrociystic side of the sample, to ~0.05mm on the fine-grained side towards the margin of the dyke.
Approximately 80% of the groundmass is comprised of phlogopite, which exists in euhedral to subhedral
lath shaped or stubby laths. All the groundmass phlogopite has thick rims of tetraferriphlogopite in the
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coarser groundmass, all though tetraferriphlogopite is rare towards the dyke margin. Partial alteration of the
groundmass phiogopite to chiorite occurs in <5% of the groundmass. The remainder of the groundmass is
predominantly calcite, both as interstitial material and discrete, subhedral crystals 0.1-0.2mm in size.
Diopside is rare (<56% of the groundmass) and occurs as small, subhedral crystals <0.1mm in length. Fe-Ti
oxides up to 0.1mm in size ocour throughout the sample.

NCOO08 — Muil Dvke

Texture: Macrocryst poor, containing ~10 volume % macrocrysts, with ~10 volume % phenocrysts in a fine-
medium (0.2-0.3mm in size) grained acicular groundmass.

Macrocryst Phases {10%):

All the macrocrysts in this sample are olivine, which has been altered completely to serpentine, and partially
replaced by calcite and subordinate phlogopite. Replacement by phlogopite is particularly common around
the edges of the macrocrysts. The relic olivines are suhedral or subhedral, but sometimes show complex
crystal shapes, and range up to 4mm in size. Some of the olivine macrocrysts are slightly strained and
deformed.

Phenocryst phases (10%):

Olivine constitutes approximately 60% of the phenocryst suite of this sample, occurring as euhedral crystals
that range from 0.5 to 1mm in size. All of the olivine has been completely altered to serpentine. The
remaining 40% of the phenocryst suite is comprised of needle-like phlogopite, ranging up to 1mm in length.
Some of the phiogopite phenocrysts are rimmed by tetraferriphlogopite.

Groundmass (80%):

The groundmass consists of aligned acicular, needle-like crystals of phiogopite and sanidine, up to 0.3mm
in length, in approximately equal proportions. Subordinate euhedral sanidine is also present. Euhedral
diopside up to 0.3mm is size forms less than 5% of the groundmass. Minor amounts of opaque oxides,
<{.1mm in size are scattered throughout the groundmass.

NCO12 - Mull dyke

Texture: Macrocrystic, containing ~20 volume % macrocrysts and ~15 volume % phenocrysts in a fine-
grained groundmass of aligned needie-like lath shaped crystals. Several small calcite veins cut through the
sample.

Macrocryst phases (20%):
All of the macrocrysts in this sample are euhedral to subhedral olivine. They range in size from 2mm to
4mm, and are all completely altered to serpentine with some partial replacement by phlogopite. Some of the
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crystal shapes are very well preserved, and twinning can also be seen.

Phenocryst phases (15%):

Approximately 65% of the phenocryst suite is comprised of euhedral olivine, up to 2mm in size, all of which
have been completely altered to serpentins. Long thin neadles of phlogopite reaching 1.5mm in length
comprise approximately 30% of the phenocryst sulte. The phlogopite phenocrysts commonly have thin rims
of tetraferriphlogopite. The remaining 5% of phenocrysts are euhedral diopside, which also occurs as
acicular, needle-like crystals up to 1mm in length.

Groundmass (65%):

The groundmass is fine-grained (0.1mm), and is predominantly comprised of phlogopite (~40%), sanidine
(~35%), diopside (~15%) and olivine (~10%). Much of the groundmass phlogopite and diopside, and some
sanidine occurs in aligned acicular crystals, although subordinate euhedral diopside and sanidine are also
present. Serpentine occurs as a minor interstitial phase, and all the groundmass olivine is also altered fo
gerpentine.

NCO014 ~ Muil Dyke

Texture: Macrocrystic, containing ~30 volume % macrocrysts, in a fine-grained groundmass with ~10
volume % phenocrysts. The groundmass minerals are aligned and fiow around the macrocrysts.

Macrocryst phases (20%):

All the macrocrysts in this sample are olivine, which has been completely altered to serpentine and partially
replaced by phlogopite. The range up to 4mm in size and are suhedral or sometimes subhedral in habit.
Phlogopite replacement is particularly common around the rims of the macrocrysts. Opaque oxides up to 0.1
mm in size commonly ocour within, or around the rims of, the relic olivine macrocrysts.

Phenocryst phases (10%):

The phenocryst suite comprises olivine and phiogopite in approximately equal proportions. The olivine
phenocrysts are euhedral or subhedral, and range from 0.5 to 2mm in size. All the olivine phenocrysts are
completely altered to serpentine. The euhedral or subhedral phlogopite phenocrysts occur as laths up to
1.5mm in length. They are desp red-brown in colour and strongly pleochroic.

Groundmass (70%):

The majority of the groundmass minerals occur in acicular, needle-like crystals up to 0.5mm in length.
Phlogopite constitutes ~40% of the groundmass, and diopside a further 25%. Olivine, constituting ~10 % of
the groundmass, occurs as euhedral serpentinised crystals up to 0.3mm in size. Diopside also occurs in
much smaller euhedral crystals up to 0.1mm in size. The remainder of the groundmass is predominantly
euhedral or subhedral sanidine, up to 0.2mm in size, with minor amounts of interstitial serpentine.
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NCO15 ~ Muil dyke

Texture: Macrocrystic, with macrocrysts constituting ~30 volume % of the sample. The groundmass is
medium-fine grained and contains ~20 volume % phenocrysts.

Macrocryst phases (30%):
All of the macrocrysts are subhedral olivine, ranging up to 5mm in size, which have been completely altered
to serpentine. Some of the macrocrysts have further been partially replaced by phlogopite around the rims.

Phenocryst phases (20%):

Approximately 60% of the phenocryst suite is comprised of euhedral to subhedral olivine, ranging up to
2mm in size, all of which is completely altered to serpentine. Phlogopite phenocrysts occur predominantly as
subhedral lath-shaped or needle-like crystals up to 1.5mm in size, and constitute approximately 30% of the
phenocryst suite. The remaining 10% of the phenocryst suite is composed of acicular, needle-like diopside,
ranging in size up o fmm,

Groundmass (50%):

The groundmass is medium-fine grained and is predominantly composed of lath-shaped or acicular crystals
up to 0.5mm in size. Phlogopite constitutes ~50% of the groundmass, and is commonly rimmed by
tetraferriphlogopite. Approximately 10% of the groundmass consists of diopside, both as needle-like laths
up to 0.4mm in length, and as euhedral crystals up to ~0.3mm in size. Acicular and suhedral to subhedral
sanidine comprises approximately 25% of the groundmass, and euhedral or subhedral olivine, completely
altered to serpentine, ranging up to 0.3mm in size comprises -10%.

JJ4G 3141 — Muil Dyke

Texture: Macrocryst poor, with ~5 volume % macrocrysts and ~10 volume % phenocrysts in fine-medium
grained groundmass (grain size <0.3mm).

Macrocryst Phases (5%):
Olivine constitutes the entire macrocryst suile, occurring predominantly as subhedral crystals up to 3mm in
size, all of which are compietely replaced by caicite, with minor phlogopite around the rims.

Phenocryst Phases (10%):

Approximately 60% of the phenocryst suite is comprised of subhedral phlogopite, up to 2mm in size. The
phlogopite phenocrysts are deep red-brown in colour and strongly pleochroic. Olivine phenocrysts constitute
~30% of the phenocryst suite, and have all been altered completely to serpentine with the majority being
further replaced by calcite. Subhedral or euhedral diopside up to 1.5mm in length constitutes ~20% of the

phenocryst suite.
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Appendix 1 Swartruggens sample descriptions

Groundmass (80%):

Sanidine constitutes ~40% of the groundmass, in euhedral to subhedral crystals up to 0.2mm in size.
Microphenocrysts of diopside (~20% of the groundmass) and phlogopite (~5% of the groundmass),
commonly occurring as aligned acicular needles up to 0.4mm in size, reside in a malrix of interstitial calcite
(~25% of the groundmass). Opaque oxides up to 0.2mm in size are abundant throughout the sample,
constituting ~10% of the groundmass.

SR9 — Muil Dyke

Texture: Coarsely macrocrystic, containing ~25 volume % macrocrysts and ~10 volume % phenocrysts in a
medium grained acicular groundmass.

Macrocryst phases (25%):

Olivine is the only macrocryst phase in this sample, occurring as subhedral to euhedral crystals up to 8mm
in size. These are completely altered fo serpentine and further almost entirely replaced by calcite, with
serpentine remaining along fractures. Opaque oxides commonly occur within and around the relic olivine
macrocrysts.

Phenocryst phases (10%):

Approximately 60% of the phenocryst suite is comprised of euhedral to subhedral olivine, ranging up to
2mm in size. The olivine phenocrysts are allered 10 serpentine and partially further replaced by calcite.
Phlogopite and diopside phenocrysts each constitute approximately 20% of the phenocryst suite. The
phiogopite occurs primarily in subhedral lath-shaped crystals but also as acicular needies, up to 1.5mm in
size. The diopside phenocrysts are most commonly needie-like crystals ~tmm in size,

Groundmass (35%):

The groundmass consists of ~40% sanidine, as euhedral crystals up to 0.2mm in size. Diopside constitutes
approximately 30% of the groundmass, occurring predominantly as aligned acicular needles up to 0.3mm in
size, Phiogopite also occurs as acicular needles up to 0.3mm in length, which constitute approximately 20%
of the groundmass. Disseminated opague oxides up to 0.1mm in length are abundant throughout the
groundmass. Minor euhedral apatite (<0.1mm in size) is also present.

A1.3 Mineral analyses

Representative major element analyses of phlogopite in the Swartruggens kimberlite dykes and the Muil
lamprophyre are reported in Table A1.2.
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Appendix 1 Swarlruggens sample descriptions

Table A1.2 Representative major slement analyses of phlogopltes from the Swartruggens kimberlite dykes and the
Muil lamprophyre, as reported in Chapter 3. Mac = macrocryst; g'mass = groundmass; FeO® = total iron as FeQ; Mgt =

atomic Mg/(Mg + Fe? ") with Fe;03 /Fe0 = 0.2. Atomic proportions have been calculated on the basis of 220.
Dvyke Main dvke
Sample NC 008 NC 008 NG 006 NC 008 NC 008 NC 010 NC 010 NC 010
Description| Phiog mac Phiogmac _ Phiogmac  Phiog g'mass Phiog g’'mass Phlog mac  Phlog mac  Phlog mac im
810, 42.3 42.3 41.2 43.1 424 42.2 41.8 41.0
TiOy 1.65 1.64 1.57 1.76 1.54 1.43 1.88 2.06
A1,05 13.0 12.0 12.4 11.1 7.97 126 12.4 8.19
Fe* 4.76 5.19 4.94 4.80 8.24 4.90 4.48 10.5
MnO 0.02 0.02 0.05 0.02 0.07 0.04 0.06 0.08
MgO 24.7 23.9 25.1 24.8 24.2 24.4 23.9 24.6
Ca0 0.02 0.01 0.02 0.03 0.09 0.01 0.02 0.12
NazO 0.23 0.30 0.19 0.20 0.12 0.19 0.24 0.26
K0 10.8 10.2 10.2 9.81 9.08 104 10.1 10.2
Total 97.5 95.6 95.8 95.6 94.7 96.2 94.8 96.9
Mg# 0.91 0.90 0.91 0.91 0.84 0.91 0.91 0.82
Atomlc proportions calculated on the basis of 220
St 5.889 6.000 5.845 6.079 8.179 5.939 5.954 5938
Ti 0.173 0.175 0.168 0.187 0.168 0.152 0.202 0.224
Al 2.133 2013 2079 1.851 1.368 2.008 2.080 1.400
Fe 0.554 0.616 0.588 0.566 1.125 0.577 0.532 1.270
Mn 0.002 0.003 0.006 0.003 0.008 0.004 0.007 0.010
Mg 5.129 5.044 §.309 5.209 5,249 5.129 5.078 5.308
Ca 0.003 0.002 0.003 0.004 0.013 0.001 0.003 0.019
Na 0.063 0.083 0.051 0.055 0.033 0.051 0.087 0.069
K 1.915 1.846 1.852 1.765 1.682 1.874 1.828 1.881
Sum 15.86 15.78 15.90 15.72 15.83 15.82 15.75 16.11
Dvke Main Dyke Changehouse Dyke
Sample NG 010 NC 010 NC 010 NC 010 NC o10 NC 009 NC 009 NC 009
Description | Phlog mac rim Phlog g'mass Phlog g’'mass Phlog g'mass  Phlog g'mass | Phlog mac _Phlog g'mass  Phlog g'mass
810, 38.2 42.2 42.1 41.5 418 40.1 428 40.5
TIO, 1.88 1.60 1.79 1.65 1.68 1.63 2.05 1.82
Al O 11.5 12.2 1258 12.3 11.3 144 10.2 12.1
Fe(* 8.13 4.95 4.33 5.53 6.57 4.27 5.58 4.57
MnO 0.06 0.01 0.03 0.06 0.04 0.02 0.08 0.00
MgO 24.1 251 24.2 25.3 25.5 25.3 24.5 24.5
Cal 0.00 0.08 0.03 0.03 0.03 0.08 0.14 0.05
Na,O 0.21 0.18 0.12 0.13 0.13 0.25 0.24 0.15
K0 11.8 10.7 10.5 10.8 10.5 11.1 872 9.62
Total 95.9 97.1 95.6 97.3 97.4 97.2 94.0 93.3
Mgk 0.86 0.91 0.92 0.90 0.89 0.92 0.90 0.91
Atomlc proportions calculated on the basis of 220
st 5.595 §.908 5.951 5.823 5.863 5.627 6.096 5.873
Tl 0.207 0.168 0.191 0.174 0.179 0472 0.221 0.189
Al 1.880 2.019 2.087 2.042 1.877 2.378 1.730 2.080
Fe 0.996 0.579 0.512 0.649 0.774 0.501 0.670 0.554
Mn 0.007 0.001 0.003 0.007 0.005 0.002 0.010 0.000
Mg 5.276 5242 5.103 §.295 §.352 5.290 5.240 5.263
Ca 0.001 o.011 0.005 0.005 . 0.005 0.012 0.022 0.007
MNa 0.060 0.049 0.033 0.038 0.035 0.069 0.086 0.042
K 2.202 1.819 1.894 1.935 1.892 1.960 1.506 1.780
Sum 16.33 15.90 15.78 15.97 15,98 16.04 15.65 15,81




Appendix 1 Swartruggens sample dascriptions

Table A1.2 Continued.

