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ABSTRACT

Eighteen Jurassic to Cretaceous South African kimberlites representative of group 1, group Ii and
transitional varieties that have been emplaced through both the Archean Kaapvaal craton (on-craton)
and Proterozoic Namaqua-Natal belt (off-craton), have been selected for a comparative study aimed at
characterising their geochemistry and source region compositions, as well as understanding the

petrogenetic processes that have affected them.

The petrography of the analysed kimberlites is similar to typical group | and group I kimberlites,
characterised by deformed and anhedral olivine and phlogopite macrocrysts, with more subhedral to
euhedral olivine and phlogopite phenocrysts and microphenocrysts, set in a groundmass of mostly
serpentine, calcite and phlogopite (group | kimberlites), or calcite, serpentine, phlogopite and diopside
(group Il kimberlites). The transitional kimberlites tend to show intermediate characteristics, with the
on- and off-craton transitional kimberlites showing more similarity to group | and group Il kimberites,

respectively.

Bulk-rock geochemical analyses of hypabyssal kimberlite samples reveal some systematic differences
between kimberlite varieties; MgO content and Mg-numbers between kimberlites tend to be
comparable, although SiO, and KO contents are higher and TiO, concentrations lower in group li
kimberlites, compared to group | kimberlites. Si0, and MgO concentrations of transitional kimberiites
span the ranges for group | and group Il kimberlites, but TiQ,; and KO contents tend to be
intermediate. Off-craton group | kimberlites tend to lower SiO, and MgO but higher FeO*, TiO,, Ca0
and CO, than their on-craton counterparts, although still broadly falling within the on-craton group |
kimberilte fleld. These varied characteristics between on and off-craton group | kimberlites are argued
to be controlled by the refractory nature of kimberlite source regions, as well as the depth/pressure of
partial melting. No systematic geochemical differences have been identified between on- and off-
craton group il kimberlites, whereas for the transitional kimberlite group on and off-craton transitional
kimberlites have more in common with group | and group il kimberlites, respectively.

All kimberlite varieties are enriched in both the compalible {(e.g. Ni, Cr) and incompatible trace
elements (e.g. Th, Nb, REE), with the group Il kimberlites tending to higher Rb, Ba and Pb, but having
distinctively lower Nb and Ta than group | and fransitional kimberlites. Chondrite normalised REE
profiles are steep with very enriched light REE and only moderately enriched heavy REE contents.
Light REE patterns of group Il and transitional kimberlites also tend to be steeper (higher La/Sm) and
heavy REE patterns flatter (lower Gd/Yb), than for group | kimberlites. Superimposed upon the
relatively smooth, yet steep primitive mantle normalised patterns of kimberlites are distinct negative
Rb, K, and Ti, and more subdued negative Sr and Hf, as well as Nb (group Il kimberlites) anomalies,



that vary in magnitude between kimberlite groups and are argued to be unrelated o alteration or
crystal fractionation processes.

The analysed group | kimberlites are characterised by radiogenic "“*Nd/'*Nd and unradiogenic
¥75r/®°Sr ratios, whereas group Il kimberlites have unradiogenic ***Nd/'*Nd, but radiogenic ¥sr/*®sr.
Transitional kimberlites are characterised by intermediate ratios and provide a continuum to the
kimberlite isotope array, with the on-craton kimberlites showing more similarity to group | kimberlites,
in confrast to their off-craton counterparts that are more similar to group ! kimberlites. In addition to
these intermediate isotopic characteristics, other major elements (e.g. K0, TiO;) and trace element
ratios {e.g. La/Nb, Ba/Nb, Th/Nb) suggest that the transitional kimberlites are derived from mixed
group | and group 1l kimberlite source regions.

The bulk-rock geochemistry of the analysed kimberlites is highly variable and may be affected by
alteration, crustal contamination, macrocryst entrainment and fractional crystallisation, but by careful
evaluation the effects of these processes on kimberlite geochemistry can be recognised, and where
necessary, corrected. Consequently, close-to-primary magma compositions have been constrained for
virtually every kimberlite. Group | kimberlites have Mg-numbers = 0.82-0.87, ~22-27 wt% MgQ , ~21-
30 wi% SiO,, ~10-17 wi% CaO, ~0.2-1.7 wi% KO and ~660-1190ppm Ni. Close-to-primary magmas
of group Il kimberlites have Mg-numbers = 0.86-0.89, ~23-29 wi% MgO, ~28-36 wit% Si0,, ~0.8-1.4
wit% TiO,, ~590-1410ppm Ni and ~1560-2290ppm Cr.

Compositions of source regions in equilibrium with close-to-primary group | and group Il kimberlites
have been calculated by using equations for non-modal batch melting and assuming low degrees of
partial melting (F = 1%) of a metasomatised gamet lherzolite. Varying REE ratios indicate that the
residual mineralogy differs between group | and group Il kimberlites, with the sources of the latter
being more highly metasomatised, having more residual clinopyroxene and less residual garnet than
the former. Predicted source region compositions are more enriched in the light REE than the heavy
REE relative to chondrite ((La/Sm)y = 2.3-7.0; (La/Yb)y = 1.9-28). Residual accessory phases (e.g.
phiogopite) are argued {0 be absent during partial melting and therefore characteristic trace element
anomalies on primitive mantle normalised patterns of close-to-primary kimberiltes, appear o be
intrinsic features inherited from their source regions.

High Mg-numbers and compatible trace element contents, as well as fractionated heavy REE patterns
indicate kimberlites are derived from previously melt-depleted sources, postulated to be located within
the subcontinental lithospheric manile. Source regions are also characterised by subseguent
metasomatic enrichment In the light REE and other highly Incompatible elements, but the timing,
nature and extent of enrichment are the key differences between group | and group il kimberlites. The
similarity of isotope ratios (*'Sr/*°Sr, eNd) and diagnostic trace element ratios (Ce/Pb, Nb/U, La/Nb,
Ba/Nb) of group | kimberlites to ocean island basalts, as well as Nd model ages indicative of recent
enrichment (Tyg = 0 - 700Ma), are consistent with the sources of group | kimberlites being enriched by



asthenospheric melts/fiuids associated with the passage of a mantie plume/s beneath southern Africa
during the Mesozoic. In conirast, diagnostic trace element ratios of both on- and off-craton group li
kimberlites are unlike group | kimberlites or ocean island basalts, but show more similarity to calc-
alkaline basalts, particularly in their Nb and Ta depletion. it is suggested that both the Archean and
Proterozoic lithospheric sources of group Il kimberliles have been metasomatised by meltsfMuids
associated with subduction, and that metasomatism of the source regions is unrelated to any mantie
plume upwelling. However, the mantle plumes beneath southern Africa during the Mesozoic, may
have contributed a heat source for partial melting and group Il kimberlite production. Group il
kimberlites are also characterised by time integrated Rb/Sr and Sm/Nd ratios indicative of more
ancient enrichment (Tng = 600-1300Ma). Minimum Nd model ages indicate that the sources of group I
kimberlites were likely enriched prior to Mesozoic Gondwana break-up and after the formation of the
Proterozoic mantle beneath the Namaqua and Natal belts. It is therefore possible that the source
regions of group Il kimberlites may have been enriched by melts/fluids associated with multiple
subduction and accretion events during the Kibaren Namaqua-Natal orogeny, that percolated upwards
and metasomatised both Proterozoic and Archean kimberlite source regions.

ifi
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CHAPTER |
INTRODUCTION

1.1  Definition and classification of kimberlite

Ever since the discovery over a century ago that kimberlite is the host rock to diamonds (Bonney,
1899), this volumetrically insignificant alkaline rock type has received an abundance of attention in
unraveling the wealth of information that it carries. Valuable studies have been performed on the
kimberlites themselves (e.g. le Roex ef al,, 2003; Tainton & McKenzie, 1994, Fraser & Hawkesworth,
1992; Smith, 1883a; Clement, 1982; Alisopp & Barrett, 1975; Wagner, 1914), as well as on the suite of
mantle peridotites, eclogites, megacrysts, diamonds and crustal xenoliths that they may entrain {e.g.
Schmitz & Bowring, 2004; Hops ef al.,, 1992, Gumey, 1990; Richardson et al., 1984; Hatton, 1978,
Boyd, 1973), and have contributed to the understanding of the evolution of the underlying crust and

mantle.

Wagner {1914) first recognised the existence of two petrographic types of kimberlite in southern
Africa, namely basaltic and lamprophyric {micaceous) kimberlite, according to the relative abundance
of mica phenocrysts present. Subsequently, Smith (1983a) demonstrated that these two broad
distinctions of kimberlite could be classified according to their Sr, Nd and Pb isotopes. Group |
kimberlites (basaltic) are slightly depleted relative to present day Bulk Earth, show similarity to ocean
istand basalts (OIB) and have been associated with a sublithospheric source (Smith, 1983a). Group 1l
kimberlites (micaceous), are relatively enriched with radiogenic ®Sr/*°Sr ratios and unradiogenic
3N/ *Nd ratios, that require ancient enriched sources with high Rb/Sr and Nd/Sm, and have been
associated with the subcontinental lithospheric mantle (Coe, 2004; Tainton, 1992, Fraser &
Hawkesworth, 1992; Smith, 1983a). A third, minor transitional group of kimberlites has also been
recognised, which has isotopic and petrographic characteristics intermediate to group | and group
kimberlites (Clark, 1994; Skinner ef gl., 1992; Skinner, 1988).

Although the classification of kimberlite varieties into groups based on isotopic characteristics is

relatively simple, the classification and definition of kimberlite groups according to petrographic

characteristics is more debatable. Following the widely quoted dsfinition of Clement ef al. (1884),

subsequent revisions have been made (e.g. Woolley et al., 1996) and currently, two separate .U.G.S.

characterisations exist for group | and group Il kimberlites (le Maitre, 2002). Some key aspects of the

1.U.G.S. characterisation of group | kimberlites are (le Maitre, 2002).

). Group | kimberlites are ultrabasic, potassic, volatile-rich (mostly CO,) igneous rocks.

ii). Group | kimberlites are typically inequigranular in texture, due to the presence of macrocrysts
set in a finer grained matrix.

iii}. Serpentinisation and carbonatisation reactions may have affected the kimberlite.



Chapter 1. Introduction

iv). Kimberlites may entrain mantle xenoliths and xenocrysts as well as crustal xenoliths.

Many similarities exist between the characterisations of group | and group Il kimberlites, but there are
also a few crucial differences since group Il kimberlites (also known as “orangeites”; Mitchell, 1985)
show some features similar to lamproites (le Maitre, 2002; Tainton, 1992). Some of the essential
differences recognised in group Il kimberlites are (ie Maitre, 2002):

i). Group I kimberlites are ultrapotassic, peralkaline volatile-rich (mostly H,O) rocks.
ii). Group Il kimberlites may also be evolved (characterised by groundmass sanidine and K-
richterite).

Kimberlite intrusions occur as small pipes with allied dykes, dykes with associated blows, and less
commonly, sill complexes (Dawson, 1980). Typical southem African kimberlite pipes are steep sided
(80°-85°%) with a “carrot-like” shape and consist of three zones; crater, diatreme and root zone
{Clement & Skinner, 1985; Hawthorne, 1975). Due to the high volatile content of kimberlites,
emplacement of the volcanic pipes is thought to have been rapid. One field of thought regarding the
details of kimberiite emplacement, calis upon multiple intrusive events beneath a cap rock, followed by
explosion triggered by the build up of degassing volatiies with subsequent fluidisation (Clement, 1982,
Dawson, 1980). An alternate school of thought advocates kimberlite explosion triggered by the
interaction of magmatic kimberlite with ground water (Lorenz et al., 1999; Lorenz, 1975}, although it is
likely that both processes are operational during kimberlite emplacement (Fleld & Scolt Smith, 1999).
The majority of South African kimberlite pipes have been deeply eroded and only portions of the
diatreme and root zones are still present (Hawthorne, 1975). The zones are classified by their
respective type of pipe infill (Clement & Skinner, 1985), namely epiclastic or pyroclastic kimberlite
(crater zone), tuffisitic kimberlite (diatreme zone) and hypabyssal kimberiite {root zone). Hypabyssal
kimberite can be further classified according to mineralogical criteria, based on the relative
abundance of the five most common mairix minerals; serpentine, calcite, monticelliite, phiogopite and
diopside (Skinner & Clement, 1977). Mineralogical classification schemes of hypabyssal kimberlite
ignore the presence of macrocrysts in the kimberlite, since the predominantly olivine and phiogopite
macrocrysts are thought to represent disaggregated mantle peridotite (le Roex ef &/, 2003, Shee,
1985; Clement ef al., 1984).