Dvke Changehouse Dyke Mull Dvke

Sample NC 009 NG 008 NC 012 NC 012 NC 012 NOC 012 NC 012 NC 012
Description | Phlog o'mass Phlog g'mass | Phiog g'mass Phlog g'mass Phlog g'mass  Phlog g'mass  Phlog g'mass Phlog g'mass
810, 41.0 39.4 38.3 37.8 39.8 39.6 39.3 40.1
TiO, 1.92 1.47 3.87 3.74 3.33 3.75 3.41 3.05
Al Oy 12.9 11.8 11.9 12.0 11.9 12.7 11.3 10.2
Fel® 4.45 5.65 7.42 8.25 7.76 7.06 7.14 9.67
MnO 0.08 0.04 0.05 0.07 0.04 0.05 0.09 0.09
MgO 24.8 23.0 22.0 21.5 23.6 22.6 23.9 21.6
Ca0 0.02 0.0 0.10 0.04 0.02 0.12 0.10 4.06
Na;O 0.24 0.11 0.15 0.14 0.21 0.16 0.16 0.66
K0 9.94 10.9 8.96 9.08 8.59 9.57 8.55 5.85
Total 95.1 92.5 92.7 82.6 95.2 95.6 93.9 95.3
Mg# 0.92 0.89 0.85 0.84 0.86 0.86 0.87 0.82

Atomic proportions calculated on the basls of 220

8i 5.830 5.853 5.681 5.640 5.728 5.679 5724 5.807
EL 0.206 0.164 0.432 0.419 0.360 0.405 0.373 0.332
Al 2.159 2.059 2072 2107 2.011 2.147 1.935 1.748
Fe 0.529 0.702 0.920 1.030 0.833 0.847 0.870 1.171
Mn 0.007 0.005 0.007 0.008 0.005 0.006 0.014 0.011
Mg 5217 5103 4.855 4.791 5.047 4,843 5.191 4.654
Ca 0.002 0.015 0.015 0.008 0.003 0.018 0.015 0.629
Na 0.066 0.031 0.044 0.041 0.088 0.044 0.045 0.186
K 1.803 2072 1.696 1.725 1.575 1.752 1.588 1.082
Sum 15.82 16.00 18.72 15.77 15.72 15.74 15.78 15.62




NC 001; Third Leass. POV ~23mm.

Dhivine macrocrneste are completely replaced by
caicite. Groundmass is predorinantiy phlogopite
iseverely chloritized} 2nd calcite.

MNC 003; Third Lease. FOW ~20mm.

Qlivine macrocrysts are completely replacod by
calcite. Grourdmass s predominantly phlogopitc
(revercly chlortised « and inlevstitial catcte.

Appendx 1 Swarugcens sample descoiphions

NC 002; Third Lease TOW ~20mm.

Dlivine macrocrysts ac complotely repleced Ey
calcite. Groundmass consists aredominantly o
partizlly chloritiscc phogaopile, =nd caloite.

NG 004 Main Dyke. TOY ~53mm.

Al the olvine macmcrysts  are  completsly
scrpentinised . and smaller fragments ane
replaced by cacite. Sroundmass predominastly
compnsed of phlogopie,

NC 006; Main Dyk=. FOV -23mm.

Small fragments of olwire macrocrysts  are
replaced by calctz, Phlogoone macrocrysts amnc
opticaly zoned, with darker cores tham ims.
Groundmass is presominanty phlogopts.

NC 010; Main Dwke. FOW ~20mm.

Olivine macrocryst: are comelelely replaced by
calcite, with sowre eplacerient by phiogopits of
2. M 1 Phlogepile macrscrysts are highly
sirained Grouncmass is [arecharminantly
phlcgopite.

Plate A1.1 Phot-micrographs of the Swartruggens kimberlite and Muil lamprophyre sam ples. POV = ficld o view O

M = plivine macro ryst; Ph. M = phlogopite macrocryst.
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NG 011; Main Dyke, FOV ~15mm.

Fragments of olivine macrocrysts are completely
replaged by calcite. Phlcgopilg rmacrochysts ane
fractured along cleavage planes and infilled by
calcite. Groundmass is predominantly phicgopite

JJUG 3142, Main Dyke. FOW -15mm.

Qlivine magrocrysts are completely replaced by
calene. Groundmass phlogop te  aligned.  and
abuindant intersttial calcite cocors in sub-parallel
bands.

NC 005: Changehouse Oyke. FOW ~15rmm.
CHiwine macrocrysls are aftered to sengentine and
partially  replaced by calale Goundmass
consists predominantly of aligred shlogopite and
interatitial caloite,

Flate A1.1  Continued, FO? = field ol wview OH

SEfentine,

Apsendix 1 Swarruggens seTE e descnphions

SR 8; Main Dyke. FOM ~10mm.

The cliving rmacroorys.s are comoekely replaced
by calgite with assocfated opagque  oxices.
Groundrmass 15 predaminantly phlogepile and
calcite.

Hons 95-4; Main Dyke, FOW —z0mm.

CHiwing rmacrcorysts, allered to serpentine and
partially replaged by calcite, reside in a
predorminantly phlogopite groundnass  Sample
has & streng Tabric,

HC 007; Changehouse Dyke. FOW ~20mm.
The abundant alivine macrocrysts are all altered
to serpentie. wally cHner partial ceplacemenl by
calcite,  Many o ke magrocrests are
disaggregaled into enhedral fragmenss <1mm in
12

M — oliving maciocryst Fh. M = phogopite macocresl Serp =
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MC 0089; Changehouse Dyke, FOY ~15mm.

The abundant cliane macoorysts 8re compleley
allered to serpentine o replaced by calcie.
Zroundimass cortains cbandant phlogapite, with
sabordinate calcie and divpside

Appende 1 Swartiuggers sampla descrionoas

SR 7; Changehouse Dyke. FOY ~15mm.
Sounded clivineg macrocrysts, showing a wide
‘angé in size. are abundant and are complately
altered  to seroentine,  Groundmass s
aredominantly  pRéogopite,  with  subordinate
Zalcite a1d minor diopside.

JJG 3148; South Fissure FOW ~15mm

Zlivinge macrocry s acs comoletely replaced by
calote, The gouncmezss is predaminantly
pilogopite.  witt opage  owdes  sbundant
thraughot 1he samplz

JJ5 3145 South Fissure. FOY ~20mm.
Macracryst  poor. Qliving  macrocrysts  are
completely replaced by caloite and commanly
fagmented. The groundmass is dominated by
phlegopite and tetrefemphlogopite.

vJE 3180; South Fiss jme. FOY ~15mm

(Hivine macreorysts are ompletely replaced by
calcite  and  sometimzs  |zsser phlogopite.
Gwoundmass iz extremely allered and conlains
abundant calcite 2nd Jpace cxkles.

JJG 3148, South Fissure, FOY ~20mm.

Dhvine mMacrocrysts are completely refplaced by
calcte. The greund nass consists predemimantly
of phlogapite A large crustal kenalith is present.
The sample becocmes mare aphanitic iowards
the kap right comer, closa to the dyke margin.

Pate 1.1  Continusd. 7OV = field of view: 21 W = clivine macrooryst Fho W = pHogopte macrooryst, Serp =

serpentine.
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Appandid 1 Swarrugoens sampe descipliong

WC 008; Muil Dyke. FOY ~30mim.

Macracryst poor. Rare olivine macrocrysts are
completely  altered  to serpentine.  Abundant
phlogopite  and  diopside phenocrests in A
groundmass  of  sanidine,  diopside  and
phlogopite,

NEC 012; Muil Dyke, F Oy ~30mm.

Coarsely macrocryste, with subhedral olivine
macrocrysls complatzly allersd o serpantine
and parially replaced by phlocopite arcund the
rms  Abndant  pakgopite and  dicpside
phenoorysfs.

N 014 Muil Dyke. FOY ~30mm

Subhearal clvine macrocrysts are completely
alterad o serpentine and partial replaced by
phlogopite. Lath-shaped phlogopite phenocrysts
restde in A predominantly sanidine groundmass.

Euhedral ton subhedral olvinge macrocrysis are
replaced by calcite, wath  serpentine alang
fractures. The aroundmass is acicular and fine-
grained, with a tlow textures which bend amund
the macroonysts.

WC 015; Muil Dyhe, 124 ~30m=.

Olivine  macrocrysts ae  altered  completaly
serpentine and partialy eplace 4 by phiogomite.
Lath-shaped pherocrysis of phiogopite  and
dinpside are abundant.

JJG 3141 Muil Dyke. FUY —30ram,

Al oliving s 1eplacec 2y caldte. Phlogopits
phenacrysts  are fresh, but croundmass s
severely altered and comdaing acundant caloite
and opaque oxides.

Plate A11 Contineed. FOV = field of wiew; QL M = oliving macmenyet, Ph. M = phlogopie macocrvst Serp =

serpentine 5 = sanidine; Ph P = philogopite phenacrest.
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Appendix 2

Star sample localities and individual petrographic descriptions

A2.1 Sample localities

The localities of the Star samples analysed in this study are reported in Table A2.1. All samples are from the
mantie room collection at the University of Cape Town, except samples NC 050 ~ 054, which were collected
for this study during a visit to the Star mine in July 2002. The Barren Dyke samples were collected from
mining dumps. Unfortunately, the exact within dyke localities of the other samples are unknown.

Table A2.1 Localities of the Star samples

Sample no. Dyke Sample no. Dvke

JJG 2833 Clewer Dvke SJH 30 East Star Dyke
JJG 2837 Clewer Dyke SJH 38 East Star Dyke
SJH 37 Wynandsfontein Dyke SJdH 104 East Star Dyke
JJG B361A Wynandsfontein Dyke SJH 80 Byrnes Dyke
JJG 6361C Wynandsfontein Dyke SJH T8 Byrmes Dyke
JJG 6369 Wynandsfontein Dyke SIHT78 Byrnes Dyks
MG 6362 Wynandsfontein Dyke SJH 77 Bymes Dyke
JJG 6360 Wynandsfontein Dyke NC 051 Barren Dyke
NC 050 Wynandsfontein Dyke NC 052 Barren Dyke
JJG 4570 East Star Dyke NC 083 Barren Dyke
SJH 101 East Star Dvke NC 054 Barren Dvke

A2.2 Sample descriptions

JJG 2833 - Clewer Dvke

Texture: Macrocrystic, containing ~30 volume % macrocrysts and ~20 volume % phenocrysts in a medium-
fine-grained groundmass (grain size <0.5mm).

Macrocryst phases (30%):

By far the most abundant macrocryst phase in this sample is olivine, which forms subhedral to anhedral
rounded crystals surrounded by thick reaction rims, and constitutes approximately 90% of the macrocryst
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Appendix 2 Star sample descriptions

suite. The olivine macrocrysts are typically very fresh in the centre, with only minor replacement by calcite
along some fractures. They range from less than 0.5mm to 4mm in size. Phlogopite macrocrysts ranging up
to 2mm in size constitute ~10 % of the macrocryst suite. They are anhedral, and show undulose extinction,
with slight alteration to chlorite around the edges of some of the crystals. One red-brown anhedral, eclogitic
garnet ~0.5mm in size is present in this sample.

Phenocryst phages (20%):

Approximately 95% of the phenocrysts in this sample are phlogopite. They are subhedral and range from
approximately 0.5mm to 1.5mm in size. Some of the phenocrysts are clearly zoned, and many show partial
alteration to chlorite. Rare subhedral diopside phenocrysts range up to 1mm in length and constitute the
remaining 5% of the phenocryst suite. Some are slightly altered.

Groundmass (50%):

The groundmass consists of ~70% phlogopite, in euhedral to subhedral lath-shaped crystals up to 0.5mm in
size. In places these are partially altered to chlorite. Interstitial carbonate constitutes ~20% of the
groundmass, and euhedral olivine up to 0.4mm in size constitutes ~5%. Opaque oxides (~0.2mm in sizs)
are common throughout the sample, especially around the edges of the macrocrysts

JJG 2837 ~ Clewer Dvke

Texture: Coarsely macrocrystic, containing ~30 volume % macrocrysts and 5 volume % phenocrysts in a
fine-medium grained groundmass {(grain size <0.5mm).

Macrocryst phases: (30%)

Approximately 95% of the macrocryst suite comprises olivine, which is altered to serpentine and partially
further replaced by calcite, particularly along cracks and around the rims. In places there are small remnants
of the original olivine. The olivine macrocrysts are anhedral and rounded, and range up to 5mm in size. The
remaining 5% of the macrocrysts are phlogopits. These are no larger than 2mm in length, but are
distinguishable from phenocrysts by their distorted crystal shapes and extensive kink-banding.

Phenocryst phases: (5%)

Phenocrysts are rare in this sample, and the majority are phlogopite, ranging from 0.5 to 1mm in size. They
are usually subhedral, lath-shaped crystals and commonly have thin rims of tetraferriphlogopite.
Approximately 5% of the phenocryst suite is comprised of subhedral olivine, which is altered to serpentine,

ranging up to Tmmin size,

Groundmass:

The groundmass consists of ~70% phlogopite, which is subhedral to anhedral, and ranges up to 0.5mm in
size. Some of the groundmass phlogopite is rimmed by tetraferriphlogopite. The majority of the remainder of
the groundmass is composed of calcite, primarily as an interstitial phase but also as lesser subhedral to
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euhedral crystals up to 0.2mm in size. Subordinate interstitial serpentine is also present, and opaque
oxides, ranging up to 0.1mm in size, are scattered throughout the sample.

SJH 37 - Wynandsfontein Dyke

Texture: Macrocrystic, containing ~ volume 20% macrocrysts and ~5 volume % phenocrysts in a fine-
medium grained groundmass (grain size <0.85mm).

Macrocryst phases (20%):

Olivine constitutes ~80% of the macrocryst suite, occurring as rounded anhedral crystals up to 0.4mm in
size. The olivine macrocrysts are completely replaced by calcite, with partial replacement by phlogopite. No
relics of original olivine remaining. Phlogopite macrocrysts, ranging up to 2mm in size, constitute ~10% of
the macrocryst. These are commonly rounded, anhedral or subhedral crystals, which have been extensively
strained and show undulose extinction and kink banding. Some of the phiogopite macrocrysts are partially
altered fo chiorite. One red-brown garnet is present in this sample, which is anhedral and has disaggregated
into several smaller fragments (~0.1mm in size).

Phenocryst phases (5%):

Phiogopite is the only phenocryst phase in this sample. It occurs predominantly as subhedral crystals
ranging from ~0.5mm to 1mm in size. Many of the phenocrysts are optically zoned, and some are partially
altered to chiorite.

Groundmass (75%):

The groundmass consists predominantly of calcite and phiogopite, in approximately equal proportions. The
calcite occurs principally as interstitial material but also as subhedral crystals up to approximately 0.3mm in
size. Phlogopite occurs as subhedral to anhedral crystals up to 0.5mm in size, some of which has been
partially altered {o chlorite. Minor interstitial serpentine is also present and opagque oxides, ranging up to
0.1mm in size, are abundant throughout the groundmass.

S G 6381A — Wynandsfontein Dvke

Texture: Coarsely macrocrystic, containing ~40% macrocrysts, which range up to 8mm in size, with ~10%
phenocrysts in a medium-grained groundmass (grain size <0.5mm).

Macrocryst phases: (40%)

Qlivine constitutes ~80% of the macrocryst suite, ocourring as anhedral and rounded macrocrysts up fo
8mm in size. Most of the olivine macrocrysts are replaced almost completely by calcite, although small relics
of original olivine remain. These relics of the original crystals are strained, showing undulose extinction, and
are commonly partially recrystalised. Phlogopite macrocrysts range in size up to 2mm and comprise ~20%
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of the macrocryst suite. They are anhedral or subhedral, and commonly partially eroded around the rims.
The phlogopite macrocrysts are highly strained, with undulose extinction and kink-banding common, and
many of the crystals are torn along cleavage planes and infilled by calcite. Some of the phlogopite
macrocrysts are partially altered to chlorite. One red-brown anhedral gamet approximately imm in size
occurs in this sample.

Phenocryst phases (10%):

The magjority of the phenocrysts in this sample are subhedral phlogopite up to 1.5mm in size. These are
often optically zoned. Some of the phlogopite phenocrysts are partially altered o chiorite. Subhedral olivine
phenocrysts, completely altered to serpentine, range up to tmm in size and comprise approximately 3
volume % of the

Groundmass (50%):

The groundmass consists of approximately equal proportions of phlogopite in subhedral or anhedral crystals
up to 0.5mm in size, and calcite. Calcite occurs both as subhedral crystals up to 0.5mm in size and, more
commonly, as an interstitial phase. Some of the groundmass phlogopite is altered to chlorite. Subordinate
interstitial serpentine is also present (<5% of the groundmass) and opaque oxides (up to 0.1mm in size) are
scatterad throughout the sample,

JJG 83610 ~ Wynandsfontein Dvke

Texture: Macrocrystic, containing ~30 volume % macrocrysts, which rangs up to 8mm in size, with ~10
volume % phenocrysts in a medium-grained groundmass (grain size <0.5mm). This sample contains a large
(~15mm diameter) fragment of another kimberlite, which is distinguished by a much finer grain size
(<0.2mm) and abundant groundmass diopside.

Macrocryst phases (30%)

Approximately 80% of the macrocryst suite is comprised of rounded, anhedral olivine, ranging up to 5mm in
size. All the olivine macrocrysts are completely replaced by calcite. Phlogopite constitutes ~20% of the
macrocryst suite, occurring as rounded anhedral or subhedral macrocrysts up to 2mm in size. The
phiogoplte macrocrysts are highly strained and show undulose extinction and kink banding. Some of the
phiogopite macrocrysts are partially aitered 1o chiorite.

Phenocryst phases (10%):

The majority of the phenocrysts in this sample are subhedral phlogopite up to 1.5mm in size. Some of the
phlogopite phenocrysts show distinct optical zoning, and some are partially altered to chiorite. A few
subhedral serpentinised olivine phenocrysts, ranging up to 1mm in size are also present.
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Groundmass (60%):

The groundmass consists of ~50% phlogopite in subhedral crystals up to 0.5mm in size, some of which
have been partially altered to chlorite. The remainder of the groundmass is predominantly calcite, which
occurs for the most part as interstitial material but also as subordinate subhedral to euhedral crystals up to
0.5mm in size. Minor interstitial serpentine comprises <5% of the groundmass and opaque oxides (up to
0.1mm in size) are abundant throughout the sample.

JJG 83688 - Wynandsfonteln Dvke

Texture: Moderately macrocrystic, containing ~20% macrocrysts and ~10% phenocrysts in a fine-medium
grained groundmass (grain size <0.5mm).

Macrooryst phases {20%):

Approximately 80% of the macrocryst suite is comprised of relic olivine, all of which is completely altered to
serpentine with partial further replacement by calcite particularly along cracks and around the edges of the
macrocrysts. Opaque oxides (<0.1mm in size) are common around the rims of, and throughout, the
macrocrysts. The olivine macrocrysts are rounded and anhedral, and range up to 7mm in length. Some
were clearly extensively strained and partially recrystalised before being altered to serpentine. Phlogopite
constitutes ~20% of the macrocryst suite, occurring as subhedral or anhedral crystals up to 2mm in length,
The phlogopite macrocrysts are commonly extensively strained, showing undulose extinction and kink
banding, and are sometimes torn open along cleavage planes and infilled with calcite.

Phenocryst phases (10%):

The only phenocryst phase in this sample Is phlogopite, which most commonly occurs as subhedral lath-
shaped crystals up to 1.5mm in length. Soms of the phiogopite phenocrysts show weak optical zoning, and
thin rims of tetraferriphiogopite are common.

Groundmass (70%):

The groundmass is comprised of ~80% subhedral laths of phiogopite up to 0.5mm in length and ~15%
calcite, which ocours predominantly as an interstitial phase but also as subordinate discrete euhedral
crystals up to 0.3mm in size. Approximately 5% of the groundmass consists of chlorite and interstitial
serpentine. Opaque oxides (<0.1mm in size) are abundant throughout the groundmass, in addition to being
closely associated with the relic olivine macrocrysts.

JJG 8362 ~ Wynandsfontein Dvke

Textura: Macrocrystic, with ~25 volume % macrocrysts and ~5 volume % phenocrysts in a fine-medium
grained groundmass (grain size <0.5mm).
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Macrocryst phases (25%):

Approximately 80% of the macrocryst suite is comprised of rounded, anhedral olivine, which ranges up to
6mm in size. All the olivine is altered to serpentine with minor further replacement by calicite, particularly
along fractures, in some macrocrysts. Phlogopite comprises the remaining ~10% of the macrocryst suite,
occurring as anhedral, rounded crystals that range up to 1.5mm in size. The phlogopite macrocrysts are
extensively strained and show undulose extinction and kink banding, with some crystals being split along
cleavage planes and infilled with calcite.

Phenocryst phases (5%):
All the phenocrysts in this sample are phlogopite, which is most commonly subhedral and ranges up to 1mm
in length.

Groundmass:

The groundmass is comprised of ~70% phlogopite, in subhedral crystals up to 0.5mm in length.
Approximately 10% of the groundmass is comprised of subhedral calcite, ranging up to 0.2mm in size. The
remaining 20% of the groundmass is almost entirely composed interstitial serpentine and calcite. Opaque
oxides are abundant, some reaching 0.2mm in size, throughout the groundmass.

JJG 6380 — Wynandsionteln Dyke

Texture: Macrocrystic, containing ~25 volume % macrocrysts and ~10 volume % phenocrysts in a fine-
grained groundmass (grain size <0.5mm).

Macrocryst phases (25%):

Olivine constitutes ~80% of the macrocryst suite, occurring as anhedral and rounded crystals that range up
to ~8mm in size. They are very fresh and most are almost completely unaltered, with only slight alteration to
serpentine and minor replacement by calcite around the rims, and fractures, of a few of the macrocrysts.
Serpentinisation occurs more pervasively in one small (<10mm diameter) area of the sample. Approximately
20% of the macrocryst suite is comprised of anhedral or subhedral phlogopite, which ranges up to 2mm in
size. The phiogopite macrocrysts are commonly strained and slightly distoried, and show undulose
extinction. Some phlogopite macrocrysts are partially altered to chiorite.

Phenocryst phases (10%):
All the phenocrysts in this sample are subhedral to euhedral phiogopite ranging up to ~1mm in size. Some
of the phenocrysts are distinctly optically zoned, with darker cores than rims.

Groundmass (65%):

The groundmass is comprised of ~70% phiogopite, in subhedral to euhedral crystals up to 0.5mm in size,
some of which are partially altered to chlorite. Approximately 10% of the groundmass is euhedral to
subhedral calcite up to 0.2mm in size, and interstitial calcite and subordinate serpentine constitute the
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majority of the remaining ~20% of the groundmass. Opaque oxides, up to 0.1mm in size, are abundant
throughout the groundmass. Minor subhedral perovskite (<0.1mm in size) is also present.

NC 050 Wynandsfontein Dvke

Texture: Macrocrystic, containing ~20 volume % macrocrysts with ~5 volume % phenocrysts, in a fine-
medium grained groundmass (grain size <0.5mm).

Macrocryst phases (20%):

Approximately 90% of the macrocryst suite is comprised of rounded, anhedral olivine, which ranges up to
0.3mm in size. All the olivine macrocrysts are partially altered to serpentine, particularly around the rims
and along fractures, although they are largely still fresh. Opaque oxides are commonly associated with
particularly the more altered olivine macrocrysts. Phlogopite macrocrysts range in size up to 4dmm, and
comprise ~10% of the macrocryst suite. They are anhedral and commonly extensively strained, with
undulose extinction, and sorme phlogopite macrocrysts are partially recrystalised.

Phenocryst phases (5%):

The majority of the phenocrysts in this sample are phlogopite, which most commonly occurs as subhedral
lath-shaped crystals up to 1mm in length. Some of the phlogopite phenocrysts have thin rims of
tetraferriphlogopite. Subhedral olivine, partially or completely altered to serpentine, ranging up to 1mm in
size constitutes ~2 volume % of the sample.