1.2 Distribution and emplacement of kimberlites in southern Africa

Kimberlites have been found both on stable Archean cratons and Proterozoic platforms, unlike other
alkaline igneous rocks that may also occur on active tectonic margins (Dawson, 1980). Group |
kimberlites have been recorded in most continents, but group Il kimberlites appear to be confined to
the vicinity of the Archean southern African Kaapvaal craton. The uniqueness of group Il kimberlites
would suggest that they are derived from source regions specific to southern Africa. South African
transitional kimberlites occur dominantly in the Proterozoic mobile belt (Skinner et al, 1992) and
similarly, Venezuelan transitional kimberlites are intrusive through Proterozoic granitoids (Kaminsky et
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al., 2004). However, transitional kimberlites have also been recognised on numerous other Archean
cratons such as the Sao Francisco craton (Brazil; Bizzi, 1995), Kola-Kuloi craton (Russia; Beard et al.,
2000), Sino-Korean craton (China; Tompkins et al,, 1999), Karelian craton (Finland; O'Brien & Tyni,
1999) and the Slave craton (Canada; Dowall et al., 2003).

Abundant kimberlite fields exist on the Kaapvaal craton and many have been extensively studied and
mined in the past due to the presence of diamond xenocrysts (Clifford, 1966). Several off-craton
kimberlite fields, intrusive through the Proterozoic Namaqua-Natal mobile belt, have been recognised
in southern Africa and most tend to host typical group | kimberlites (e.g. East Griqualand kimberlites;
Nixon ef al., 1983 and Gibeon Kimberlites; Janse, 1975), except for the Central Cape Province or
Prieska Province kimberiites that consist of group |, group |l and transitional kimberlites (Clark, 1994;
Skinner of al,, 1992; Robey, 1981).

Ages of group | kimberlites in southern Africa are variable from the 1600Ma Kuruman kimberlites
{Bristow of af., 1986) to the 72Ma Gibeon kimberlites {Davies ef al., 2001), with a peak in intrusive
activity at 80-90Ma In the Cretaceous (e.g. Kimberley kimberlites). In contrast to group | kimberlites
that show no obvious age distribution relationships, group Il kimberlites have a sublinear age
progression, younging from northeast to southwest. The oldest group II kimberlite, Dokolwayo (200Ma;
Alisopp & Roddick, 1984) and youngest group |l kimberlite, Eendekuil (110Ma; Allsopp, Unpubl. in
Skinner, 1988), have emplacement ages that broadly coincide with the opening of the Indian and
South Atlantic Oceans (180Ma and 130Ma; Storey, 1995), respectively, and suggest association with
Gondwana breakup (Skinner, 1988).

1.3  Petrogenesis of kimberlites

in the past, studies of kimberlite geochemistry have generally been focused on characterising the
major element geochemistry (Shee, 1885; Clement, 1882; Fesq ef al, 1975), trace element
gaochemistry (Smith ef al., 1985b; Wedepoh! & Muramatsu, 1979) or isotope geochemistry (Fraser ef
al., 1985/86; Smith, 1983a; Barrett & Berg, 1975). Only recently has an effort been made t0 maximise
the use of trace element geochemistry, with a view (o constraining petrogenetic processes and the
evolution of kimberlite source regions (Chalapathi Rao ef &l, 2004; Coe, 2004, Harris ef &/, 2004; le
Roex et al,, 2003; Beard of &/, 1998; Tainton, 1992; Fraser & Hawkesworth, 1992). These studies
have shown that the SIO.,poor and MgQO-rich kimberlites are characteristically enriched in both
compatible and incompatible trace elsments and that their geochemistry is highly variable. Some of
the observed variability is due to the influence of secondary processes; alteration, crustal
contamination and peridotite entrainment, hence the common reference to kimberlites as hybrid rocks
(Mitchell, 1986; Dawson 1980). However, it has been shown that with careful study these secondary
effects can be accounted for‘ and close-to-primary kimberlite magma compositions obtained (Cos,
2004; Harris of al.,, 2004; le Roex ef al,, 2003). Semi-quantitative genetic models argue for derivation
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of kimberlite by very low degrees of partial melting of metasomatically enriched, previously melt-
depleted, lithospheric garnet peridotite (le Roex et al,, 2003; Tainton & McKenzie, 1994).

The nature of kimberlite experimental studies has been to characterise the behaviour of natural or

synthetic kimberlile and lamproite magma pressures and tsmperatures. Aside from the

procedural problems encountered during iments {8.g. systems are Fe-free and use a Co

analogue for Fa, Ringwood ef al,, 1992), th izs performed on group | and group I kimbarlite
and lamproite compositions have still contributed to the understanding of kimberlite melting relations.
Proposed kimberlite source regions have varied from gamet peridotite (Ulimer & Sweensey, 2002,
Dalton & Presnall 1998a), gamelile (Edgar & Charbonneau, 1983} to clinopyroxens and mica-rich
veing (Foley, 1992a, b), since some authors have preciuded the presence of olivine (Gimis ef al,
1995; Foley, 1882a) and orthopyroxene {Miichall, 2004; Edgar & Charbonneau, 1993) in kimberiiie
source regions. Although Ringwood ef 2 precluded the existence of gamet in kimberiite

source, this argument was later refracted by Kesson ef al. (1994), who established the presence of

garnet just below the kimberite liguidus, However. Ulmer and Sweeney (2002}, Dalton and Presnall
{1998a) and Canil and Scarfe (1980) have shown that ldmberlite-like magmas can be produced by low
degree melling of carbonated garmet peridotite, and their experiments are of interest since they utilise
the “solidus ledge”™ of Wyllie (1980). The invariant point and associated solidus ledge in the peridotite-

CO,HO system cause the orysialisation of eits and the subseguent production of a CO, -rich

vapour, which is then free lo percolate
soyrce regions (Wyille, 1880).

Diamonds enirained by many on-craton kimberlites provide an astimate for the minimum pressure of
kimberlite origin (> 4.5GPa; kennedy & Kennedy, 1978). Similarly, geothermobarometry of mante
xenoliths entrained by kimberites (e.g. Brey & Kohler, 1990} provide estimates of upper mantle
conditions reflested in both on-craton (Finnerly & Boyd, 1987) and off-craton (Bovd ef al,, 2004, Bell of
al., 2003} kimberlites that broadly coincide
Nyblade & Pollack, 1883). Sweeney and 2
kimberiite magmas between § and 140Pa using partial melting models based on WKimberlite maior

ates of heat flow in Archean terraing (41m%§m ;

ar {1999) have suggesied segregation depihs for

glement geochemistry. Experimental studies on group 1 and group il kimberlite compositions also
suggest derivation of kimberlites from between 4 and 10GPa (Umer & Sweenay, 2002; Dalton &
Presnall, 1988a; Yamashita ef al., 1995, Edgar & Charbonneau, 1893; Canil & Scarle, 1990), although
Ringwood and coworkers {(Kesson ef al., 1884, Ringwood of &/, 18982) favour a deeper origin in the
fransition zone for group | Kimberlites (400-850km; 10-18GPa), bassed on the presence of majoritic
garmet inclusions in diamonds from the group | Monastery kimberiite (Moors & Gurmney, 1885)
Haggerty (1994) has argued for an even deeper source from the core-mantle boundary for proto-
kimberlite magmas, although more recent research using the W isolope system challenges this

possibility, since kimberlites show no evidence for a core contribution (Scherstén et al., 2004).

14
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However, these estimates provide few constraints on whether kimberlite source regions are located
within the subcontinental lithospheric manile or the sublithospheric mantle. The characleristic
geochemical signature of group Il kimberlites require derivation from a source that had experienced
meli-depletion in the garmnet stability field with subsequent ancient metasomatic enrichment (Coe,
2004; Tainton & McKenzie, 1994). It has been postulated that in order to maintain these geochemical
heterogeneities, the source region must have been isolated from the convecting mantle and therefore
a subcontinental lithospheric source has been proposed for group Hl kimberlites (Coe, 2004; Tainton &
McKenzie, 1994; Fraser & Hawkesworth, 1992; Smith 1983a). le Roex ef al. (2003) and Harris ef al.
(2004) have argued for a similar source reglon for group | kimberlites, except with a sublithospheric
irmprint from plume derived melts/fluids, which give rise to the OIB-like geochemical character of these
kimberlites. However, Os isotopic characteristics of both group | and group Hl kimberlites show
similarities to OIB (Pearson ef al,, 2003; Pearson ef &/, 1995), in contrast to the Hf isotopic signatures
of kimberlites that require ancient source regions (Nowell of al,, 2004, Dowall ef al., 2003; Nowell of
al., 1998). The favoured model of Nowell ef al. (2004) and Dowall ef al. (2003) is that group |, group Il
and transitional kimberlites share a common sublithospheric source region with minimal contribution
from the subcontinental lithosphere.

The correlation of kimberlite age distribution relationships has led various authors to suggest the
influence of mantle plumes in Kimberlite generation (Heaman ef al,, 2004; Haggerty, 1994, le Roex,
1986; Crbugh ef al., 1980), with relevance in southern Africa since group I kimberlites correlate with
the paleo-track of the South Atlantic Shona plume (le Roex, 1986). The roughly sublinear distribution
of kimberlites in southern Africa has aiso led McCandiess (1998) after Sharp (1974), to suggest that
the presence of subducted oceanic lithosphere could be a trigger for kimberlite gensration and that
kimberlites are products of deep-seated melting of subducted oceanic lithosphers. More recently,
Kaminsky et al. (2004) have proposed that the characteristic geochemistry of Venezuelan {ransitional
kimberlites and the existence of a dominant eclogitic component in diamonds from the Guaniamo
kimberlites, are evidence that the kimberlites likely formed from melting of subducted oceanic crust.
Alternatively, kimberlites may form from partial melting of source regions metasomatised by volatiles
released from the underlying subducted oceanic slab (Helmstaedt & Gurney, 1884).

Kimberlite, carbonatite and alkaline magrmatism in Africa has been episodic and Bailey (1993) related
this episodic activity to the effect of external forces acting upon the lithosphere. Kimberlite magrmatism
is then a result of stress release along zones of pre-existing lithospheric weaknesses (Bailey, 1993).
Similarly, localised melting slong a rift associated with Gondwana breakup has also been advocated
as a possible explanation for group I kimberlite generation (Phillips et al., 1998). The variety of
hypotheses for kimberlite genesis and the location of kimberlite source regions, suggest that further
research into kimberlite petrogenesis can only be of benefit.
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1.4 Implications of kimberlite research and objectives of this study

Kimberlites are rocks with probably the deepest origin of all alkaline magmas and this has the power

to provide understanding of deep mantle processes. Their unigue ultramafic, potassic and volatile-rich

character, with enrichment in compatible and incompatible frace elements suggests derivation from
complex source regions. Kimberlite research is therefore aimed at understanding the evolution of
these distinctive source regions with the following objectives in mind:

i) Te characterise and compare the geochemistry of source region compositions for group |,
group Il and transitional kimberlites, with particular emphasis on trace elements.

ii). To evaluate the effect of different aged mantle terrains on the geochemistry of group |, group il
and transitional kimberiites and determine whether the geochemical characteristics of
kimberlites that have intruded through the Archean Kaapvaal craton (on-craton kimberlites) or
through the Prolerozoic Namaqua-Natal mobile belt (off-craton kimberlites) show any
significant similarities or differences, that can be related to understanding of petrogenetic
processes and timing of enrichment events.

iii). To evaluate the possible causes of kimberlite source region enrichment (metasomatism) with
reference to the source of metasomatic melts/fuids.

in order to reach these objectives, close-to-primary magma compositions for individual kimberiites
analysed in this study are determined, once the effect of various secondary processes and fractional
crystallisation has been evaluated. Semi-quantitative modelling of kimberite genesis and source
geochemistry is then used fo evaluate source region characteristics and evolutionary processes,
before an integrated model describing the petrogenesis of selected group |, group Il and transitional
kimberlites is developed.