Groundmass (75%):

The groundmass consists ~70% phiogopite, occurring as subhedral or euhedral crystals that range from
0.1mm to 0.5mm in size, with ~10% subhedral calcite ranging up to 0.2mm in size. The remaining ~20% of
the groundmass is predominantly comprised of interstitial serpentine and subordinate interstitial calcite, with
opaque oxides (up to 0.1mm in size) abundant throughout the groundmass and particularly concentrated
around the olivine macrocrysts.

JJG 4570 — East Star Dyke

Texture: Coarsely macrocrystic, containing ~30 volume % macrocrysts with ~10 volume % phenocrysts in a
medium-fine grained groundmass.

Macrocryst phases (40%):

Approximately 90% of the macrocryst suite is comprised of olivine, in rounded anhedral crystals up to 8mm
in size. Some of the larger macrocrysts (>1mm in size) are fresh and unaltered apart from thin rims around
the crystal edges, which are altered to serpentine and partially replaced by calcite, and slight alteration to
serpentine along fractures. The majority of the smaller or disaggregated macrocrysts are completely
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replaced by calcite with some serpentine. Phlogopite macrocrysts are much less abundant than olivine
macrocrysts, constituting ~10% of the macrocryst suite, and smaller, reaching up to 1mm in length. They are
subhedral and commonly form lath shaped crystals, which are distorted, showing slight kink banding and
undulose extinction. The phlogopite macrocrysts are commonly rimmed by tetraferriphlogopite.

Phenocryst phases (10%):

All the phenocrysts in this sample are phlogopite, which occurs as euhedral to subhedral crystals up to
0.7mm in length, commonly rimmed by tetraferriphlogopite. Some of the phlogopite phenocrysts are
optically zoned, usually with darker cores than rims.

Groundmass (50%):

The groundmass consists of ~60% phlogopite, which occurs as euhedral to subhedral crystals up to 0.5mm
in size, rimmed by tetraferriphlogopite. Approximately 30% of the groundmass consists of calcite, as
interstitial material and subhedral crystals up to 0.5mm in size. Opaque oxides and accessory perovskite, up
to 0.1mm In size, are scatiered throughout the sample.

SJH 101 ~ East Star Dyke

Texture: Macrocrystic, containing ~20 volume % macrocrysts and ~5 volume % phenocrysts in a fine-
grained groundmass. There is a weak fabric due to the alignment of the macrocrysts and the groundmass
minerais.

Macrocryst phases (20%:;):

Rounded, anhedral olivine, ranging up to 4mm in size, constitute ~80% of the macrocryst suite. They are all
altered completely to serpentine and partially further replaced by calclte, particularly along fractures. Some
of the macrocrysts are also replaced partially by phlogopite and no relics of the original olivine remain.
Opaque oxides are commonly associated with the rims of the relic olivine macrocrysts. Phlogopite
macrocrysts constitute a further ~20% of the macrocryst suite, and range in size up to approximately
1.5mm, although the majority are ~0.5mm in length. The phiogopite macrocrysts are anhedral or subhedral
and commonly extremely strained and distorted. They show kink banding and in places are torn apart along
cleavage planes and infilled with calcite. Some of the phlogopite macrocrysts have thin rims of
fetraferriphiogopite.

Phenocryst phases (5%):

Phenocrysts are not common in this sample, but where present they are all phiogopite. The phiogopite
phenocrysts are typically subhedral to euhedral in habit, and range from 0.5mm up to approximately 0.8mm
in length. Some are distinctly optically zoned and they commonly have thin rims of tetraferriphlogopite.
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Groundmass (70%):

The groundmass consists of approximately 60% phlogopite, which occurs as subhedral crystals ranging
from 0.1mm to 0.5mm in size. Many of the groundmass phlogopites are rimmed by tetraferriphlogopite.
Approximately 5 % of the groundmass is comprised of euhedral or subhedral calcite, ~0.1mm to 0.2mm in
size. Interstitial carbonate is abundant (~30% of the groundmass) and minor interstitial serpentine
constitutes ~10% of the groundmass. Opagque oxides <0.1mm in size are abundant throughout the sample,
particularly around the rims of the relic olivine macrocrysts.

SJH 30~ East Star Dvke

Texture: Macrocrystic, containing approximately 20 volume % macrocrysts and 10 volume % phenocrysts
in a medium to fine grained groundmass.

Macrocryst phases (20%):

Approximately 80% of the macrocryst suite is comprised of rounded, anhedral olivine, ranging from less
than 0.5mm to 4mm in size. The olivine macrocrysts are completely altered to serpentine and partially
further replaced by calcite. Phlogopite macrocrysts constitute ~20% of the macrocryst suite and are typically
rounded subhedral to anhedral crystals up to 2mm in size. The phlogopite macrocrysts are extensively
strained: they show undulose extinction, many are kink banded and some have split along cleavage planes
and are infilled by calcite.

Phenocryst phases (10%):
All the phenocrysts in this sample are subhedral to euhedral phlogopite up to 1mm in size. Many are rimmed
by tetraferriphlogopite, although there is no alteration to chiorite.

Groundmass:

The groundmass consists of ~70% phlogopite, in euhedral or subhedral laths ranging from less than 0.1mm
up to 0.3mm in length. The laths are subparallel, giving a weak fabric to the groundmass that bends around
the relic olivine rmacrocrysts. Some of the groundmass phiogopites have rims of tetraferriphlogopite.
Interstitial calcite constitutes ~20% of the groundmass, and calcite also occurs as euhedral to subhedral
caicite up to 0.2rmm in size. Minor interstitial serpentine is also present and opaque oxides up to 0.1mm in
size are common throughout the groundmass.

SJH 38 - East Star Dvke

Texture: Macrocrystic, containing ~25 volume % macrocrysts and ~10 volume % phenocrysts in a fine-
grained matrix (grain size 0.1mm).

Macrocryst phases (25%):
Rounded, anhedral olivine macrocrysts constitute ~80% of the macrocryst suite. They range up to 10mm in
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size, and are all partially altered to serpentine around the rims and along fractures, although the cores are
still fresh. Phiogopite macrocrysts, ranging up to 3mm in length, constitute the remaining ~20% of the
macrocrysts. They are subhedral to anhedral and commonly occur as rounded lath-shaped crystals, some
of which have rims of tetraferriphlogopite. All the phlogopite macrocrysts are highly strained, with undulose
extinction, and some are kink-banded. Alteration to chlorite has occurred around the rims of some of the
phlogopite macrocrysts although this is not pervasive. One eclogitic garnet is present, approximately 1mm in
size. It is fractured and infilled with calcite.

Phenocryst phases (10%):

Phlogopite constitutes the entire phenocryst suite of this sample, with crystals ranging in size from
approximately 0.5mm to 1.5mm. The phlogopite phenocrysts most commonly occur as subhedral or
euhedral laths, some of which have thin rims of tetraferriphlogopite.

Groundmass (65%):

The groundmass consists of ~60% phlogopite, which is subhedral to euhedral and forms stubby laths up to
0.2mm in size. Many of the groundmass phlogopites have thin rims of tetraferriphlogopite. Interstitial calcite
and serpentine, in approximately equal proportions, constitute the majority of the remaining ~40% of the
groundmass. Serpentine has also completely replaced the groundmass olivine. Euhedral calcite, up to
0.2mm in size, is present in minor amounts. Opaque oxides (<0.2mm in size) are common throughout the
groundmass,

SJH 104 - East Star Dyke

Texture: Macrocrystic, containing ~25 volume % macrocrysts with ~10 volume % phenocrysts in a medium-
grained groundmass (grain size <0.5mm).

Macrocryst phases {(25%):

Rounded, anhedral olivine macrocrysts ranging up to 6mm In size comprise ~90% of the macrocryst suite.
They are commonly fractured and partially or completely altered to serpentine, with some further
replacement by caicite. Approximately 10% of the macrocryst suite is comprised of phiogopite, which occurs
as anhedral to subhedral crystals up to ~2mm in size. These are commonly strained, displaying undulose
extinction, and are often kink-banded. Some of the phlogopite macrocrysts have thin rims of
tetraferriphlogopite.

Phenocryst phases (10%):
All the phenocrysts in this sample are phlogopite. They are euhedral or subhedral and reach 1mm in size.
Some of the phlogopite phenocrysts are optically zoned and have darker cores than rims, and thin mantles

of tetraferriphlogopite are common.
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Groundmass (65%):

The groundmass consists of ~70% phlogopite, which is commonly subhedral and ranges from ~0.1 to
0.5mm in size. The remainder of the groundmass is predominantly calcite, with ~10% occurring as
subhedral to euhedral calcite less than 0.1mm in size but the majority occurring as interstitial material. Minor
interstitial serpentine is also present, and Fe-Ti opaque oxides, up to 0.1mm in size, are common
throughout the sample.

8JH 80 — Byrnes Dvke

Texture: Sparsely macrocrystic, containing ~15 volume % macrocrysts, many of which are fragmented and
~10 volume % phenocrysts in a fine-medium grained groundmass (grain size <0.3mm). The sample has a
weak fabric due to the alignment of the phenocrysts and groundmass minerals, particularly the lath-shaped
groundmass phlogopites, and the grain size varies in bands parallel to this fabric.

Macrocryst phases {15%):

Olivine constitutes ~80% of the macrocryst suite, occurring as rounded, anhedral crystals that are typically
2-3mim in size, with one macrocrysts reaching 8mm in length. All the olivine macrocrysis are completely
altered to serpentine. Phlogopite constitutes ~20% of the macrocryst suite and occurs as rounded subhedral
or anhedral crystals that range up to 2mm, but are more commonly less than 1mm, in size. Many of the
phlogopite macrocrysts are fractured, particularly along cleavage planes and fractures are infilled by calcite.
Kink banding is common and all the phlogopite macrocrysts show undulose extinction.

Phenocryst phases (10%):

Approximately 90% of the phenocryst suite is comprised of phlogopits, which occurs as euhedral to
subhedral laths up to 2mm in length. Highly serpentinised euhedral olivine constitutes ~10% of the
phenocryst suite.

Groundmass {75%):

The groundmass consists of ~60% phlogopite In euhedral to subhedral stubby laths up to 0.3mm In length.
Some of these have thin rims of tetraferriphlogopite, and in parts of the sample the groundmass phlogopite
is partially altered to chlorite. Approximately 10% of the groundmass is euhedral to subhedral olivine, up to
0.2mm in size, which is partially or completely serpentinised. The olivine and phiogopite are hosted by an
interstitial matrix of calcife and subordinate serpentine. Opagque oxides {<0.1mm in size) are abundant
throughout the groundmass.
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8JH 79 - Byrnes Dvke

Texture: Macrocrystic, with ~20 volume % macrocrysts and ~10 volume % phenocrysts in a fine-grained
groundmass (grain size<0.2mm). The groundmass minerals are sub-parallel, giving a weak fabric to the
sample.

Macrocryst phases (20%):

Rounded, anhedral olivine macrocrysts, ranging up to 4mm in length, constitute 80% of the groundmass.
They are completely altered to serpentine and some are partially further replaced by calcite. Phlogopite
constitutes ~20% of the macrocryst suite, occurring as rounded, anhedral crystals that range up to 3mm in
size. All the phlogopite mcrocrysis are extensively strained, with undulose extinction, and show kink
banding; some are torn along cleavage planes and infilled with calcite. Some of the phlogopite macrocrysts
are partially altered to chlorite but this is not pervasive, and some are rimmed by tetraferriphiogopite.

Phenocryst phases {10%):

The entire phenocryst suits of this sample is comprised of phlogopite, which occurs as euhedral to
subhedral laths up to 1.5mm In length. Thin rims of tetraferriphlogopite are common and many of the
phenocrysis are optically zoned, displaying darker cores than rims.

Groundmass (60%):

Approximately 80% of the groundmass is comprised of subhedral phiogopite, ~0.1mm to 0.2mm in size, with
rims of tetraferriphlogopite. Serpentinised subhedral olivine, up to 0.2mm in size, comprises ~5% of the
groundmass. The remainder of the groundmass consists primarily of calcite, both as euhedral crystals up to
0.2mm in size and as interstitial material. Lesser amounts of interstitial serpentine are also present and
opaque oxides (<0.1mm In size) are scattered throughout the sample.

SJH 78 — Byrnes Dyke

Texture: Macrocrystic, containing ~30 volume % macrocrysts and ~5 volume % phenocrysts in a fine-
medium grained groundmass (grain size <0.3mm).

Macrocryst phases (30%):

Approximately 90% of the macrocryst suite is comprised of rounded anhedral olivine, which ranges up to
~5mm in size. All the olivine macrocrysts are altered to serpentine and partially further replaced by calcite,
particularly along cracks and around the edges of the macrocrysts. Most of the smaller (<1mm) fragments
are completely replaced by calcite. Phlogopite constitutes ~10% of the macrocryst suite, occurring as
rounded subhedral or anhedral, commonly elongate, crystals up to 2mm in length. All the-phlogopite
macrocrysts are strained and show undulose extinction and kink-banding. Some are fractured, particularly
along cleavage planes, and infilled with calcite. Partial alteration to chlorite of some of the phlogopite
macrocrysts has ocourred.
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Phenocryst phases (5%):

Phlogopite constitutes the entire phenocryst suite of this sample. The phlogopite phencorysts are euhedral
or subhedral and range up to 1.5mm in length. Some are optically zoned, darker cores than rims. Some of
the phiogopite phenocrysts are partially altered to chlorite.