2.1 Introduction

Given that kimberlites In this study have Intruded through either Archean or Proterczoic basement, the
geological history of southern Africa is briefly explored, since some of the major geclogical events that
have occurred, may have played a key role in the evolution of kimberlite source regions and the .

[

arlite. The following is therefore a

sarberton Greenstone belt (3.2-3.5Gs;
Armstrong ef al, 1990} and the Anclent Gneiss Complex in Swaziland (3.2-3.6Ga; Krdner &
Tegimeyer, 1984). These rocks record the separation of the continental lithosphere from the mantle
and its early stabilisation during the period ~3.7-3.1Ga (de Wit ef af,, 1992). The second stage of the
development of the Archean craton during the period 3.1-2.6Ga (de Wit ef al., 1992), is marked by
extension and sedimentation as well as widespread graniloid emplacement (Tankard ef al, 1982).
Volcanic rocks from the Dominion Group and Ventersdorp Supergroup were likely formed during
periods of extension, whereas subtidal and fluvial sediments from the Witwatersrand Bupergroup and

formed in an epeiric environment.
Extrusion of the Roolberg volcanic rocks wa wad by intrusion of the Bushveld lgneous
8, 2 ~70km wide up-domed structure
old & Gibson, 1996). Prior to the
intense orogenic activity that sutured the 5 to the Kaapvaal craton, was a
peariod of deposition marked by alternating se ts and voleanic rocks from various tectonic settings
around the Kaapvaal Craton and preserved in the Palaeoproterozoic Waterberg, Soutpansberg,

Umkondo and Matsap Groups (Tankard ef &f,, 1882).

The Namaqua and Natal Mesoproterozoic metamorphic belts are exposed to the southwest and
southeast of the Kaapvaal craton respectively, and the two mobile beits are believed to be connected
at depth, south of the craton underneath a Karoo Supergroup cover {De Beer & Meyer, 1983). A
variety of lithologies that vary from low grade meta-volcanic rocks and intercalated sediments
(Richtersveld Subprovince) to intensely deformed, high grade gneisses, granitoids and granulites
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(Bushmanland Subprovince) occur in surface exposures of the Namaqua-Natal belt (Hartnady et al.,
1985). The margin between the Namaqua-Natal belt and Kaapvaal craton is highly complex and
reflects numerous structural events related to the deformation and metamorphism of the mobile belt
(1.2-1.0Ga; Thomas ef al, 1994, Hartnady et al, 1985). However, the precise location of the
southwestern margin of the Kaapvaal craton is of interest, since some of the kimberlites in this study
have been emplaced within its vicinity. Depending on whether the wedge shaped Marydale Terrain
comprised of an Archean greenstone belt (2950Ma; Cornell et al., 1986) as well as other rocks of not
only varying lithologies with poorly constrained ages, but also of diverse nomenclature (e.g. Schmitz &
Bowring, 2004; Thomas et al., 1994, Cornell ef al, 1986; Tankard ef al., 1982), Is interpreted as
belonging to the Kaapvaal province or the Namaqua province, the margin can either be defined
according to the location of the Brakbos or Dooringberg faults, respectively (Tankard et al., 1982;
Pretorius, 1974). Following Cornell of al. (1986) and Schmitz and Bowring (2004), the Marydale
Terrain is correlated with the Kaapvaal craton and therefore the boundary between the Proterozoic
Namagqua Province and Archean craton is defined by the location of the Brakbos fault,

The next major development in the geological history of southern Africa was the Pan-African formation
of the Gondwana supercontinent. The period of Gondwana history was marked by the Ordovician to
Carboniferous deposition of the Cape Supergroup and later Carboniferous to Jurassic sedimentation
consisting of glaciogenic, offshore, deltaic and terrestrial deposits within the Karoo basin. It is these
rocks of the Karoo Supergroup that form the country rock to many of the kimberlites analysed in this
study. Prior to the Jurassic to Cretaceous emplacement of kimberlites, massive outpourings of Karoo
continental flood basalts occurred at 180Ma (Marsh ef al, 1997) that later served as a barrier to
kimberlite intrusion and resulted in violent kimberlite eruption (Clement, 1982). Associated with the
eruption of the Karoo volcanic rocks, was the initiation of the breakup of Gondwana as well as the
passage of mors than one Mesozoic mantle plume beneath southern Africa (Harinady & le Roex,
1985) that may have played a role in the petrogenesis of South African kimberlites (e.g. Harris ef al.,
2004, Skinner, 1989; le Roex, 1986).

2.2 Location and geology of selected kimberlites

Kimberlites tend to intrude in fields and provinces (Mitchell, 1986}, and so the following summary of
the kimberlites, their relationship to the Kaapvaal craton (Figure 2.1), geographical coordinates (Table
2.1) and ages (Table 2.2), is described according to common characteristics of the kimberlites. More
detailed descriptions of individual kimberlite localities are given in Appendix A.

2.2.1 The archetypal group | kimberlites

The archetypal group | kimberlites of South Africa that were associated with the first hard rock
diamond mines (Wagner, 1914), were those kimberlites situated near the town of Kimberley in the
Northern Cape Province. These on-craton kimberlites are generally small pipes eroded down to
depths within the diatreme and subsequent mining operations have exposed the irregular root zones
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The transitional kimberlites are the oldest kimberlites within the Victorla West District and have
Jurassic emplacement ages (143-174Ma; Smith ef al,, 1994). The group Il Markt and Eendekuil
kimberlite intrusion ages (117Ma and 110Ma, respectively; Smith et al, 1994; Allsopp, 1989 in
Skinner, 1989) are not too dissimilar in age to other Cretaceous on-craton group Il kimberlites (Table
2.2). The group | Uintjiesberg kimberlite (101Ma; Smith ef al., 1985a) is, however, slightly older than
the on-craton group | Koffiefontein and Kimberley kimberlites. A second pulse of group | kimberlite
activity in the Victorla West District has also been recognised at ~75Ma for the Haartebeesfontein and
Britstown kimberlites (Smith et al., 1994). Given that the Haartebeesfontein kimberlite occurs on the
same farm as the Hebron kimberlite, and the proximity of the Klipgatsfontein kimbedite to the Hebron
kimberlite, a similar age is assumed for these two kimberlites.

The country rock into which most of the Victoria West District kimberlites have been emplaced and are
subsequently exposed within, are shales and sandstones of the Beaufort Group (Figure 2.3c),
whereas kimberlites situated in the northern part of the study area (Uintjiesberg, Markt and
Brandewynskuil kimberlites), are surrounded by Ecca Group sedimentary rocks. Even though the
Proterozoic Namaqua basement within this area is not exposed, most of the kimberlites are located to
the west of the inferred location of the Brakbos fault and hence the Kaapvaal craton margin (Figure
2.2; the actual Brakbos fault is exposed to the north of the Victoria West District kimberlites, but its
trace has been correlated by magnetic lineaments by Schmitz and Bowring (2004)). This is consistent
with the suite of eclogite, granulite, amphibolite, and greenschist facies lower crustal xenoliths
entrained by some of these kimberlites, that are Mesoproterozoic in age, and have geothermal
gradients that most likely represent the Namaqua-Natal metamorphic event (Schmitz & Bowring, 2004,
Huang ef al., 1995; Robey, 1981). However, the group | Goedehoop kimberlite is located further to
east than the geological maps of Schmitz and Bowring (2004) and other authors (e.g. Skinner et al.,
1992) and therefore its location relative to the craton is speculative. If the trend of the position of the
craton boundary of Schmitz and Bowring (2004) is continued, it appears as though the Goedehoop
kimberlite has been emplaced through Archean basement of the Kaapvaal craton (Figure 2.2).

2.2.4. Barkly West and Boshof kimberiites

Two of the three on-craton group | kimberiites in this study are located near Barkly West (Newlands
and Bellsbank kimberlites) in the Northern Cape Province, whereas the New Elands kimberlite occurs
near Boshof in the Free State Province (Table 2.1). The Newlands and Bellsbank kimberlites both
comprise en echelon dyke systems whereas the New Elands kimberlite consists of two intersecting
dykes. The group |l Finsch kimberlite pipe is a 17.9Ha pipe (Clement, 1982) with associated dykes
situated near the town of Postmasburg in the Northern Cape Province and geochemical data from the
Finsch kimberlite is also included in this study for comparison (Zwane, 2001; Fraser & Hawkesworth,
1992). Ages of intrusion for all four of the kimberlites are ~120Ma (Table 2.2), an age characteristic of
group 1l kimberlites situated in the western half of the Kaapvaal craton. The kimberlites have intruded
through Archean basement overlain by either the conglomerates, arenites, dolomites, and banded iron
formations of the Griqualand West Supergroup (Finsch and Bellsbank kimberlites) or shales,
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sandstones, mudstones of the Karoo Supergroup (Newlands, New Elands kimberlites). in addition, the
Newlands kimberlite Is covered with a veneer of Tertiary Kalahari Group calcrete.

2.2.8 Wimbledon and Lelcester kimberiites

Both the Wimbledon and Leicester kimberlites are on-craton transitional kimberlites situated in the
Northern Cape Province. The Wimbledon kimberiite pipe is situated close to the town of Kimberley
and has an unusually mica-rich character in conirast to typical group | kimberdites. The Lsicester
kimberlite has a typical group | kimberlite age (92Ma; Davis, 1978) and is situated within a cluster of
~120Ma Barkly West group Il kimberlite dykes. The Lelcester kimbedite also carries the chrome-poor
megacryst suite minerals like many group | kimberlites, but occurs in a district dominated by group il
kimberiites that are known for their absence of megacrysts (Gumey & Menzies, 1988). The
Wimbledon and Leicester kimberlites have infruded through Karoo shales and dolerites underiain by
Archean basement.

2.3 Kimberlite sample selection

Kimberlites chosen for study wers selected to represent the group |, group il and transitional kimberlite
varigties distributed in both on- and off-craton tecionic environments. More specifically, hypabyssal
kimberlite samples were chosen that showed the least degree of alteration, weatheting and crustal
contamination in hand specimen. Samples were selected to represent a variety of petrographic types
such as macrocrystic and sparsely macrocrystic kimberlite, especially for cogenetic sample suites. The
majority of the analysed kimberlite samples were obtained from a collection housed at the University
of Cape Town. In addition, drill core samples from the Brandewynskuil, Droogfontein and Eendekuil
kimberlites were obtained from the De Beers Geoscience Centre, some of which were geochemically
analysed and dated by Clark (1984). The De Beers’ Brandewynskull, Droogfontein and Eendekuil
kimberiite samples have the prefixes 173/26/K6/-, 173/27/K18/- and 173/18/K2/- respectively, that
have been dropped here for brevity. A few of the Victorla West district kimberlite samples were
collected by the author during a field trip to observe field relationships shown at some of the kimberlite
locations.



CHAPTER 3
PETROGRAPHY

3.1 Introduction

Wagner (1914) first recognised the existence of two distingt peltrographic varieties of South African
kimberlites, namely “basaltic” and “lamprophyric” (micaceous) kimberlites. However, given that
kimberlites are not truly basaltic in lexture or mineralogy (Skinner & Clement, 1977), a more
appropriate mineralogical classification scheme was subsequently proposed by Skinner and Clement
(1977} and then Clement and Skinner (1979). This later classification system has generally been
accepted and is the basis on which the kimberlites in this study have been described and classified.