Groundmass (65%):

The groundmass is comprised of ~70% phlogopite, which usually occurs as subhedral stubby laths up to
approximately 0.3mm in length. Calcite constitutes much of the remainder (~25%), as interstitial material
and discrete euhedral crystals up to 0.2mm in size. Minor groundmass olivine is also completely replaced by
calcite. Minor interstitial serpentine constitutes <5% of the groundmass, and Fe- Ti- oxides (<0.1mm In size)
oceur throughout the sample.

8SJH 77 - Byrnes Dvke

Texture: Macrocryst poor, with an aphanitic appearance. Aithough this sample contains approximately 15
volume % macrocrysts, these are fragmented and range up to only ~1mm in size. The sample has a strong
fabric, which is particularly well defined by the alignment of the groundmass minerals. Approximately 20
volume % phenocrysts are hosted by a fine-medium grained matrix {grain size <0.4mm).

Macrocryst phases (15%):

Disaggregated olivine macrocrysts reaching up to 1mm in size comprise ~70% of the macrocryst suite. They
are rounded and anhedral in habit, and are altered to entirely to serpentine with some partial further
replacement by calcite. Two of the olivine macrocrysts in the sample recrystalised, before being replaced by
calcite. Phlogopite macrocrysts range up to approximately 1mm in length and constitute ~30% of the
macrocryst suite. They are rounded and subhedral to anhedral in habit. Some of the phlogopite macrocrysts
show distinct optical zoning, and many are partially altered to chlorite. Undulose extinction Is common.

Phenocryst phases (20%):

All the phenocrysts present in this sample are subhedral to euhedral phlogopite, most of which occurs as
lath-shaped crystals up to 1mm in length. Many of the phenocrysts show distinct optical zoning, and they
commonly have thin rims of tetraferriphlogopite.

Groundmass (35%):

The groundmass consists of ~50% phlogopite, which occurs as lath shaped euhedral or subhedral crystals
up to 0.4mm in length, which are commonly rimmed by tetraferriphlogopite. The remaining 50% of the
groundmass is predominantly composed of calcite, for the most part occurring as an interstitial phase but
also as discrete subhedral crystals up to 0.2mm in size, with subordinate interstitial serpentine. Opaque Fe-
Ti oxides (up to 0.1mm In size) are common throughout the sample.
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NG 051 — Barren Dvke

Texture: Macrocrystic, containing ~30 volume % macrocrysts with ~8 volume % phenocrysts, in a fine-
medium grained groundmass (grain size <0.5mm).

Macrocryst phases (30%):

Approximately 95% of the macrocrysts in this sample are rounded, anhedral clivine. The olivine macrocrysts
range up to 7mm in size, although they are commonly fragmented and many are less than 1mm. All the
olivine macrocrysts are altered to variable extents, to serpentine. Rare anhedral phlogopite macrocrysts,
ranging up to 3mm in size, constitute ~5% of the macrocryst suite. They are extensively strained and
commonly distorted or completely fragmented.

Phenocryst phases (5%):
Phenocrysts are rare in this sample but those present are predominantly phlogopite with lesser olivine. The
phlogopite phenocrysts are commonly subhedral, lath-shaped crystals and range from 0.5mm to 1mm in
length. Olivine phenocrysts constitute ~2 volume % of the sample, ocourring as subhedral serpentinised
crystals up to Tmm in size.

Groundmass (65%):

The groundmass consists of approximately 70% phlogopite, which occurs as subhedral microphenocrysts
ranging from 0.1 to 0.5mm in size. They are hosted by a matrix of predominantly interstitial serpentine with
subordinate interstitial calcite. Minor (~ 5% of the groundmass) caicite is also present in subhedral crystals
up to 0.2mm in size. Opaque oxides (<0.1mm in size} are abundant throughout the sample, and accessory
euhedral perovskite (<0.1 mm in size) is also present.

NC 082 — Barren Dvke

Texture: Macrocrystic, containing ~30 volume % macrocrysts, with ~5 volume % phenocrysts in a fine-
medium grained groundmass (grain size <0.5mm).

Macrocryst phases (30%):

The vast majority (~95%) of the macrocryst suite is comprised of olivine, which occurs as rounded anhedral
crystals that range up to 8mm in length. All the olivine macrocrysts are strained, with undulose extinction,
and some are partially recrystalised. Partial alteration to serpentine has occurred only around the rims and
along fractures of some of the olivine macrocrysts, although more pervasive alteration, particularly of the
smaller fragments, is common. Partial replacement by phlogopite is evident along fractures of some of the
olivine macrocrysts. Rare, anhedral to subhedral phlogopite macrocrysts constitute ~5% of the macrocryst
suite. These range up to 1.5mm in size and are commonly extensively strained, with undulose extinction,

distorted crystal shapes and kink banding.
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Phenocryst phases (5%):
All the phenocrysts in this sample are phlogopite. They range from 0.5mm to 1.5mm in size and are
subhedral to euhedral.

Groundmass (65%):

The groundmass consists of ~70% phlogopite, which occurs as subhedral or euhedral crystals that range
from 0.1 to 0.5mm in size, in a malrix of interstitial serpentine with subordinate interstitial calcite.
Approximately 5 — 10% of the groundmass is comprised of subhedral calcite, up to 0.2mm in size. Two
calcite veins (approximately 0.1mm wide) cut through the sample. Opaque oxides (<0.tmm in size) are
abundant throughout the groundmass.

NG 053 — Barren Dvke

Texture: Macrocrystic, containing ~30 volume % macrocrysts with ~5 volume % phenocrysts, in a fine-
medium grained groundmass (grain size <0.5mm}.

Macrocryst phases {30%):

Approximatsly 85% of the macrocryst suite is comprised of olivine, which occurs as rounded, anhedral
crystals ranging up to 7mm in size. All the colivine macrocrysts are partially altered to serpentine, although
the majority of the larger (> 1mm) macrocrysts have fresh cores. The remaining ~5% of the macrocryst suite
is comprise of rounded, anhedral phiogopite. The phlogoplte macrocrysts range up to ~1.5mm in size and
are commonly exiensively strained and distorted, with undulose extinction.

Phenocryst phases (5%):
Phlogopite comprises the entire phenocryst suite of this sample, occurring as commonly subhedral, lath-
shaped crystals that range from 0.5mm to ~1.2mm in length.

Groundmass {(65%):

Subhedral laths of microphenocrystal phlogopite ranging up to 0.5mm in size constitute ~70% of the
groundmass. The remaining ~30% of the groundmass is comprised predominantly of interstitial serpentine
with subordinate interstitial calcite. Calcite also ocours as euhedral crystals (~0.2mm in size), which
constitute ~5% of the groundmass. Opaque oxides {(<0.1mm in size) are abundant throughout the
groundmass, in addition to being closely associated with relic olivine macrocrysts.

NC 054 — Barren Dyke

Texture: Macrocrystic, with ~30 volume % macrocrysts in an interstitial maitrix containing microphenocrysts

of phlogopite.
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Macrocryst phases (30%):

The majority of the macrocryst suite (~95%) is comprised of anhedral, rounded olivine, which ranges in size
up to 7mm. All the olivine macrocrysts are extremely fresh, with only very slight alteration along cracks to
serpentine, and minor replacement by calcite or phlogopite. Some of the macrocrysts are partially or
completely recrystalised and they commonly show undulose extinction. Phlogopite macrocrysts constitute
~5% of the macrocryst suite. They range up to 1.5mm in size and are subhedral or anhedral, with eroded
rims that are commonly partially altered to chlorite. The phlogopite macrocrysts are strained and typically
display undulose extinction.

Phenocryst phases (3%):

All the phenocrysis observed in this sample are subhedral, serpentinised olivine ranging up to 1mm in size.
No phiogopite phenocrysts were observed, although considering the extremely altered nature of the
groundmass (see below), phlogopite phenocrysts may have been present but become extensively
chioritised.

Groundmass (70%):

Approximately 40% of the groundmass is comprised of microphenocrysts of subhedral phiogopite, which
range up to ~0.8mm in size. The groundmass phiogopite is severely chioritised, and commonly eroded
around the rims. The majority of the remainder of the groundmass consists of a matrix of interstitial
serpentine with subordinate chlorite, most of which is likely to be a product of alteration of phlogopite. Minor
amounts of interstitial carbonate are also present. Opaque oxides, ranging up fo 0.imm in size, are
scattered throughout the groundmass.

A2.3 Mineral analyses

Representative major element analyses of macocrystic olivine and phlogopite in the Star kimberlite dykes
are reported in Tables A2.2 and A2.3 respectively.
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Appendix 2 Star sample descriptions

Table A2.2 Representative major element analyses of dlivine macrocrysts in the Star kimberlite dykes, acquired using
olivine; mac = macrocryst; co = core; FeQ” = total fron as Fe(;
Fo cont. = Mg/ (Mg + Fe*"). Atomic proportions for these analyses have been calculated on the basis of 40.

the electron mlcroprobe, Umversny of Cape Town. Ol =

{Dyke Clewer Dyke East Star Dyke
Sample JJG 2833 JJG 2833 JJG 2833 JJG 4570 JJG 4570 JJG 4870 JJG 4570 JJG 4570
Description| Olmacico Olmadco OlmacBeo | Olmacico Olmac7co Olmac?rm Olmac8co Olmac8nim
810, 40.5 40.5 41.2 41.3 41.4 40.7 40.86 401
TiO; 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00
AlOs 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Crals 0.02 0.06 0.04 0.03 0.014 0.01 0.04 0.03
FeO* 7.15 11.2 8.34 6.16 7.04 7.05 10.4 10.4
MnQ 0.09 0.28 0.10 0.07 0.08 0.07 0.12 0.12
MgO 50.9 48.1 49.6 52.2 51.2 51.3 48.0 48.8
Ca0 0.01 0.03 0.04 0.01 0.00 0.04 0.02 0.03
NIO 0.42 0.02 0.43 0.40 0.42 0.40 0.49 0.49
Total 98.0 100.2 99.7) 100.2 100.2 99.5 99.7 89.9
Fo cont. 0.93 0.90 0.92 0.94 0.94 0.94 0.90 0.90
Atomic proportions based on 40
Si 0.992 0.997 1.006 0.994 1.002 0.992 1.003 0.289
Tl 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Cr 0.000 0.001 0.000 0.001 0.000 0.000 0.001 0.001
Fe 0.147 0.234 0.170 0.124 0.142 0.144 0.215 0.215
Mn 0.002 0.006 0.002 0.002 0.002 0.001 0.002 0.003
Mg 1.858 1.767 1.805 1.877 1.844 1.863 1.765 1.794
Ca 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.001
Ni 0.008 0.000 0.008 0.008 0.008 0.008 0.010 0.010
Sum 3.008 3.003 2.993 3,005 2.998 3.008 2.996 3014
Dyke Wynandsfonteln Dyke Barren Dyke (non-micaceous)
Sample JJG 836D JJ4G 8361 JJG 8382 4G 6363 NC 054 NC 054 NC 054 NC 054
Description| Olmacico Olmacidm OlmacSco OlmacSrim Olmac3dco Olmac3rm OlmacB8eoo Ol mac 8rm
S0, 415 40.4 40.7 40.9 40.9 41.0 41.4 41.2
THO;, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ALO, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cra0s 0.06 0.05 0.03 0.02 .07 0.08 0.05 0.04
FeO* 8.04 7.92 9.38 9.21 7.86 7.97 7.04 7.10
MnO 0.09 0.10 0.10 0.13 0.10 0.11 0.10 0.08,
MgO 50.8 50.5 49.5 49.0) 50.4 45.8 50.8 51.0
Ca0 0.05 0.03 0.02 0.01 0.06 0.07 0.04 0.03
NIO 0.42 0.42 0.39 0.38 0.41 0.39 0.42 0.42
Total 101.0 99.4 100.1 98.7 99.8 994 99.8 99.8
Fo cont. 0.93 0.93 0.91 0.91 0.93 0.93 0.93 0.93
Atomic proportions based on 40
Si 1.000 0.991 0.966 1.004 0.998 1.004 1.004 1.001
Tl 0.000 0.000 0.000 0.000/ 0.000 0.000 0.000 0.000
Al 0.000 0.000 0.000 0.000/ 0.000 0.000 0.000 0.000
Cr 0.001 0.001 0.001 0.000 0.001 0.001 0.001 0.001
Fe 0.162 0.162 0.182 0.189 0.160 0.163 0.143 0.144
Mn 0.002 0.002 0.002 0.003 0.002 0.002 0.002 0.002
Mg 1.825 1.844 1.808 1.792 1.831 1.818 1.836 1.843
Ca 0.001 0.001 0.001 0.000) 0.002 0.002 0.001 0.004
Ni 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008
Sum 2.999 3.009 3.004 2.998 3.002 2.996 2.995 2.999
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Appendix 2 Star sample descriptions