The samples analysed in this study are all hypabyssal facies kimberlite and can be divided according
to texture, into macrocrystic or aphanitic kimberlite varieties (Clement et al., 1984; Clement & Skinner,
1979). Macrocrysts have been designated as those anhedral crystals larger than 2mm in size and the
non-genetic term refers to the predominantly olivine crystals that may have been derived from
disaggregated mantle xenoliths {le Roex ef al.,, 2003; Clement of al, 1984). Kimberlite samples with
greater than 10 volume % macrocrysts have accordingly been classified as macrocrystic. A second
population of euhedral to subhedral olivine phenocrysts as well as phlogopite and diopside
phenocrysts have also been recognised. The term phenocryst has been used for those crystals with a
suhedral habit that are greater than 1mm in size, although smaller microphenocrysts (< 1mm) may
also be recognised. Fragments of macrocrysts may be smaller than 2mm in size, but can be
distinguished from phenocrysts by their anhedral habit, deformation features and association with
other minerals (Skinner, 1983). All crystals smaller than 0.5mm in size have been classified as either
matrix phases or microphenocrysts. There are five minerals that commonly form the matrix of
kimberlites, viz. phiogopite, calcite, serpentine, diopside and monticellite, and kimberlites are classified
mineralogically according to the relative modal abundance of these minerals {Skinner & Clement,
1977). limenite and spinel, collectively termed opaque oxides here, as well as perovskite and apatite
are accessory minerals in the analysed kimberlites,

The petrographic variation shown by South African kimberlites is diverse and broad differences in
texture and mineralogy occur even on the scale of petrographic thin sections. Bearing this in mind, the
aim of this chapter is to give a general picture of the characteristics of the group |, group i and
transitional kimberlites selected for analysis, as well as to highlight the differences and similarities
between kimberlite varieties. This is essential in order to evaluate the degree to which the kimberiites
have been affected by alteration, crustal contamination, macrocryst entrainment and fractional

crystallisation (Section 8.2-8.5).



Chapter 3. Petrography

The classification of the kimberlite samples studied here and the relative modal proportion of their
constituent mineral phases is presented in Table 3.1. Further petrographic descriptions and
photomicrographs of individual kimberlite samples are given in Appendix B. Proportions of mineral
phases have been deduced by visual estimation and not by point counting, given that the macrocrystic
character of kimberlites may vary sharply over the distance of a few centimetres (e.g. le Roex et al,,
2003).

3.2 Group | kimberlites

Both on-craton (Goedehoop and Kofflefontein) and off-craton (Abbotsford East, Hebron,
Klipgatsfontein and Zeekoegat) group | kimberlites are peftrographically fairly similar and are
mineralogically classified as serpentine calcite kimberlites or calcite kimberlites. The kimberlite
samples have a typical macrocrystic texture comprising anhedral macrocrysts with smaller euhedral
phenocrysts set in a fine-grained matrix. The macrocryst content of the kimberlite may vary from 10-33
volume % and kimberlites with less than 15 volume % macrocrysts have been classified as sparsely
macrocrystic (Abbotsford East kimberlite). Olivine is the dominant macrocryst phase, with phiogopite
and opaque oxide macrocrysts being less abundant. The olivine macrocrysts may constitute up to 20
volume % of the kimberlite (e.g. Koffiefontein kimberlite), be as large as 10mm and are generally
subhedral to anhedral in character. Fresh olivine macrocryst cores occur in the Goedehoop,
Klipgatsfontein and Zeekoegat kimberlites, but for the Koffiefontein, Abbotsford East and ‘Hebron
kimberlites, the serpentinisation reaction has been more pervasive and has proceeded beyond the
alteration of just rims and fractures of macrocrysts. Some serpentinised olivine macrocrysts are yellow
(Klipgatsfontein kimberlite), whereas others have turned slightly blue that may due to some additional
chioritisation (Koffiefontein, Abbotsford East kimberlites). The blue colouration of dlivine macrocrysts
occurs in conjunction with opaque oxide rims around the macrocryst, inferred to be related to the
exsolution of Fe during the serpentinisation reaction (Figure 3.1a; Clement, 1982).

Phlogopite macrocrysts are the next most abundant macrocryst phase and contribute ~10 volume %
to the kimberliles. Even though the edges of the macrocrysts are typically corroded, their elongate
habit is stili well defined. Phlogopite macrocrysts in the Koffiefontein, Goedehoop, Hebron and
Kiipgatsfontein kimberlites all exhibit deformation features, e.g. kink banding and undulose extinction.
The pale-coloured phlogopite macrocrysts are often wedged open along cleavage planes by calcite
stringers. Equant opaque oxides may be concentrated along these calcite stringers or alternatively
form rims surrounding the macrocrysts (Figure 3.1b; Goedehoop, Kofflefontein kimberlites). Phlogopite
macrocrysts from Hebron kimberlite samples HEB 1A and HEB 1B are completely calcitised, but
recognisable by their lath-shape and association with opaque oxide crystals. Euhedral to anhedral
opaque oxide macrocrysts are present in the Hebron and Klipgatsfontsin kimberlites (Figure 3.1c) and
are correlated with numerous ilmenite macrocrysts identified in hand specimens (possibly belonging to
the kimberlite “megacryst suite”, Boyd & Nixon, 1975). In thin section, these ilmenite macrocrysts are
typically characterised by groundmass perovskite aggregations along their rims.
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Euhedral o subhedral olivine phenocrysts and microphenocrysts are present in all of the samples,
although the relative abundance may vary from 10 volume % (Abbotsford East kimberlite) up to 30
volume % (Koffiefontein, Goedehoop kimberlites). Serpentinisation of olivine phenocrysts has
proceeded from just being confined to rims and fractures (Goedehoop, Klipgatsfontein kimberlites), io
enveloping the entire phenocryst (Koffiefontein, Abbotsford East, Hebron, Zeekoegat kimberlites).
Some calcitisation has also occurred along rims and fractures of olivine phenocrysts from the
Goedehoop and Hebron kimberlites (Figure 3.1d). Phlogopite phenocrysts, which only occur in Hebron
kimberlite sample JJG 4295, are euhedral to subhedral in character and show strong pleochroism.

Calcite and serpentine form the predominant groundmass phases of these serpentine calcite
kimberlites and calcite kimberlites that are either uniform or segregationary in texture (Clement &
Skinner, 1979). Kimberlites with uniform groundmass texture have regularly dispersed interstitial
serpentine and calcite crystals (Abbotsford East, Goedehoop and Zeekoegat kimberlites), whereas the
Koffiefontein, Klipgatsfontein and MHebron kimberliles, have groundmass serpeniine and calclle
crystals inter-grown with each other that have developed into lobale and irregular shaped
segregations, The serpentine-calcite segregations are particularly well developed in the
Klipgatsfontein kimberlite (Figure 3.1e, f), where the rhombohedral shaped calcite crystals may be as
large as 500um and the segregations themselves, up to a few millimetres in size.

Phiogopite also constitutes a groundmass phase in the Koffiefontein, Abbotsford East, and Zeekoegat
kimberlites, as well as in Hebron kimberlite sample JJG 4295. The phlogopite crystals are fairly sparse
{~5 volume % of the kimberite), have a stubby character and vary in size between 100 and 300um.
Groundmass phiogopite crystals in the Koffiefontein kimberlite are orange-brown in colour, but
colourless in Mebron kimberlite sample JJG 4295. Phiogopite crysials in the Abbolsford East and
Zeekoegat kimberlites are very altered and rimmed by opaque oxide crystals.

Groundmass opaque oxide and lesser perovskite crysials may constitute up to 7 volume % of the
kimberlite. The opaque oxide crystals are typically suhedral, equant and 100um in size (Figure 3.1g).
The subhedral perovskite crystals are of similar dimensions and may form aggregates 300-500um in
size. An atoll texture, comprising perovskite rims surrounding opaque oxide crystals occurs in the
Hebron kimberlite (samples HEB 14 and HEB 7B). Euhedral needies of apatite, 100-300um in size,
that commonly occur within or surrounding serpentine-calcite segregations, have also been
recognised in the analysed group | kimberiites samples.
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Figure 3.1: Photomicrographs of selected features of group | kimberlite samples. Photomicrographs
are shown in plane polarised light, unless otherwisey indicated.
(a) Koffiefontein kimberlite (KK 6): Anhedral olivine macrocryst that is completely serpentinised.
Opaque oxides form the rim of the macrocryst. Field of view is 3mm.
(b} Goedehoop kimberlite (JAR 30012). A phlogopite macrocryst with an opaque oxide studded
rim. Field of view is 1.2mm.
{c) Hebron kimberlite (JJG 4295): limenite macrocryst and a serpentinised olivine phenocryst,
Field of view is 2.5mm.
(d) Goedehoop kimberlite (JJGF4282): Subhedral olivine phenccryst with serpentinisation and
calcitisation along the phenocryst rim. Some fresh olivine stil remains in the core of the
phenocryst. Cross polarised light, field of view is 1.8mm.
(e) Kiipgatsfontein kimberlite (JAR 37012): An irregular shaped serpentine-calcite segregation
where individual calcite crystals are visible. Field of view is 1mm.
(N Kiipgatsfontein kimberlite (JAR 31012): Serpentine-calcite segregation comprising well
developed euhedral calcite crystals, 0.5mm in size, is visible. Cross polarised light, field of view is
1mm.
(g) Koffiefontein kimberlite (KK 3): Euhedral to subhedral perovskite crystals with smaller opaque
oxides. Serpentinised olivine phenocrysts also occur. Field of view is 0.8mm.
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3.3 Group Il kimberlites

Both on-craton group Il kimberlites; Bellsbank, Newlands and New Elands kimberlites, as well as off-
craton group Il kimberlites; Brandewynskuill, Eendekuil and Markt kimberlites, are classified as
phiogopite kimberlites or calcite phlogopite/phlogopite calcite kimberlites, according to the dominance
of calcite and phiogopite as groundmass phases. The kimberlites are typically characterised by the
presence of macrocrysts and phenocrysts set in a fine to very fine-grained matrix. All of the group i
kimberlites are macrocrystic (up to 45 volume % macrocrysts), except for two sparsely macrocrystic
New Elands kimberlite sampies (NE K6 and NE K70). Anhedral olivine macrocrysts are the most
abundant macrocryst phase (10-30 volume % of the kimberlite), may be as large as 15mm (Eendekuil
kimberlite sample K2/8} and are variably altered, either by serpentinisation along fractures (Bellshank,
Newlands and Markt kimberlites) or by calcitisation in patches (New Elands kimberlite). Olivine
macrocrysts may also have chioritised rims (Markt kimberlite), or rims formed by phlogopite
microphenocrysts (Brandewynskuil kimberiite). Fresh olivine macrocryst cores are however, still
recognised in a few of the kimberlite samples (e.g. Eendekuil kimberlite; Figure 3.2a).

Phlogopite macrocrysts are typically strained (e.g. undulose extinction, kink banding) and variably
altered by chioritisation. Phiogopite macrocrysts are notably absent in the New Elands kimberlite, in
contrast fo other group Il kimberlites that host up to 20 volume % phlogopite macrocrysts. The
macrocrysts tend to show strong pleochroism and are rimmed by tetraferriphlogopite or chiorite {e.g.
Newlands kimberlite; Figure 3.2b}. Philogopite macrocrysts from the Eendekuil kimberlite have a
slightly flow aligned texture and are always wedged open along cleavage planes by calcite stringers.

Garnet macrocrysts have been recognised in two of the Newlands kimberlite samples (JJG 24 and KN
2). In sample JJG 24, two anhedral, heavily fractured, garnet macrocrysts of approximately 2mm in
size occur, one of which is rimmed by kelyphite (Figure 3.2c), and the other, by chlorite. A 1mm
anhedral orange garnet macrocryst also occurs in the hand specimen of Markt kimberlite sample MRK
1. Subhedral opaque oxide macrocrysts, 1mm in length are also present in some of the Newlands
kimberlite samples (JJG 24 and JJG 6198).

Olivine phenocrysts are ubiguitous in all of the analysed group 1l kimberlites and may constitute up to
35 volume % of the kimberlite. However, olivine microphenocrysts that may be as small as 200um in
size and characteristically occur in all kimberlite samples, are most notably absent from the Eendekuil
kimberlite. The subhedral olivine phenocrysts are variably serpentinised in most kimberlites, although
they are completely aitered in the off-craton Brandewynskuil and Eendekuil kimberlite samples. Some
calcitisation of the interior of olivine phenocrysts has also occurred in the New Elands kimberlite
samples (NE K6 and NE K10). Similarly to the olivine macrocrysts, the olivine phenocrysts of the
Brandewynskuil kimberlite are rimmed by aggregations of phiogopite microphenocrysts. Tabular
phlogopite phenocrysts are characterised by tetraferriphlogopite rims and the phenocrysts themselves
have only been recognised in a few of the kimberlite samples (New Elands kimberlite sample NE K11,
Brandewynskuil kimberlite samples K6/8 and K6/11), other than the Eendekuil kimberlite where they
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are very common and characterised by the presence of calcite stringers (Figure 3.2d). Rare subhedral
diopside phenocrysts are also present in Eendekuil kimberlite sample EKL 1.

Short stubby, interlocking phiogopite crystals, rimmed by tetraferriphlogopite form the dominant (15-40
volume %) groundmass phase in most of the analysed group |l kimberlites (Figure 3.2e). Groundmass
calcite crystals are the next most common matrix phase (up to 30 volume %). Consequently, the group
I kimberlites are classified as phlogopite kimberlite (Newlands), calcite phlogopite kimberlite
(Belisbank, New Elands, Eendekuil) or phlogopite calcite kimberlite (Markt). Brandewynskuil kimberlite
however, comprises both serpentine phiogopite kimberlite (K6/8 and K&/1 1) and phlogopite serpentine
diopside kimberlite varieties (K6/12 and K6/14). The Belisbank and Newlands kimberlites are
characterised by very fine-grained groundmass phlogopite laths (50-100um), in contrast to other group
il kimberlites whers the groundmass is not as fine-grained (100-500um). The groundmass of the
Bellsbank and Newlands kimberlites is also relatively green in colour due to the chioritisation of the

matrix phlogopite.

Groundmass calcite tends to be interstitial although it occurs in segregations in the New Elands
kimberlite samples NE K6, NE K10, Newlands kimberlite sample JJG 24 and ali of the Eendekuil
kimberlite samples. Calcite segregations in the Eendekuill kimberlite may be as large as 4mm in size
and the rhombohedral shape of calcite crystals is also evident (e.g. sample EKL 7). Groundmass
calcite is generally colourless although in the Markt kimberlite, calcite crystals are distinctively brown.
Many of the kimberlites have some interstitial groundmass serpentine (less than 12 volume %) but in
New Elands kimberlite sample NE K71 and in all of the Brandewynskuil kimberlites samples,
serpentine occurs as the dominant groundmass phase (up to 20 volume % of the kimberlite), some of
which is likely to be secondary in origin. Matrix serpentine in the Brandewynskuil kimberlite occurs in
conjunction with acicular phlogopite laths as well as euhedral to subhedral diopside laths.

Accessory opaque oxides and perovskite crystals are very fine-grained (20-50um) and relatively
sparse (combined volume is ~3% of the kimberlite). Perovskite crystals may be poikolitically enclosed
in phlogopite microphenocrysts (e.g. New Elands kimberlite; Figure 3.2f). Accessory apatite has also
been recognised and varies in size from 50-100pm to 500um, respectively, in the Markt (e.g. MRK 1)
and New Elands kimberlite samples (NE K6 and NE K10).
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Figure 3.2: Photomicrographs of selected features of group il kimberlite samples. Photomicrographs
are shown in plane polarised light, unless otherwise indicated.

(a) Eendekuil kimberlite (EKL 1). Fresh olivine macrocryst with some serpentinisation along rims
and fractures. Field of view is 3mm.

(b) Newlands kimberlite (JJG 24): Green chlorite alteration rim that surrounds a tabular phlogopite
macrocryst. Field of view is 1.2mm.

{c) Newlands kimberlite (JJG 24): Anhedral garnet macrocryst surrounded by a kelyphite rim.
Field of view is 2.5mm.

(d) Eendekuil kimberlite (EKL. 1): Phiogopite microphenocrysts with stringers of calcite that have
wedged open the phlogopite cleavage planes. Tetraferriphlogopite rims also occur on phenoccrysts.
Field of view is 1.2mm.

(e) Markt kimberlite (MRK 1): Tetraferriphlogopite and brown coloured calcite form the kimberlite
matrix. Lesser amounts of small opaque oxide and perovskite crystals also occur in the
groundmass. Field of view is 0.5mm.

(i New Elands kimberlite (NE K6): Coarse-grained phlogopite microphenocrysts that have
poikolitically enclosed opaque oxide and perovskite grains. Field of view is 0.4mm.






Chapler 3: Pelrography

3.4 Transitional kimberlites

On-craton transitional kimberlites (Wimbledon and Leicester) as well as off-craton {ransitional
kimberlites (Droogfontein, Melton Wold and Silvery Home) show wide inter-kimberlite petrographic
variation with serpentine, calcite, phlogopite or diopside occurring as dominant groundmass phases.
All of the kimberlites are either macrocrystic (up to 33 volume % macrocrysts), or sparsely
macrocrystic (e.g. Silvery Home kimberlite sample SLH 3). Olivine macrocrysts are ubiquitous and can
be serpentinised along fractures (Melton Wold, Silvery Home kimberlites), pervasively serpentinised
(Droogfontein kimberlite) or sometimes calcitised in the interiors of macrocrysts (Wimbledon
kimberlite). Opaque oxides may occur as inclusions in the anhedral olivine macrocrysts and the
association with serpentine, suggesis a possible secondary origin of the opaque oxides (Leicester
kimberlife sample JJG 6054). Opaque oxides may also form a fine dusting over the olivine
macrocrysts (Melton Wold, Silvery Home kimberiites). Phlogopite macrocrysts identified in the
Wimbledon and Leicester kimberlites are characterised by typical strain features, as well as calcite
siringers that have wedged open cleavage planes (Figure 3.3a, b).

Subhedral olivine phenocrysts that constitute between 10 (Leicester kimberlite sample JJG 4328) and
30 volume % (Melton Wold kimberlite sample MLW 1) of the kimberlite are also variably altered,
(Figure 3.3¢), but fresh olivine cores do exist in soms of the Silvery Home kimberlite samples (SLH 7,
SLH 9 and SLH 11). Phlogopite phenocrysts presaent in the Wimbledon and Leicester kimberlites tend
to be green in colour due to the chloritisation of the rims and fractures (Figure 3.3d). In contrast,
phlogopite phenocrysts from the Silvery Home and Droogfontein kimberlites are characterised by

tetraferriphlogopite rims.

The types of groundmass phases present vary between individual kimberlites, with calcite being the
predominant matrix phase for the phlogopite calcite Wimbledon kimberlite and serpentine calgite
Leicester kimberlite. In contrast, phlogopite is the dominant matrix phase for samples from
Droogfontein (serpentine phiogopite kimberlite), Silvery Home (serpentine phlogopite and diopside
phiogopite kimberlite} and Melton Wold kimberiites (phlogopite calcite kimberlite). The groundmass of
the Leicester kimberlite is characterised by interstitial and segregationary calcite and serpenting, with
minor equant phlogopite laths and granular monticellite (10um in size). Wimbledon kimberlite is
characterised by interstitial and segregationary calcite, as well as stubby, green, chloritised
groundmass phlogopite crystals. Two distinct facies of kimberlite have been recognised in the Silvery
Home kimberlite, namely diopside phlogopite kimberlite and phlogopite serpentine kimberlite, the
former phase showing similarity to the Droogfontein kimbertlite. Groundmass diopside crystals in the
Droogfonteln and Silvery Home kimberlites (SLH 3, SLH 7 and SLH 8) tend to be euhedral in
character and fairly small (30-50um). A second diopside kimberlite phase, characterised by pale green
coloured, irregular shaped domains with a concentric ring structure has also been recognised in the
Droogfontein kimberlite. These diopside kimberlite domains are similar to microxenoliths in the
Dutoitspan kimberlite, described and interpreted by Clement (1982) to represent partially resorbed
fragments of country rock. Melton Wold kimberlite sample MLW 4is classified as a carbonated

312
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Figure 3.3: Photomicrographs of selected features of transitional kimberlite samples.
Photomicrographs are shown in plane polarised light, unless otherwise indicated.

(a) Leicester kimberlite (JJG 4326): Phlogopite macrocryst where cleavage planes have been
wedged open by calcite stringers. Abundant opaque oxide grains also occur along the calcite
stringers. Field of view is 1.2mm,

(b) Leicester kimberlite (JJG 4328): Kink banded phlogopite macrocryst. Cross polarised light,
field of view is 1.2mm.

() Wimbledon kimberlite (WIMB 1) Serpentinised and carbonatised clivine phenocryst with an
opaque oxide rim. Cross polarised light, field of view is 1.8mm.

(d) Leicester kimberlite (JJG 4328): Phlogopite macrocryst and a phlogopite microphenocryst.
Some chioritisation has occurred along the phenocryst rim. The neighbouring calcite segregation
has a distinctive tabular habit and may be an alteration product of a previcus phase. Fleld of view
is 1.2mm.

(e) Droogfontein kimberlite (K719/2): A coarse-grained phlogopite microphenocryst that has
poikolitically enclosed some opaque oxide and perovskite crystals. Field of view is 0.4mm.

(fH Droogfontein kimberlite (K19/2): Euhedral perovskite crystals that have been poikolitically
enclosed by phlogopite. Green serpentine also occurs as a groundmass phase in the kimberlite.
Field of view is 0.4mm.
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kimberlite since all macrocryst, phenocryst and matrix phases have been calcitised by very distinctive
cross cutling calcite veins.

Equant opaque oxides (20-50um) and euhedral perovskite crystals (50-100um) together contribute 3-7
volume % to the kimberlite. Perovskite crystals may also be poikolitically enclosed in phlogopite
crystals (Droogfontein, Silvery Home kimberlites; Figure 3.3e, f) and the perovskite crystals sometimes
occur in small circular structures in the Droogfontein kimberlite. Apatite Is particularly evident in the
Wimbledon kimberlite (4 volume % of the kimberlite) and ocours as elongate laths or hexagonal basal
sections up to 250um in size.

3.5 Comparison of on- and off-craton kimberlites

Group | kimberlites analysed in this study are either serpentine-calcite kimberlites or calcite kimberlites
and therefore show typical group | characleristics similar to the well-known on-craton Kimberley
kimberiites (e.g. Clement, 1982). The only marked difference between the off-craton kimberlites and
the Kimberley kimberlites is the lack of groundmass monticellite in the off-craton kimberlites, but since
primary monticellite is prone to alteration by serpentine and calcite (Clement, 1982), its paucity may
represent the more altered nature of the off-craton kimberlites. Off-craton kimberlites also tend to be
relatively more sparsely macrocrystic in comparison to the Kimberley kimberlites (Shee, 1985,
Clement, 1982) but the very macrocrystic nature of the off-craton Uintjlesberg kimberlite (Harris of a/.,
2004), suggests that the difference is probably not significant.

Generally no systematic differences have been recognised between group Il kimberlite occurrences.
The relatively altered nature of some of the group Il kimberdites (e.g. off-craton Brandewynskuil and
Eendekuill kimberlites) also makes petrographic comparisons more ambiguous. Typically the on-craton
New Elands and off-craton Brandewynskull and Eendekull kimberites are similar fo other on-craton
kimberlite occurrences, such as the Finsch kimberlite (Clement, 1982) and Swartruggens and Star
kimberlites (Coe, 2004) These kimberlites consist of fine-grained dominant groundmass phlogopite
with or without diopside and typically are brown In thin section as well as hand specimen. Varying
petrographic characteristics of the on-craton Newlands and Bellsbank kimberlite dykes (e.g. very fine-
grained phlogopite with lesser groundmass calcite) in comparison to normal group i kimberlites are
mostly just manifestations of differing crystallisation conditions. Other features of on-craton and off-
craton group li kimberlites such as nature of macrocrysts and phenocrysts, abundance and size of
groundmass opaque oxide and perovskite crystals are similar. Skinner et al. (1992) recognised the
presence of groundmass sanidine and amphibole in some of the off-craton group I kimberlites from
the Victoria West District, but these mineral phases have not been observed this study.