Table A2.3 Representative major element analyses of phlogopite macrocrysts in the Star kimberlite dykes acquired
using an electron microprobe, Umversuty of Cape Town. Phiog = phlogopite; mac = macrocryst; FeQO*
FeO; Mg# = atomic Mg/ (Mg + Fe®") with Fe,04/ FeO = 0.1. Atomic proportions for these analyses have been calculated

= {otal iron as

on the basis of 220.
Dyke Clewer Dyke East Star Dyke
Sample JJG 2833 JJG 2833 $JH 38 $JH 38 JJG 4570 JJG 4570 8JH 30
Description | Phlogmac1  Phlogmac2  Phiog mac 3 Phlog mac 4 Phlogmac5 Phlogmac6  Phlogmac?
Si0, 42.8 39.2 40.6 40.6 41.9 37.7 40.6
Ti0, 1.50 2.08 1.87 2.07 1.66 1.69 1.77
Al Os 12.7 12.6 13.9 13.5 13.5 127 14.8
Fe(* 4.63 5.16 4.07 5.52 4.65 7.40 4.81
MnO 0.04 0.03 0.05 0.06 0.01 0.05 0.03
MgO 28 238 214 21.2 21.8 214 248
Ca0 0.09 0.02 0.07 0.03 0.03 0.01 0.02
Na,O 0.27 0.17 0.17 0.09 0.23 0.14 0.23
K0 9.88 9.53 10.1 10.5 10.3 10.0 9.64
Total 94.5 92.8 92.1 93.8 83.9 80.8 96.7
Mgt 0.91 0.90 0.91 0.88 0.80 0.88 0.91
Atomic proportions calculated on the basis of 220
S 6.062 5753 5.933 5.802 6.022 5.720 5.671
Tl 0.164 0.229 0.206 0.226 0.179 0.193 0.186
Al 2,137 2.187 2389 2.322 2.285 2.282 2434
e 0.552 0.633 0.498 0.871 0.560 0.901 0.562
Mn 0.004 0.003 0.006 0.008 0.002 0.006 0.004
Mg 4.846 5.199 4.655 4.5 4.627 4.850 5175
Ca 0.013 0.004 0.012 0.005 0.005 0.001 0.004
Na 0.073 0.047 0.049 0.025 0.063 0.042 0.062
K 1.795 1.786 1.886 1.943 1.860 1.939 1.718
Sum 15.64 15.84 15.63 15.69 15.63 15.94 15.82
Dyke East Star Byrnes Dyke
Sample SJH 30 SJH 79 SJH 79 SJHTS SJH 79 SJH 78 8JH79
Description| Phlogmac 8 | Phlogmac8 Phlogmac 10 Phlogmac 11 rim _ Phlogmac12 _Phlog mac 13 Phlog mac 14
tile 42.4 41.4 41.2 48.7 39.0 43.1 40.0
TiO: 1.72 1.57 1.57 0.33 1.94 0.40 1.67
AlOs 13.8 13.3 12.5 0.83 13.1 13.0 11.¢
Fel 5.46 5.08 5.58 15.4 4.89 2.81 §.25
MnO 0.03 0.03 0.03 0.18 0.08 0.01 0.05
MgO 24.3 250 24.9 236 24.8 26.8 25.1
Cal 0.13 0.03 0.03 0.12 0.02 0.01 0.06
Na.0 0.14 0.19 0.26 0.13 0.15 0.18 0.29
K0 9.80 104 10.4 840 10.2 10.7 10.7
Total 97.8 97.0 96.4 95.7 94.2 96.9 95.0
’!_g# 0.90 0.91 0.90 0.75 0.91 0.95 0.80
Atomic proportions calculated on the basis of 220
8 5.873 5.794 5.826 6.887 5.656 5.959 5.765
Tl 0.179 0.165 0.168 0.037 0.212 0.041 0.181
Al 2.226 2199 2.083 0.145 2.231 2123 2.027
Fe 0.632 0.585 0.660 1.802 0.583 0.325 0.633
#n 0.004 0.003 0.004 0.019 0.006 0.001 0.008
Mg 5.017 §.224 5248 5.184 5354 5.522 5.398
Ca 0.019 0.005 0.005 0.020 0.003 0.001 0.009
Ma 0.038 0.052 0.071 0.039 0.043 0.044 0.081
K 1.733 1.859 1.870 1.582 1.882 1.888 1.864
Sum 15.721 15.897 15.936 15.814 15.979 15.904 16.063
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JJG 2837, Clewer Dyke FOV <20 mm.
Macrocrystic.  Olwing  macrocrests  are  t2sh,
although cormonly fracmented. Groundnass is
predominantly  phlagapite.  witk  subardinate
clivine and caleite.

Nppendix 2 Star zaeple desonghions

JJG 2837, Clewe: Dyke. F 2y ~20mm.
Macrormystic, Div ne macio ¢nosts are campletely
serpentimesed anc the majorb are concentrated
into ans band. Groundmas: cnssts primarily of
phlagopite with lesser calcie £nd olivine,

SJH 37 Wynandsfontein Dyke. FOY —"5rmm.
Sparsely macrccrystic. Olivire maceacrysts aes
completely replaced By calzite. Groundmass
contzing —equal propotizne af phlegosite and
interstitial calcite. with 8 1ndart opague axides.

JJG  B3B1C; Wynandsfonoin Dyke. FOW
~20mm. Macrocryshe, Oliv e macrocysis are
cormpletely replaced by calcil. Alse contains a
large =enalith of ‘inergraired. diapside rich
kimberlile  {outlined i1 w-ite).  Groundmass
damirantly phlagapite and cal:te.

JHI 6361A; VWynandskywsir Dyke FOW
=20mm. Macroomystic. Olwire Tacroonysts are
completely  replaced by calcie.  Phlogapile
macrocnysts are parizly gl=ed to chlonte.
Groundrass is predoemirayvk shlogapite and
calcite

JJG 6369 Wynandsfontein  Dyke, FOW
=20mm. Sparsely macrooe ysac. Al of the alvine
rmacrocrysts  zre compelzy alesd o
cerpenting, with partial replazerent by calcite.
Groundmass dorninantly consivs of phlegopite
with interstitial calcite artd sepertins.

Plate A21 FPhatomicrigraph s of the Star kimoerite samples. FOW = tield of view; C M = al~ans macracryst, Pho W =

phlogopite macrocnyst.
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JJG BIEZ, Wynandsfontein Dyke. FOV ~20mn.
toderately macrocrystic, Dlivine macracrysts are
altered to serpentine. And commaonly hagmented.
Groundmass iz predominantly phlogopite.  with
subordinate interstitial caleite and serpenting.

Appendix 2 Star sample descriptions

JJG 6360 Wynandsfontein  Dyke [0
~20mm. Macrocrysic, Oliving macrocrysts are
fresh. Groundmass  consists primanly of
phlogomate with subordinate  interstitial - calcite
and serpentine.

NG 0503 Wynandsfontein Dyke, FOCW ~20mm.
toderately macrocrystic. Clivine macrochysts are
tresh. with only minor alteration to serpentine.
Groundmass consisls predomimanthy of
phlogopite,  with  nterstitinl - carbonate and
serpantine,

5JH 101; East Star Dyke. FOV -20mm.
Sparsely macroerystc. Olivine macrocrysts are
altered to serpenting and commeonly fragmented
Groundmass dominantly phlogopite with [esser
interstitial calcite and subordinate seqpentine.

JJG 4750; East Star Dyke. FOW ~20rmim.
Caarsely macrocrysic, Olvine macrocrysis are
resh. Sectien contains & small cnestal xenalith.
Sroundmass is predominantly phlogopite with
subardinate calcite.

SJH 30; East Star Dyke, FOV -20mm.
Moderstely macrocryshe. Olivine macrocrysts
are completely altered to serpentine. with partial
replacement by calcite. Sroundimass damirantly
phlogopite with subordinate interstitial calcite
and serpenting,

Plate 2.1 Continuad. PO = field of view: 00 B = cliving macroccryst; £h. M = phlogopite macrocryst
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S.JH 38: East Star Dyke. P2V ~20mm.
Macrocrystic.  Olivive  Macracrysts  are  fresh
although  commonly  Fagnentsd,  but o with
sefoenling  alkong fracres. Goundmass s
deminantly phlogoprs. Wt inberstitial scrpenting
and calcite.

Appendix 2 Star sarrple descophons

5JH 104; East Star Dyke. FOV ~20mm
Macrocrystic. Olivine macrocrysts are complatel s
sompontimsed, with partia further roplaccment by
calcite,  Groundmess  consists prmarily of
phlagapite with subardinate calcite

SJH 80; East Star Oyke TV ~20mm.

Sparscly macrocrystic. Clivine macrocrysts are
campletely allercd o sserpertne. Groundmass
consists predeminantly of ablogopie. with lesged
serpentiniscd cliving in an interstilial matrix of
calcite and serpentine.

s 4 L
SJH 78; East Star Dyke. -0V ~20mm.
Macroorystic, Olivine mecracrysts ae antircly

allered to serpentine. Goundmass  ¢onsists
dominantly of phlogozite ~ih subordirate calsite.

HJH 78; East Star Dyke. FOV -20mm.

Sparscly macrocrystic. Clivine macroorysts are
entirely altered ko serpentine. The majority o the
groundmass is  phlagopite, with  schardinate
calcite.

EJH 77; East Star Dyke, FOV ~20mm.
Sparscly macroorystic. Smal  fragments o
alivime macrocrysts are comoetely  allered 1o
serpentng with paial replaczmen: by calciteo.
Gioundmass dominantlly conssls of phlogopite
and calcite.

Plate 42,1 Cenfnued. Foy = field of view 2L M = olivine macrocryst Ph M = phlogomtec macracrys:
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Appendix 2 Bter sample descriptions

NC 051; Barren Dyke, FOV ~20mm
Macrocrystic. Olivine macrociysts gre partially
altzred 1o serpenting. Groundmass  consists
dominantly of phlegopite  with  nterstitial
serpentine and subordinate calcide.

WG 052; Barren Dyke. FOY —=20mim.
Macrocrystic. Olivine macrocrysts are parfialiy
altered o serpenline. The groundmass consists
prmarily of phlogopite  with  =ubordinate
interstihal sepentine and minor calcite

NC 053; Barren Dyke FOW ~20mm.
Macrocrystic. Clivine macrooysts are fresh, wilh
only minor aleration 1o serpenting. Groundmass
consists  predominantly  of  phlogapite. with
interstitial serpentine and subordinate calcite,

NG 054; Barren Dyke . FOW - 20mim.

Coarsely macrocrystic. Qliving rmacracrysts are
fresh and commony Tragmented. Groundmass
containg ~-40% phlogopite in an interstingi matrx
of predomingntly serpentine and chlonte.

Plate A2.1 Continued. FOA = field of wew, QL M = olivine macrocryst Ph. M = phlogopite macrooeyst.
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Appendix 3

Sample preparation and analytical techniques

A3.1 Electron microprobe analyses

All the mineral compositions reported in Chapter 3 were determined from polished 30 um thick thin sections
on a Cameca Camebax 4 channel electron microprobe at the Department of Geological Sciences,
University of Cape Town. An accelerating voltage of 15kV and a beam current of 15nA were used. TLAP
(Na, Mg, Si, Al), LiF (200) (Fe, Ni) and PET (Ca, Ti, K, Cr) analysing crystals were used to detect X-ray
emissions from analyte elements. Counting times were 10s at peak and background positions, except Ni, for
which the counting time was 30s. Online data reduction was carried out according to the PAP procedurs.

A3.2 Powdering

=  Each sample was split into small (-5¢cm) pleces and weathered surfaces were removed using a
hydraulic splitter, and subsequently jaw-crushed into <1cm chips.

»  The jaw-crushed samples were hand picked to avoid mantle and crustal xenoliths and xenocrysts,
excessive alteration and secondary veins.

=  Only fresh, visibly uncontaminated, sample was then powdered in a carbon steel Sieb swing mill for 1
minute.

= As a test of the repeatability of the picking and subsequent analytical procedures, sample NC 008 was
hand-picked twice, to form two batches of visibly uncontaminated sample: NC 008a and NC 008b. These
two batches were treated as separate samples throughout all analytical procedures.

A3.3 Major element analyses

The concentrations of a range of major oxides in the Swartruggens and Star samples were determined
using X-ray fluorescence spectrometry, and CO, concentrations were determined using a Karbonat Bomb
as described below.

A3.3.1 X-Ray Fluorescence Specirometry (XRF)
= Approximately 2g of powdered sample were placed into porcelain crucibles and the exact weight

recorded.

= To determine the weight percentage of H,O" present in the samples, the crucibles containing sample
were left to dry in an oven at 110°C overnight, and subsequently weighed again.