Significant differences in petrography are recognised between on- and off-craton transitional

kimberlites, the first of which is the affinity of the on-craton transitional kimberlites to group |
kimberlites, whereas off-craton transitional kimberlites are more petrographically similar to group Ul
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kimberlites. On-craton transitional kimberlites are rich in groundmass calcite with lesser serpentine
(Leicester kimberlite) or phlogopite (Wimnbledon kimberlite). Off-craton transitional kimberlites are all
rich in groundmass phlogopite, with or without minor groundmass diopside. Calcite segregations are
common in the on-craton Wimbledon and Leicester kimberlites and also occur in the off-craton Melton
Wold kimberiite. Groundmass monticellite Is only recognised in the on-craton Leicester kimberlite.
Matrix phlogopite crystals are also typically coarser grained in the off-craton kimberlites (300-500um)
than the on-craton kimberlites (~50um).

3.6 Comparison of group |, group Il and transitional kimberlites

Essential petrographic differences between the three kimberlite groups have been recognised in the
nature of their groundmass and accessory minerals, both in this study and by previous authors (e.g.
Mitchell, 1995, Skinner of al., 1892; Skinner, 1989). Group | kimberlites are characterised by dominant
groundmass calcite and serpentine (groundmass monticeliite was not recognised in the kimberlites in
this study), that may occur in a segregationary or interstitial groundmass texture, with accessory
opaque oxides, perovskite and apatite. In contrast to group | Kimberlites, group Il kimberlites are
dominated by groundmass phlogopite and diopside, although some very phlogopite-rich group |
kimberlites have been recognised (Shee, 1985; Clement, 1882). Minor groundmass serpentine does
occur in some group Il kimberlites, but where it is more volumetrically abundant (e.g. Brandewynskuil
kimberlite), it is probably secondary in origin. The matrix opaque oxides and perovskite crystals in
group Il kimberlites also tend to be smaller and sparser than in group | kimberlites. On-craton
transitional kimberlites, Leicester and Wimbledon show no significant differences to group |
kimberlites, whereas differences do occur between the off-craton transitional kimberlites and group Il
kimberlites. Both group !l kimberlites and off-craton transitional kimberlites are characterised by
dominant groundmass phlogoplite, rimmed by tetraferriphlogopite but the matrix of the transitional
kimberlites is generally not as fine-grained as group Il kimberlites. In addition, perovskite and opaque
oxide microphenocrysts in transitional kimberlites are slightly coarser and more abundant than in
group Il kimberlites. Olivine, phlogopite and opaque oxide macrocrysts are common to all kimberlite
groups and although garnet macrocrysts were only observed in the group Il kimberlites, this is likely
just a feature of the sampling.



CHAPTER 4
MAJOR ELEMENT GEOCHEMISTRY

41 Introduction

Kimberlites are ultrabasic, potassic magmas that show diverse compositional variation influenced by
various primary and secondary processes. Comparatively few bulk-rock major element geochemistry
studies have been conducted on kimberlites {&.g. Shee, 1985; Clement, 1982), and this is perhaps
due to the complex and hybrid nature of these magmas that are thought to represent the effecis of a
variety of petrogenetic processes (le Roex ef al, 2003; Dawson, 1980). Kimberlites show broad
petrographic variation (Chapter 3} and the crystallisation of different phenocryst and groundmass
mineral phases viz, serpentine, calcite, monticellite, phlogopite and diopside (Clement & Skinner,
1979), is a direct reflection of the natural variation in thelr bulk-rock geochemistry. Kimberlites are
typically characterised by their ultramafic (atomic Mg/(Mg+Fe®’) > 0.80-0.85), silica undersaturated
{50, < 35-40 wi%) and potassic character (Na;,0M,0 <0.5}, as well as high volatile content (up o 20
wi% CO, and 10 wi% H.0"; Coe, 2004; Harris et al., 2004; le Roex ef al,, 2003; Price et al, 2000;
Mitchell, 1995; Tainton, 1992; Fraser & Hawkesworth, 1992; Smith ef al,, 1985b; Clement ef al,, 1984).

Key studies of kimberlite bulk-rock geochemistry have shown that some of the broad variation in
composition can be atiributed to xenolith entrainment (Coe, 2004, Harris ef &, 2004; le Roex ef al,
2003, Fraser & Hawkesworth, 1992). Macrocrysts observed in kimberlites are thought fo represent
disaggregated xenolithic mantie peridofite enfrained by the kimberlite (le Roex st al., 2003; Clement o
al, 1984). Olivine and phiogopite are generally the most predominant macrocryst phases present in
the kimberiites of this study, with minor diopside and gamaeat. Yet orthopyroxene, a constituent mineral
of peridotite is not present as a macrocryst phase. Shee (1985) ascribed the absence of the silica-rich
orthopyroxene {o its assimilation by the silica-poor kimberlite magma. In the studies of the Uinljiesberg
{Harris et al., 2004) and Kimberley {le Roex ef al,, 2003) kimberlites, up o 40% entrainment of manile
peridotite was inferred. Fraser and Hawkesworth (1892} similarly atiributed the variation in the
geochemistry of the Finsch kimberlite to be controlied by mixing of the primary kimberlite magma with

enirained peridotite.

The major element geochemistry of kimberlite magmas can be used to characterise and understand
the effect of fractional crystallisation on the primary kimberlite magma. Scott (1879) atiributed the
variation in the Holsteinborg kimberlites due fo the fractionation of clivine and spinel, whereas Harris
et al. (2004) recognised the effect of olivine and phlogopite fractionation in aphanitic Uinfjiesberg
kimberlite samples. le Roex et al. (2003) similarly argued for olivine plus possible calcite control on the
generation of aphanitic kimberlite in the Kimberley kimberlites.
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Many of the kimberlites studied here have intruded through the sedimentary sequence of the Karoo
Supergroup. These shales, sandstones and mudstones have higher Si0O,, AlOs, Na,0 and H,0, as
well as lower melting temperatures than the kimberlite magmas. The likelihood for melting and partial
or complete assimilation of country rock material by the kimberlite magma, is therefore strong. One of
the approaches that can be used to assess the degres of crustal contamination in the kimberiite is the
contamination index (C.1.), defined by Clement {1982) as follows:

C.l. = (SO, + A0, + Na,0)/ (MgO + 2K;0)

Clement (1982) argued that a C.1. greater than unity (calculated using major element oxide weight %)
indicates that the kimberlite has been contarminated. Since the numerator quantifies the proportion of
clay minerals and the denominator the proportion of olivine and phlogopite, a large C.l. suggests
assimilation of clay minerals (couniry rock). it has been recognised though, that some uncontaminated
phlogopite and dlopside-rich kimberlites may have a C.I. as large as 1.5 (Clement, 1982). The C.I
serves a dual purpose since it can also be used to evaluate the effect of secondary alteration,
generally serpentinisation, to the kimberlite (Clement, 1982). The serpentinisation reaction is
associated with a decrease In MgO and increase in volatiles in the kimberlite, caused by the difference
in MgO and H,0 content between olivine and serpentine (Deer ot al., 1992; Mitchell, 1986). However,
since kimberlites are charged with abundant volatiles (largely CO. and H,0), primary alteration of the
kimberlite is also likely to occur immediately following emplacement. One of the difficulties commonly
faced in assessing the degree of alteration of the kimberlite is distinguishing between primary
{autometasomatic) and secondary alteration (involving redistribution of mobile elements by ground
water), since almost certainly some serpentinisation of olivine is associated with primary alteration
(Barret & Berg, 1975). A detailed consideration of the effects of crustal contamination and alteration on
major and trace element and isotope geochemistry will be presented in Chapter 8.

The primary aim of this chapter is to characterise the major element geochemistry of selected group |,
group |l and transitional kimberlites and then to explore some of the variation in bulk-rock
geochemistry within individual kimberlite occurrences. Major element analyses of 54 on- and off-craton
kimberlite samples were determined by X-ray fluorescence and are reported in Tables 4.1-4.3. Detaills
of the sample preparation and analytical procedures are given in Appendix C and D, respectively. XRF
major element analyses from Clark (1994) were used for Brandewynskuil kimberlite sample K6/11,
Eendekull kimberlite sample K2/13 and Droogfontein kimberlite samples K192 and K19/5. CO,
concentration was determined with a karbonat bombe and analyses have not been corrected to a
volatile free basis, since CO, and H,0 are important constituents of the kimberlite. Lack of sufficient
fresh sample material precluded the measurement of CO; for some Droogfontein kimberlite (K79/3,
K19/5, K19/10) and New Elands kimberlite samples (NE K6, NE K10).
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Table 4.1: XRF major element analyses of on- and off-craton group | kimberlites given in weight %. Ali Fe is reported as Fe,0,, MgunUmber (Mg #) is atomic Mg/(Mg +
Fea*). catculated using an Fe,0./FeOQ ratio of 0.15. H,0" is defined as the difference between the loss on ignition (L.O1) and CO, concentrations. The contamination index

(C1) defined by Clement (1982) is also given for reference.

Group | kimberlifes: On-craton Off-craton

Kimberiite Goedehoop Koffiefontein Abbotsford E. Hebron Kiipgatsfontein Zeekoeagat
Sample JAR 30012 JJG 4282 KK3 KK 5 KK 6 JJG 3118 HEB 1A HEB 1B JIG 4295 JAR 31012 KGF1 JJG 4323 JJG 1906
“% Macro. 20 15 15 20 25 10 25 25 33 25 28 27 18
$i0, 25.64 26.10 32.10 33.29 31.35 23.45 26.35 24.66 26.25 23.58 25.07 24,96 24.80
T, 2.95 3.25 2.30 1.32 1.33 2.63 332 343 2.21 2.79 2.87 2.85 2.54
AlO, 2.53 2.54 3.07 1.87 1.83 3.48 278 2.83 227 262 3.42 311 3.43
Feyts 12.73 13.15 10.04 B8.05 8.07 11.38 11.07 11.33 8.68 14.67 1148 11.83 11.48
MinQ 0.23 0.23 0.16 0.13 0.13 0.20 0.18 0.17 0.17 0.18 .18 0.18 0.20
WMgO 26.67 25.62 26.26 30.32 30.32 23.28 23.18 23.49 28.29 24.04 22.96 24.33 25.31
GCal 12.65 12.27 .68 7.95 9.38 16.70 13.84 13.95 12.52 15.20 15.01 14.23 14.31
NayO (.38 0.27 0.1 (.06 .. 0.17 0.14 0.08 0.01 0.07 0.01 0.08 0.03
K,0 0.22 0.23 1.43 0.73 0.56 0.20 0.50 0.47 0.80 0.20 0.60 0.39 0.26
PO 1.73 241 0.97 1.34 1.81 0.79 0.99 1.04 1.37 1.64 1.78 1.71 0.33
80, 0.08 0.10 0.47 0.12 0.15 0.41 n.d. 0.12 .11 .24 0.12 0.17 0.79
NIO 0.11 0.11 0.14 0.17 047 0.08 0.09 0.09 0.18 0.08 0.08 0.08 0.10
Cry0 0.15 0.17 0.22 0.24 0.26 0.13 0.13 0.13 0.23 0.15 0.11 0.12 0.15
HOr 0.45 0.49 0.62 0.63 0.40 0.52 1.18 1.16 .32 0.55 1.52 0.98 0.21
LOt 13.23 12.83 11.87 13.35 14.15 16.71 16.20 16.06 1543 16.23 14.23 14.65 15.32
Total 89.75 99.67 0.46 99,52 899.90 99.84 99.93 99.00 9.91 59,23 99.43 90.88 89,24
H.O+ 6.38 8.53 8.92 9,18 8.65 6.51 6.11 5.97 4.24 5.04 2.51 3.85 4.82
cO, 6.87 6.30 4.98 4,20 5.50 10.18 10.08 10.09 11.19 11.19 11.72 10.79 10.49
(] 1.1 1.1 1.2 1.1 1.1 1.1 1.2 1.4 0.9 1.1 1.2 1.1 1.1
100*Mg#é  B2S 81.5 85.5 89.4 804 82.1 82.5 82.3 86.8 82.2 81.8 82.1 83.2

*n.d. = not defected
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Chapter 4: Msjor element geochemistry

4.2 Group | kimberlites

The major element geochemistry of the analysed on- and off-craton group | kimberlites, reported in
Table 4.1, is illustrated in Figure 4.1, Since the on-craton group ! kimberlite dataset consists only of
samples from the Goedehoop and Koffiefontein kimberlites, it is supplemented with analyses of the
Kimberley kimberlites, recently published by le Roex et al. (2003). Analyses of the off-craton group |
Uintjiesbefg kimberlite {Harris et al., 2004) have also been included for comparison, since Uintjiesberg
kimberlite comprises one of the Victoria West District kimberlites.

Si0, and MgO concentrations of group | kimberlites show broad positive correlations (Figure 4.1a)
with SiQ, contents varying from 23.45 wt% (Abbotsford East kimberlite) to 33.29 wi% (Koffiefontein
kimberlite), although samples do not extend to as low SiO, contents as some of the evolved aphanitic
samples from the Kimberley and Uintjiesberg kimberlites (~19 wt% SiO,; Harris ef al., 2004, le Roex ef
al., 2003). Similarly, MgO contents of kimberlite samples (22.96-30.32 wt%) do not extend to as low
MgO concentrations, in comparison to these reference kimberlite samples (Figure 4.1a). Most
kimberlite samples in this study have 10-15 volume % olivine macrocrysts and tend to have very
similar MgO concentrations and Mg-numbers (23-27 wi% MgO, 100*Mg# = 81.5-83.0; Figure 4.1a;
Table 4.1). However, two of the Koffiefontein kimberlite samples are slightly more olivine macrocrystic
than other kimberlite samples and have the highest MgO and lowest FeQO”* contents (~30.3 wt% MgO;
~7.3 wit% FeO”; Figure 4.1a, b). Nearly all of the kimberiite samples have higher FeO* contents (>10
wi%; Figure 4.1b) than the Kimberley and Uintjiesberg kimberlites, and particularly so for the
Goedehoop kimberlite (~11.6 wi% FeO*).

TiO, and AlLO, concentrations of the analysed group | kimberlites are fairly similar and both are
negatively correlated with MgO, falling within the fields illustrated for the Kimberley and Uintjiesberg
kimberlites (Figure 4.1¢, d). The samples define narrow ranges in TiO; and Al,O5; contents from 1.32-
3.43 wit% TiO, and 1.83-3.43 wi% AlLO,; with the Koffiefontein kimberlite having the lowest
concentrations of these two oxides, but with the highest concentrations in the Hebron and Zeekoegat
kimberlites, respectively (Table 4.1). Kimberlite samples tend to have low KO abundances, less than
0.89 wi% (Hebron kimberlite; Figure 4.1e), except for one of the Koffiefontein kimberlite samples that
extends to 1.43 wi% K;O (Table 4.1). Neither KO or P,Os contents of samples show any correlation
with MgO, nor do the absolute concentrations of these oxides exiend to some of the higher values
occurring in the aphanitic Uintjiesberg and Kimberiey kimberlite samples (e.g. up to 2 wi% K;0; 5 wi%
P.Os; Figure 4.1¢, T, Harris ef al., 2004, le Roex et al., 2003). NayO contents of kimberlites are also
very low and the highest analysed, is 0.38 wt% Na,O (Goedehoop kimberlite; Table 4.1).

A well-defined negative correlation exists between Ca0 and Si0O, abundances of kimberlites and

similarly, a well-defined positive correlation occurs between CO, and CaO (Figure 4.2g, h). CaO and
CO, concentrations tend to be the lowest in the Koffiefontein kimberlite (7.95 wt% CaQ; 4.20 wi%
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CO,), whereas the highest Ca0O (18.70 wi%) and CO; (11.72 wt %) concentrations occur in the
Abbotsford East and Klipgatsfontein kimberlites, respectively (Table 4.1). It is apparent that the off-
craton kimberlites tend to higher Ca0 and CO; contents, although all of the on- and off-craton group |
kimberlite samples still fall within the compositional fields defined for the Kimberley and Uintjiesberg
kimberlites (Figure 4.1g, h).

4.2.1 On-craton group | kimberlites

Goedehoop kimberiite

The two on-craton Goedehoop kimberlite samples analysed are both macrocrystic (15-20 vol.%
macrocrysts) and have Si0O, and MgO concentrations that plot in the middle of the field defined for the
group | Uintjiesberg and Kimberey kimberites (Figure 4.2a). The FeQ" content of both samples
{11.45-11.83 wi%,; Figure 4.1b) is greater than that of all other group | kimberlites and consequently
the Mg-number {100*Mg# ~ 82.0) of the Goedehoop kimberlite, falls on the lower end of the range for
other kimberlites (Table 4.1}). TiOz, (~3.1 wi%), ALO; (~2.5 wi%), K0 (~0.2 wit%), Cal (~12.5 wi%)
and CO, (~6.6 wit%) concentrations are similar for both samples {Figure 4.1¢c-h). The slightly higher
MNa,0 (0.27-0.38 wit%) and associated very low K0 contents of the Goedshoop Kimbaerlite resulls in a
Na, OO0 ratio greater than unity, in contrast to other group | kimberlites that have Na,OM0 < 1.

Koffiefontein kimberlite

Three macrocrystic kimberlite samples have been analysed from the on-craton Koffiefontein
kimberiite, although sample KK 3 (18 vol.% macrocrysts) is less macrocrystic than samples KK 8 and
KK 6 {20-25 vol.% macrocrysts). The latler two have very similar concentrations for most oxides and
almost identical MgQ contents (30.32 wi%; 100*Mg# = 89.4; Figure 4.1a-h), although all three
samples have roughly equivalent Si0; concentrations (~32.2 wi%). Sample KK 3 has comparatively
lower MgQO (26.28 wit%,; 100*Mgh = B5.5; Table 4.1), but higher Fe()* {8.03 wi%), TiO, (2.30 wi%),
AlO; (3.07 wi%) and KO (1.43 wi%) contenis than samples KK 5 and KK 6. All three samples
broadly fall within or very close to the compositional fislds delineated for the on-craton Kimberley

kimberlites (Figure 4.1).

4.2.2 Off-craton group | kKimberlites

Abbotsford East and Zeekosegat kimberlites

The two samples analysed from the off-craton East Griqualand kimberlites are both sparsely
macrocrystic containing 10 (Abbotsford East) to 15 (Zeekoegat) volume % macrocrysts. The higher
Mg-number (100*Mg# = 83.2), MgO (25.31 wi%) and SIO, (24.80 wi%) content of the Zeekoegat
kimberlite, in comparison to the Abbotsford East kimberdite (100°Mg# = 82.1; 23.29 wi% MgO; 23.45
wt% Si0O,, Table 4.1), reflects the greater abundance of olivine macrocrysts in the former (Figure 4.1a).
Concentrations of FaQ* (~10.3 wit%), TiO; (~2.6 wi%), ALO; (~3.3.wl%) and K0 (~0.2 wi%) are
generally similar (Figure 4.1b-e), whereas P,Os is significantly lower in the Zeekoegat kimberlite (0.33
wt%) than in the Abbotsford East kimberlite. High CaO (16.70 wt%) and CO, (10.48 wt%) contents in
both kimberiites, correlate with their calcite-rich nature (Section 3.2; Figure 4.1g, h).
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Hebron kimberlite

Three samples from the off-craton Hebron kimberlite have been analysed, all of which are
macrocrystic, although sample JJG 4295 (33 vol.% macrocrysts) is slightly more macrocrystic, with a
higher MgO concentration (28.29 wt%) and Mg-number (100*Mg# = 86.8) than samples HEB 1A and
HEB 1B (25 vol.% macrocrysts; ~23.2 wi% MgO; 100*Mg# ~ 82.4; Figure 4.1a; Table 4.1). SiO,
contents of all three kimberlite samples are fairly similar (24.66-26.35 wi%, Figure 4.1a), whereas
sample JJG 4295 has lower FeO” (8.71 wit%), TiO, (2.21 wt%) and Al,O; concentrations (2.27 wi%;
Figure 4.1d-e). CaO and CO, contents of all three samples tend to be comparable (~13.4 wt% CaQ;
~10.5 wit% CO,; Figure 4.1g, h). The Hebron kimberlite samples fall within or close to the
compositional fields defined by the Kimberley and Uintjiesberg kimberiites (Figure 4.1).

Klipgatsfontein kimberlite ,

Three macrocrystic samples from the off-craton Klipgatsfontein kimberlite have been analysed, all of
which tend to have similar geochemical compositions (Table 4.1). The samples have relatively low
Mg-numbers (100"Mg# ~ 82.0); MgO (~23.8 wi%) and Si0O, (~24.5 wi%) contents (Figure 4.1a; Table
4.1), that appear to be in confradiction to their macrocrystic character, but it is significant that the
dominant macrocryst phase is phlogopite and not odlivine (5-7 vol% olivine macrocrysts).
Klipgatsfontein kimberlite samples tend to plot within the field defined by the Kimberley and
Uintjiesberg kimberlites but have notably high FeQ* (~10.5 wi%) and slightly higher CO, (~11.2 wi%)
contents (Figure 4.1).

4.3  Group Il kimberlites

The variation in group Nl kimberlite major element geochemistry is illustrated in Figure 4.2, with
individual analyses of samples reported in Table 4.2. Analyses of the on-craton group Il Swartruggens
and Star kimberlites (Coe, 2004) as well as the group | Kimberley kimberlites (le Roex ef al., 2003) are
represented as fields on the graphs for comparison. The analysed group Il kimberlites show broad
variation in Si0O, concentrations (Figure 4.2a) from 25.22 wit% (Eendekuil kimberlite) to 43.09 wi%
(Brandewynskuil kimberlite). Variation in SiO, content is greater than that of the Swartruggens and
Star kimberlites, but it is important to note that only unaltered and uncontaminated samples from these
two kimberlites have been included (Coe, 2004). The MgO content of the kimberlites does not show a
well-defined correlation with Si0,, although intra-kimberlite correlations do exist (e.g. Markt kimbedlite;
Figure 4.2a). Inter-kimberlite variation in MgO concentrations and Mg-numbers is large from 10.13
wi% MgO, 100*Mg# = 70.2 (Eendekull kimberlite) to 36.25 wi% MgO, 100*Mg# = 91.3 (Newlands
kimberlite). Group !l kimberlites with high MgO contents tend to be very olivine macrocrystic in
character (Bellsbank, Newlands and Markt kimberlites; Table 4.2). All group !l kimberlites other than
the Eendekuil kimberlite (~9.6 wi% Fe(O*), have FeQ* concentrations varying from 6.42 to 8.40 wi%
(Figure 4.2b).



Table 4.2: XRF major element analyses of on- and off-craton group Il kimberlites given in weight %. All Fe is reported
as Fe,0;, Mg-number (Mg #) is atomic Mg/(Mg + Fe?"), calculated using an Fe,04/FeO ratio of 0.15. H,0" is defined as
the difference between the loss on ignition (LOI) and CO, concentrations. The contamination index (Cl) defined by
Clement (1982) is also given for reference.