=  Overnight the samples were then roasted at 850°C and reweighed to determine the weight percentage

lost on ignition (LOI).
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Appendix 3 Analytical techniques

= Fusion discs were prepared using precisely 0.7g of roasted sample and 6g of a Li,B4O, and LiBO, fiux,

using a Claisse fluxy.
¢  Prior to analysis, the samples were stored In a dessicator.

The concentrations of the major elements in the samples were determined by XRF spectromelry using a
Mo-Sc X-ray tube in a Philips X’Unique wavelength dispersive spectrometer at the University of Cape Town.
A low dilution fusion technique was used. Analytical errors and detection limits are similar to those reported
by le Roex et al. (1981) and Willis (1999). Comparative analyses of the two batches of sample NC 008,
prepared and analysed as separate samples are reported in Table A3.1.

Table A3.1 Comparison of the major element data (in wi %) obtained from two separately prepared batches of sample
NC 008, from the Swartruggens Muil Dyke. FeO* = total Iron; H20" = LOI - COy; Mg# = atomic Mg/(Mg + Fe®).

Sample NC 008a  NC 008b

SIO, 40.7 41.1
TO, 2.10 2.10
AlOs 7.03 7.10
FaO"* 10.2 10.3
MnO 0.14 0.14
Mg0 16.3 16.3
Cal 8.53 8.32
MNa;0 1.30 1.40
K20 2.01 207
P20s 0.82 0.82
SO 0.29 0.29
NIO 0.04 0.05
Cra04 0.15 0.14
HzO" 4.91 4.68
Lol 4.89 4.90
Total 99.4 99.7
€O, 0.78 0.59
H0* 4.11 4.31
| Mg# 0.79 0.79

A3.3.2 Karbonat bombe

The Karbonat Bombe is a simple instrument used for determining CO, concentrations of samples. It consists
of a plexiglass cylinder, containing a small plastic bucket, with a manometer attached to the screw-on lid.
The instrument and technique are described by Birch (1981).

= To calibrate the instrument, 1g pure CaCO; was placed in the plexiglass cylinder, and 5mi concentrated
HCI was poured into the small bucket. The bucket was then placed into the cylinder and the lid screwed on
tightly. The cylinder was subsequently shaken to allow the acid to come into contact with the CaCOQO;. Once
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Appendix 3 Analytical techniques

the entire CaCO; sample had reacted with the acid (1 to 2 minutes), a reading was taken from the
manometer. This was repeated using 0.5g CaCO;, and the resulting calibration is illustrated in Figure A3.1.
Separate calibrations were necessary for Swartruggens and Star as the analyses were carried out on
different occasions.

= 3-5g of sample powder was then weighed and placed in the cylinder, and concentrated HC| was added
as described above. The manometer reading was taken and the calibration lines illustrated in Figure A3.1
were used to determine the CaCOQ; concentration of the sample.

= CO, contents of the samples were then determined using stoichiometry.

* The instrument was thoroughly cleaned between analyses, and standards of 1g pure CaCO,; were run
after every 5 samples.

For samples containing greater than 5% CaCO;, the precision of this technique is approximately 2%, and for
samples containing less than 5% CaCO; precision is lower than 4% (Birch, 1981).

200 [ 200
r {a) Swartruggens r (o) Star
150 150 [
g 100 [ g 100 |
Q. 0.
50 - 50 |
r y = 150x F Yy =156x
0 ’ " 13 A ] I ] 2 i i ] A 0 » " i A i A ] i i Y K "
0 62 04 08 0S8 1 1.2 0 02 04 08 08 1 1.2
CaCO, ) CaCO; (p)

Figure A3.1 Calibration curves, calculated from standard data, for the pressure reading on the manometer relative to
. the CaCOs content of the samples for the Karbonat bombe for a) the Swartruggens samples, and b) the Star samples.
Two curves are necessary as the samples from the two localities were analysed on different days.

A3.4 Trace element analyses

The concentrations of 32 trace elements in the Swartruggens and Star samples were determined using
inductively coupled plasma mass specirometry (ICP-MS), and of 12 trace elements using XRF
spectrometry, at the University of Cape Town.

A3.4.1 X-ray Fluorescence Spectrometry (XRF)

¥ Using boric acid as a backing, 6g of the powderaed samples were pressed into briquettes under a 10-ton
press.

¢ Trace element concentrations were determined using a Philips X' Unique wavelength dispersive
spectrometer, at the University of Cape Town. An Au tube was used to determine the concentrations of Zn,
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Cu, Ni, Cu, Co, Cr and V, and a Rh tube {0 determine the concentrations of Nb, Zr, Y, Sr, Rb and U in the
samples. Analytical errors and detection limits are similar to those reported by le Roex ef al. (1981) and
Willis (1999). Calculated UCT data for the mafic standard JB-1, from Willis (1999), together with errors and
lower limits of detection are reported in Table A3.2. Recommended values from Govindaraju (1989) are
reported for comparison.

Table A3.2 Comparison of UCT data for the mafic standard JB-1 (Willlis, 1999) with recommended values from
Govindaraju (1988} ; Data in ppm. 10 = 1g error; LLD = lower limit of detection.

Sample ucr io LLD Recommended
Zn 84 0.4 0.9 83.0
Cu 55 0.5 1.1 56.3
Ni 139 0.7 1 138
Co 37 0.9 23 a7
Cr 408 1.5 2.0 469
v 193 1.4 3.0 212
Nb 28 0.2 0.5 35
Zr 152 0.2 0.4 143
Y 24 0.2 0.6 24.0
Sr 444 0.3 0.5 435
Rb 39 0.2 06 41
U 2.3 0.4 1.2 1.7

For comparison, the trace element concentrations, determined by XRF, of the two batches of sample NC
008, prepared and analysed independently are reported in Table A3.3.

Tabile A3.3 Comparison of the trace element data (in ppm) obtained by XRF from two separately prepared baiches of
sample NC 008, from the Swartruggens Muil Dyke.

Sample |NC 008a NC 008b

Zn 892.8 92.5
Cu 86.6 87.8
i 451 430
Co 67.7 65.6
Cr 1039 943
v 320 317
Nb 82 82
Zr 247 249
Y 12.2 121
Sr 915 904
Rb g7 97
U 3.1 3.6

Li
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A3.4.2 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
« 50 mg of powdered sample were weighed and dissolved in Teflon beakers using the procedure outlined

in Table A3.4.

Table A3.4 Outline of the dissolution procedure prior to ICP-MS analyses. *Stock solution contains 5% HNO3
and 10 ppb Re, Rh, in and Bl internal standards.

Reagent Volume (mis) Action
4 HF: 1 HNO; 4 Beakers sealed and placed on hotplate for 2 days to
allow sample to digest. Sample dried down.
Conc. HNO4 2 Samples dissolved and dried down on hotplate.

Sarnples dissolved and dried down on hotplate.
Beakers removed from hotplate.
Samples and stock solution thoroughly mixed in
ultrasonic bath for one hour.

Conc. HNO, 2

Stock solution® 4

= 50mi solutions were prepared by further dilution of the samples to 1000 times with the stock solution
(containing 5% HNO3 and 10 ppb Re, Rh, In and Bi internal standards). One drop of HF was added to keep
Ta in solution for the duration of the analyses.

ICP-MS analyses of 32 trace element analyses were carried out using a Perkin-Elmer ELAN 6000 ICP-MS
using multi element artificial standards. Total procedural blanks (TPB) were run with each batch of

Table A3.5 Average of analyses (in ppm) of total procedural blanks run with each batch of Swartruggens and Star
samples.

™PB ™8
Sc 0.0138 Nd 0.0012
v 0.0020 Sm 0.0004
Cr 0.0908 Eu 0.0002
Co 0.0036 Gd 0.0004
i 0.0138 Tb 0.0001
Cu 0.0245 Dy 0.0003
Rb 0.0022 Ho 0.0001
8r 0.0177 Er 0.0001
Y 0.0010 Tm 0.0001
Zr 0.0176 Yb 0.0001
Nb 0.0008 Lu 0.0001
Cs 0.0005 Hf 0.0047
Ba 0.0523 Ta 0.0121
la 0.0016 Pb 0.1570
Ce 0.0025 Th 0.0017
Pr 0.0003 u 0.0001

L



Appendix 3 Analytical techniques

Swartruggens and Star samples, and the average of these is reported in Table A3.5. With the exception of
Ta, internal repeat analyses of the international standard BHVO-1 have a relative standard deviation of
better than 3% (Table A3.6). The relative standard deviation for Ta is 3.5%. The current in-house UCT
average is compared with average BHVO-1 standard data for each batch of Swartruggens and Star sample
analyses in Table A3.6. For comparison the recommended BHVO-1 values of Govindaraju (1994) are
included.

Table A3.8 Average analyses in ppm of the intemational standard BHVO-1 obtained during each analytical session.
The current UCT In house average and recommended values are reported for comparison. * Recommended values are
from Govindaraju (1994); values in brackets are from Chazey |l et al. (2003). n = number of analyses; RSD = relative
standard deviation.

This work Current UCT In house | Recommended®
Average % RSD | Average % RSD

Sc 32 0.01 30.2 3.74 31.8
\'J 330 0.01 322 3.51 317
Cr 309 0.01 286 6.84 289
Co 45.0 0.01 45.1 2.68 45
i 124 0.01 117 4,65 121
Cu 148 0.01 142 2,85 136
Rb 9.33 0.01 9.54 3.40 11(8.3)
Sr 403 0.01 400 3.10 403
Y 240 0.01 244 2.58 27.6(24.4)
Zr 171 0.01 172 3.56 179 (172)
Nb 19.9 0.01 19.0 3.91 19
Cs 0.10 0.29 0.10 7.71 0.13
Ba 128 0.01 130 222 139
La 14.8 0.01 15.0 2.21 15.8
Ce 3rs 0.01 377 1.68 39
Pr 5.15 0.01 5.23 2.38 5.7
Nd 24.4 0.01 24.5 1.85 252
Sm 5.84 0.01 5.90 2.82 6.2
Eu 1.97 0.00 2.00 271 2.06
Gd 6.51 0.01 6.02 3.35 6.4
Th 0.95 0.00 0.88 3.07 0.96
Dy 5.23 0.00 5.01 2.33 5.2
Ho 0.94 0.00 0.92 2.68 0.99
Er 2.41 0.00 2.37 2.51 24
Tm 0.32 0.03 0.31 2.97 0.33
Yb 1.88 0.00 1.85 2.51 2.02
Lu 0.27 0.04 0.26 2.96 0.29
Hf 4.06 0.01 4.11 3.99 4.38
Ta 1.53 0.00 1.18 6.81 1.23
Pb 2.19 0.00 2.17 5.92 2.6(22)
Th 1.24 0.00 1.25 2.61 1.08 (1.22)
U 0.44 0.02 0.45 3.52 0.42
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Appendix 3 Analytical techniques

The ICP-MS data obtained by two separately prepared batches of sample NC 008 are reported in Table
A3.7.

Table A3.7 Comparison of the trace element data in ppm obtained by ICP-MS from two separately prepared batches
of sample NC 008, from the Swartruggens Muil Dyke.

Sample [NC-008a NC-008b

Sc¢ 231 22.9
\' 272 275
Cr 314 289
Co 527 52.3
NI 341 333
Cu 85.8 g7.0
Rb 97.8 99.0
Sr 940 936
Y 104 10.3
Zr 222 228
Nb 84.7 86.0
Cs 7.41 8.17
Ba 1690 1759
La §9.2 88.7
Ce 179 175
Pr 19.5 19.4
Nd 72.0 71.8
Sm 9.24 9.24
Eu 2.27 2.28
Gd 5.71 5.75
Tb 0.63 0.65
Dy 2.62 2.58
Ho 043 0.43
Er 1.04 1.03
Tm 0.14 0.14
Yb 0.84 0.83
Lu 0.11 0.11
Hf 5.39 5.43
Ta 3.85 3.89
Pb 16.3 15.6
Th 10.8 10.5
U 2.73 258

For comparison of the two techniques, certain trace elements (Cu, Ni, Cr, V, Nb, Zr, Y, Sr, Rb, U) were
analysed by both ICP-MS and XRF. For most elements the two techniques produce data that are in good
agreement with each other. However, although Nb data obtained by XRF and ICP-MS are comparable for
the Swartruggens samples (Figure A3.2a), a subset of samples have higher measured Nb concentrations
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when analysed by XRF relative to ICP-MS (Figure A3.2b). Samples SJH 37, JJG 6369, JJG 6362 from the
Wynandsfontein Dyke and JJG 4570 and SJH 101 from the East Star Dyke are most affected. This is
probably due to incomplete dissolution of Nb bearing phases during preparation of the samples for ICP-MS
analyses and Nb data obtained by XRF are therefore preferred and are reported in Chapter 5. Since Ta
shows similar geochemical behaviour to Nb, it is likely that Ta data obtained by ICP-MS for the above

mentioned samples are also low.

400 250
i + i
- (@) Swartruggens - (b) Star y=X
300 + y=x 200
g &
2 3 + £ b +
2 200 2 150 |
- +
= = hy
& & +
100 + 100
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Flgure A3.2 Comparison of the Nb data obtained by XRF and ICP-MS in (a) the Swartruggens and (b) the Star
samples. A subset of samples from Star have lower measured Nb contents when analysed by ICP-MS relative to XRF.

A3.5 Sr, Nd and Hf isotope determinations

Samples were prepared for Sr isotope analysis in the Department of Geological Sciences, University of
Cape Town. Hf and Nd sample preparation and all analyses were carried out at the Arthur Holmes Isotope
Geosciences Laboratory, Department of Earth Sciences, University of Durham,

A3.51 Sample dissolution

Strontium
100mg of each sample was weighed out and dissolved in Teflon beakers using the procedure outlined in

Table A3.8.

Once the samples were dissolved in 1mi 2.5M HCI they were transferred to centrifuge tubes and centrifuged
for approximately 15 minutes to separate any undissolved sample prior to loading onto the columns. 0.5mi
of the solution was then loaded onto primary cation exchange columns following the method of Hart and
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Table A3.8 Dissolution procedure prior to Sr separation.

Reagent Volume {mis) Action
4 HF: 1 HNO, 4 Beaker sealed and placed on hotplate for 2 days to
allow sample to digest. Sample dried down.
6.2M HCI 4 Sample dissolved and dried down
6.2M HCI 4 Sample dissclved and dried down
2.5M HCI 1 Sample dissolved.

Brookes (1977) outlined in Table A3.9. The columns are 19cm in height and 0.5¢m in diameter, and contain
Dowex AG S50WX-8 (200-400 mesh) resin.

Table A3.9 Separation procedure for Sr using primary cation exchange columns.

Reagent Volume {mis) Action Elements Eluted

2.5M HCI (Sample) 0.5 Loaded and eluted

2.5M HCI 1 Eluted

2.5M HCI 1 Eluted Bulk of sample

2.5M HCI 1 Eluted

2.5M HCI 23 Eluted

2.5M HCI 8.5 Collected Sr
Hafnlum and Neodymium

Full details of the dissolution and chemical separation procedures used at Durham University are reported in
Dowall et al. (2003b) and only summarised below.

Table A3.10 Procedure for the dissolution of silicate minserals.

Reagent Volume {mis) Action
16M HNO; 1 Beakers sealed and placed on hotplate at 120°C for
20M HF 4 24-48hrs. .
Sample dried down at <100°C until almost dry.
Beakers sealed and placed on hotplate at 100C
16M HNOQO; 1 overnight.

Sample dried down at <100°C

Beakers sealed and placed on hotplate at 100°C
12M HCI 2 overnight.

Sample dried down at <100°C

Beakers sealed.

1M HCI 1 Samples warmed on hotpiate for 30mins.
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Approximatiey 0.1grams of each sample was dissolved In Teflon beakers for Hf and Nd analyses using the
procedure outiined in Table A3.10.

Once samples were dissolved In 1ml of 1M HCI they were transferred to centrifuge tubes and centrifuged at
5000rpm for 15mins to remove any un-dissolved sample residue prior to loading on the 1 stage column.

Separation of Nd and Hf for mass spectrometric analysis was achieved using a two-column procedure as
outlined in Tables A3.11 and A3.12.

Table A3.11 Separation procedure for Hf and Nd using the 1% stage cation exchange columns.

Reagent Volume (mis) Actlon Elements Eluted
Loaded and Hf + other HFSE and 1 period
1M HCI (Sample) ! collscted transition elements

Hf + other HFSE and 1% period

1M HCI-1M HF 3 Collected o
transition elements
1M HCI-1M HF 13 Eluted Rb + bulk of sample
2.5M HCI 14 Eluted Sr + other alkaline elements
2M HNO; 10 Eluted Removes Ba
6M HCI 12 Collected Nd + other REE

The first 4mis collected from the 1* stage column (Table A3.11) were dried down and re-dissolved in 1mi of
0.26M H.S0, — 5% H:0, prior to loading on the 2™ column. The Nd fractions were dried down and
dissolved in 1ml 3% HNOQ; ready for mass spectrometric analysis.

Table A3.12 Separation procedure for Hf and Ti on the 2™ stage anion exchange column.

Reagent Yolume (mis) Action Elements Eluted
0.26M H,S04 ~ 5% H,0, 1 Loaded and eluted Ti
0.26M H,S0, — 5% H,0, 4 Eluted Ti
1M HF — 2M HCI 5 Collected Hf + Zr

The Hf fractions collected from the second stage anion exchange column (Table A3.12) were dried down on
a hotplate at 100°C until the bulk of the solution had evaporated. The hotplate was then increased to 230°C
to evaporate residual concentrated H,SO,. The samples were then re-dissolved in 1ml of 3% HNO; —
0.04%HF ready for mass spectrometric analysis.
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A3.5.2 Mass Spectrometry

All samples were analysed at the Arthur Holmes Isotope Geosciences Laboratory, Department of Earth
Sciences, University of Durham, using a ThermoFinnigan Neptune Plasma lonisation Multi-collector Mass
Spectrometer (PIMMS). Details of the Durham Neptune and its long-term performance can be found in
Nowell et al. (2003). Specific details of the analytical methods for each element are given below.

Strontium:

Sample introduction

Samples, dissolved in 1ml of 3% HNO;, were naturally aspirated using an Elemental Scientific Inc (ESI)
PFAS50 microflow nebuliser, operating at an uptake rate of approximately 75ul min™, coupled to an ESI dual
cylonic-Scott Double Pass spraychamber.

Washout

Each analysis was followed by a minimum 5 minute washout with 3% HNO3 and until **Sr intensity levels
out at <4mV. A 10ul aliquot of Iso-propyl Alcohol (IPA) was used if **Sr intensity not reduced to <4mVwith
3% HNO;.

Cup configuraion
Cups were configured for analyses as reported in Table A3.13.

Table A3.13 Cup configurations for Sr isotope analyses. Isotopes in italics were monitored for interference corrections
on Sr.

Low 4 Low 3 Low 2 Low1 Axial High 1 High 2
2Ky SKr ¥sr “Rb *sr ¥sr ®sr

Method

1 block of 50 cycles, 4 second integration time per cycle. All cup efficiencies set at 1. Mass bias correction
with ®Sr/*°Sr = 8.375209 (equivalent to **Sr/**Sr = 0.1194), applying an exponential law. *Kr or Kr and
®Rb used for corrections of *Kr and *Kr and ¥Rb on *Sr, %Sr and *Sr respectively using the method
outlined in Nowell f al. (2003).

Hafnlum

Sample introduction

Samples, dissolved in 1ml of 3% HNO; — 0.04%HF, were naturally aspirated using a CETAC Aridus
desolvating nebuliser with uptake rate of approximately 80ul min™.

Washout

Each analysis was followed by a minimum § minute washout with 3%HNO; ~ 0.04%HF and until '*°Hf
intensity levels out at <2mV. 2 minute IPA washout was also used to dry-out the spraychamber and
desolvation membrane if "®°Hf intensity not reduced to <2mV with 3% HNO; ~ 0.04% HF.
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Cup configuration
Cups were configured for analyses as reported in Table A3.14

Table A3.14 Cup configuration for Hf isotope analyses. Isotopes In italics were monitored for interference corrections
on Hf.

Low 2
175Lu

Low 4
172Yb

Low 3
173 Yb

Axial
177Hf

Low 1
176Hf

High 1
176Hf

High 2
: 179Hf

High 3
180Hf

Method

1 block of 50 cycles, 4 second integration time per cycle. All cup efficiencies set at 1, Mass bias correction
with "°Hf"""Hf = 0.7325, applying an exponential law. 'Yb or "°Yb and "®Lu used for the off-line
correction of "®Yb and "®Lu on ""°Hf respectively using the procedure outlined in Nowell and Parrish (2001)

Neodymium:

Sample introduction

Samples, dissolved in 1mi of 3% HNO;, were naturally aspirated using an ESI PFAS0 microfiow nebuliser,
operating at an uptake rate of approximately 75yl min™', coupled to an ESI dual cylonic-Scott Double Pass
spraychamber.

Washout
Each analysis followed by a minimum 5min washout with 3% HNQO,.

Cup configuration
Cups were configured for analyses as reported in Table A3.15.

Table A3.13 Cup configuration for Nd isotope analyses. Isotopes in italics were monitored for interference corrections
on Nd,

Low 4 Low3 Low 2 Low1 Axtlal High 1 High 2 High 3 High 4
142Nd 143Nd 144Nd 145Nd 146Nd 147Sm J“Nd 14ﬂsm 150Nd
Method

1 block of 50 cycles, 4 second integration time per cycle. All cup efficiencies set at 1. Mass bias correction
with “*Nd/"*Nd = 2.071943 (equivalent to the more commonly used "“*Nd/"*Nd of 0.7219), applying an
exponential law. *’Sm and *°Sm used for the off-line correction of ***Sm, *Sm and '®Sm on "Nd, "*Nd
and "Nd respectively using the procedure outlined in Nowell and Parrish (2001)

Standards and Instrument reproducibility

Appropriate isotopic standards were run repeatedly at the beginning of each analytical session, prior to
running any samples, and at regular intervals throughout the session to check for instrument reproducibitity
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and any sample memory effects. Standards used were NBS 987, J&M and JMC 475 for Sr, Nd and Hf
respectively. Table A3.16 gives the accepted ratios for each of the isotopic standards.

Table A3.16 Accepted values for isotoplc standards. * value equivalent to a La Jolla intemational Nd standard value of
0.511886.

Standard Ratlo Accepted value Reference

NBS 987 ¥srPsr 0.71024 Thirlwall (1991)

J&M “Nd/"*Nd 0.511110* Nowell et al. (in press)
JMC 475 L TTHE 0.28216 Nowell et al. (1998)

Since the Nd isotopic composition of the samples was determined from a total REE cut from the 1* column,
Ce and Sm, which both have atomic interferences on Nd, are present in the sample. No comrection was
made for Ce but it was essential to correct for “*Sm, "*Sm and 'Sm on "“Nd, "“®Nd and Nd,
respectively. All atomic interference corrections were done using the method of Nowell and Parrish (2001).
To assess the accuracy of the Sm correction algorithm Sm-doped J&M standards were run, in addition to
pure J&M standards.

Average values for isotopic standards measured during each analytical session are reported in Table A3.17.
All sample isotope data reported in Chapter 6 has been normalised using the accepted standard values and
the average values measured during the relevant analytical session.

Table A3.17 Average ratios for Isolopic standards analysed during each analytical session. * includes both pure and
Sm-doped standards.

Standard and date Average 2SE n
NBS 987 Sr:
09/07/03 0.710266 0.000009 11
12/08/03 0.710264 0.000010
*J&M Nd:
03/02/03 0.511085 0.000013 9
22/07/03 0.511103 0.000007 7
JMC 475 Hf:
02/01/03 0.282144 0.000003 7
23/07/03 0.282145 0.000002 10




Appendix 4

Country rock analyses

Samples of the host shales of the Swartruggens and Star kimberlites were analysed for their major element
{by XRF) and trace element (by XRF and ICP-MS) concentrations as described in Appendix 3. Data are
reported in Table Ad.1.

Table A4.1 Major and trace element abundances of the host shales of the Swarlruggens and Star kimberlites. Major
oxide data in wt %, trace element data in ppm. ** = trace elements analysed by XRF, all other trace elements analysed

by ICP-MS,
Swartruggens Star Swartruggens Star

$i0, 60.9 57.7 Sr 153 280
TiO, 0.60 0.68 Cs 11.2 142
Al2 03 20.3 15.2 Ba 493 859
F8,03 7.45 6.57 Pb 31.1 31.0
MnO 0.03 0.11 Y 21.5 23.0
MgO 2,03 5.36 Zr 172 191
Ca0 0.40 1.69 Nb** 17.0 44.6
Nax0 0.47 1.55 Hf 4.75 6.14
K20 3.01 3.94 Ta 1.87 1.44
P20s 0.09 0.18 Th 22.3 13.3
80, b.d. 0.02 U 4.72 4,22
NIiO 0.01 0.01 La 38.6 355
Cr20s 0.01 0.01 Ce 80.4 71.1
H:0O 0.27 1.88 Pr 8.48 8.40
Lol 3.92 4.56 Nd 314 32.2
Total 994 994 Sm 5.35 5.95

Eu 1.02 1.20
Sc 126 12.6 Gd 4.50 5.10
\Y 97.5 145 Th 0.67 0.78
Cre* 119 62.2 Dy 3.99 4.34
Co 144 15.0 Ho 0.81 0.83
Ni** 56.6 54.9 Er 2.29 2.14
Cu 385 44.4 Tm 0.36 0.28
Zn** 93.8 111 h{:] 2.39 1.77
Rb 166 175.7 Lu 0.37 0.27
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