Group Il kimberlites: On-craton

Kimberlite Bellsbank New Elands Mewlands

Sample KBEL2  JJG 4676 NE K6 NE K10  NE K11 JJG 24 JIG 6198 KN 2 KN3
% Macro. - 30 10 10 20 25 45 35 30
8i0, 33.20 33.42 35.97 34.79 37.68 33.59 32.58 31.33 33.02
TiO, 0.84 0.87 1.43 1.38 1.20 0.69 0.59 0.79 0.56
AlLO, 1.90 1.97 4.31 4.31 4.20 2.08 1.90 1.87 1.51
Fa,0, 7.65 7.80 9.02 9.19 9.34 7.85 7.18 7.77 7.15
MnO 0.16 0.15 0.23 0.20 0.19 0.13 0.14 0.16 0.13
MgO 30.77 31.76 23.86 23.34 28.38 32.74 32.39 36.25 32.30
Ca0 7.64 8.07 8.08 8.82 3.22 6.35 7.96 6.88 7.61
Na,0 0.04 0.12 0.23 0.23 0.14 <0.01 0.10 <0.03 <0.01
K,0 1.88 1.89 4.56 5.03 4.07 1.26 1.12 1.12 0.53
POy 1.92 212 1.10 1.34 0.90 1.78 2.51 1.04 1.27
S50, 0.20 0.10 0.03 0.04 0.13 0.24 0.26 0.08 0.55
NiD 0.17 0.17 0.12 0.1 0.15 0.20 0.18 0.19 0.20
Cr,0, 0.23 0.25 0.21 0.24 0.24 0.28 0.33 0.32 0.27
H,0" 0.77 0.44 1.57 1.94 1.75 0.43 0.24 0.21 0.54
LOI 11.92 10.26 9.21 8.97 7.90 11.45 12.35 11.06 13.74
Total 99.28 99.39 99.92 99.90 99.48 99.06 99.83 99.06 99.38
H,0+ 7.62 5.16 L . 6.70 7.15 6.91 3.07 7.74
CO, 4.30 5.10 - - 1.20 4.30 5.44 7.99 6.00
Ci 1.0 1.0 1.2 1.2 1.2 1.0 1.0 0.9 1.0
100"Mg# 900 90.2 85.6 85.1 87.2 90.4 91.0 91.3 91.0
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Table 4.2 {cont.):

Group Hl kimberiites; Off-craton

Kimberlite Brandewynskuil Eendekuil Markt

Sample Ké/8 Ken1r KBz K614 EKL 1 K2/2 K2/3 K2/o K213 JJG 2314 JJG 2336 MRK 1 MRK 3
% Macro, 25 20 30 30 25 25 30 30 25 30 25 30 20
B0, 43.09 41.01 38.99 42.58 387 31.81 25.22 29.33 30.47 34.40 30.28 33.54 31.53
Tie, 0.98 1.24 1.42 1.20 2.96 2.55 2.56 3.11 2.71 0.898 .81 0.72 0.86
Ada Oy 8.6 6.43 6.52 B.61 4.47 5.42 5.53 7.57 5.95 3.42 2.84 3.40 2.74
Fa,ls 7.14 7.67 8.33 7.55 11.77 8.89 8.65 11.93 10.27 7.28 7.50 7.35 7.83
WMnO 0.41 .11 0.13 0.12 0.18 0.18 0.24 .18 0.18 0.14 .18 0.18 .18
Mg 17.58 20.40 20.66 18.21 12.88 10.67 10.13 12.63 11.23 28.76 26.83 28.04 27.14
Cal 532 6.15 6.28 65.53 14.38 18.26 21.27 13.71 17.96 7.68 11.53 9.02 10.73
Nay( 0.82 0.36 042 .58 0.35 0.07 045 0.32 0.08 0.10 0.07 0.02 0.03
K20 3.38 347 3.05 3.08 4.08 4.15 3.61 4.88 4.33 2.64 2.28 2.85 2.32
PoOy 0.81 1.06 1.17 1.25 1.51 0.97 0.5 0.97 0.77 1.3 1.93 1.40 1.69
80, 0.02 - 0.01 0.01 0.08 0.61 0.28 0.09 - 0.05 0.01 0.07 0.02
IO 0.07 - 0.12 .08 .03 0.04 0.04 0.05 - 015 0.10 0.14 0.1
Cry04 0.13 - 0.24 0.19 0.07 0.08 0.09 0.08 - 0.21 0.25 0.20 0.28
H, 0" 6.12 397 6.89 5.09 0.36 0.56 1.13 1.68 0.78 0.79 0.41 0.63 0.32
Lol 5.85 842 5.36 4.83 B.63 14.41 18.14 12.50 16.50 10.85 14.04 11.69 13.55
Total 99.79 99.99 89.60 99.81 99.90 99.46 89.25 99.00 99.93 99.56 99.17 99.21 89.11
H O+ 4.98 8.22 5.34 4.83 0.13 0.02 3.08 0.1 241 5.45 7.41 579 7.16
GO, 0.86 0.20 0.02 nd. 8.48 14.39 15.07 12.39 1308 5.50 6.64 5.90 .40
L] 2.1 1.8 1.7 2.0 2.0 2.0 1.8 1.7 1.8 1.1 1.1 1.1 1.1
100 Mg# 84.7 857 84.8 84.4 711 71.2 70.2 70.4 711 90.2 88.9 896 889

* Brandewynskuil kimberlite sample K6/71 and Eendekuil kimberiite sample K2/12 have major element XRF analyses from Clark (1994). CO, analyses performed in this study.

* nd. = not delected
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TiO; and Al,O5 concentrations are negatively correlated with MgO (Figure 4.2c¢, d), and the analysed
kimberiites, other than the Eendekuil and Brandewynskuil kimberlites, show similar concentrations of
these oxides to the Swartruggens and Star kimberlites. The Eendekuil kimberlite has the highest TiO,
concentration (3.11 wt%) and Brandewynskuil kimberlite, the highest Al,O; concentration (8.61 wit%)
compared to all other group !l kimberlites, whereas the Newlands kimberlite has the lowest
concentrations of these two oxides (0.56 wt% TiO,, 1.51 wit% Al Os; Table 4.2). K;O contents of the
Newlands and Bellsbank kimberlites are very low (0.53-1.89 wi%) and fall well outside of the range
observed for other analysed kimberlites (2.28-5.03 wi%) as well as the Swartruggens and Star
kimberlites (Figure 4.2e). A characteristic feature of the Swartruggens kimberlite is its K;0 enrichment
(up to 6.5 wt%,; Coe, 2004), but this feature Is not shared by the analysed group Il kimberlites of this
study. The P,05 concentration of the kimberlites varies from 0.77 wit% (Eendekuil kimberlite) to 2.51
wit% (Newlands kimberlite; Figure 4.2f).

Group Il kimberlites show moderately large variation in CaO concentrations from 3.22 wt% (New
Elands kimberlite; Figure 4.2g) up to 21.27 wi% (Eendekuil kimberlite) and the Ca0 content of the
kimberlites correlates well with Si0,, as well as with CO, (Figure 4.2g, h). CO, contents of some of the
group I kimberlite samples approach zero (Brandewynskull and New Elands kimberlites; Table 4.2)
and are most likely below the detection limit of the karbonat bombe analytical technique (Appendix C).
The highest CO, concentration of the group Il kimberlites is 15.07 wt% (Eendekuil kimberlite) and is
comparable to the highest CO, contents of the Swartruggens and Star kimberlites (Figure 4.2h).

4.3.1 On-craton group il kimberlites

Bellsbank kimberlite

One of the analysed on-craton Bellsbank kimberlite samples (JJG 4676) is macrocrystic (30 vol.%
macrocrysts) and the geochemical similarity of sample KBEL 2, for which no thin section exists, is
interpreted as evidence of the macrocrystic nature of that sample. Both samples have moderate SiO;
contents (~33.3 wit%), with high MgO concentrations and Mg-numbers (~31.4 wi% MgO; 100"Mg#
~90.1; Figure 4.2a; Table 4.2). FeQ*, TiQ,, Al,0,, Ca0 and CO, contents of both samples fall towards
the lower limit of the compositional field defined for the on-craton Swartruggens and Star kimberlites
(Figure 4.2b-h). The analysed samples also have particularly low KO contents (1.88 wt%, Figure
4.2e) for group |i kimberlites and fall just within the field defined for the group | Kimberley kimbetlites.

New Elands kimberiite

Three samples from the on-craton New Elands kimberlite were analysed, two of which are sparsely
macrocrystic (NE K6, NE K10) and the third, macrocrystic (20 vol.% macrocrysts; NE K11). Sample
NE K11 is accordingly more SiO, (37.68 wt%) and MgO-rich (28.38 wt% MgO; 100*Mg# = 87.2) than
the sparsely macrocrystic samples (Figure 4.2a; Table 4.2). Variation in most other oxide
concentrations is however, limited (e.g. 1.20-1.43 wit% TiO,; 4.20-4.31 wt% AlLO;; Figure 4.2c, d).
New Elands kimberlite samples generally fali within the compositional fields of the on-craton group I

Swartruggens and Star kimberlites (Figure 4.2 a-g).
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Newiands kimberiite

Four samples from the on-craton Newlands kimberlite have been analysed, all of which are
macrocrystic (25-45 vol.% macrocrysts), with high MgQ concentrations (32.30-36.25 wit%, Figure 4.2a)
and Mg-numbers (100*Mg# = 90.4-91.3; Table 4.2). Little intra-kimberiite varlation exists within the
Newlands kimberlite (e.g. 31.33-33.59 wt% SiO,; 1.51-2.08 wt% Al,0; and 6.35-7.96 wt% CaO; Table
4.2). The compositions rarely fall within the Swartruggens and Star group I kimberlite fields (e.g.
Figure 4.2¢), but tend to show more geochemical similarity to the Bellsbank kimberlite, particularly with
respect in their unusually low KO concentration (0.56-1.26 wt%; Figure 4.2e).

4.3.2 Off-craton group il kimberlites

Brandewynskuil kimberlite

Sampies from the off-craton Brandewynskuil kimberlite are all macrocrystic (20-30 vol.% macrocrysts),
but are characterised by relatively low MgO (~18.2.5 wi%,; Figure 4.2a) and FeO* concentrations (~6.9
wi%; Figure 4.2b), although still having moderate Mg-numbers (100*Mg# ~84.9; Table 4.2). In
contrast, SiO; (~41.4 wi%) and AlLO; contents are comparatively high (Figure 4.2a, d), with samples
K6/8 and K6/14 having distinctly higher Al,Og (~8.5 wi%) than samples K6/71 and K6/12 (~6.5 wi%).
High SiQ,, AlLQs, C.I. (1.7-2.1) and HO" (3.97-6.89 wi%) as well as negligible CO; (< 0.86 wi%,
Figure 4.2h; Table 4.2) suggest extensive contamination/alteration of these two kimberlite samples
(discussed in detail in Section 8.2 and 8.3). With the exception of having higher SiO, and Al,Os, as
well as lower Ca0, the Brandewynskuil kimberlite generally falls within the compositional field defined
for the on-craton group !l Swartruggens and Star kimberlites (Figure 4.2a-h).

Eendekuil kimberlite

Five macrocrystic samples from the off-craton Eendekuil kimberlite have been analysed and are
characterised by unusually low MgO concentrations (10.13-12.86 wt%; Figure 4.2a) and moderately
high FeQ* contents (8.68-10.59 wi%; Figure 4.2b), resulting in low Mg-numbers (100*Mg# = 70.2-
71.2; Table 4.2). Inter-sample variation with respect to SiO; (25.22-38.17 wi%), Al,Os (4.47-7.57 wt%),
Ca0 (13.71-21.27 wi%) and CO; (8.49-15.07 wi%) concentrations is substantial (Figure 4.2) and the
Eendekuil kimberlite in general, has compositions clearly distinct from the on-craton group U
Swartruggens and Star kimberlites with possible exception of K0, CO, and CaQ (Figure 4.2¢, g, h).

Markt kimberlite

Four samples from the off-craton Markt kimberlite have been analysed and all of the samples are
macrocrystic (20-30 vol.% macrocrysts; Table 4.2). SiO; (30.28-34.40 wt%) and MgO (26.83-29.76
wi%) concentrations of samples show good positive correlations (Figure 4.2a), whereas FeQ" (6.55-
6.86 wit%) and TiO, (0.69-0.91 wi%) concentrations, correlate negatively with MgO (Figure 4.2b, ¢)
and Mg-number (100*Mg# = 88.9-90.2; Table 4.2). Similarly, good correlations between Si0,, Ca0Q
and CO, exist for the samples (Figure 4.2g, h). Markt kimberlite samples generally fall within the
compositional range defined for the on-craton group !l Swartruggens and Star kimberlites, although
TiO, (Figure 4.2¢) and KO (Figure 4.2e) contents of Markt kimberlite samples are slightly lower.
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4.4 Transitional kimberlites

Major element analyses of the transitional kimberlites are reported in Table 4.3 and illustrated in
Figure 4.3, with comparative fields for the group | Kimberley kimberiites (le Roex ef al., 2003) and
group It Swartruggens and Star kimberlites (Coe, 2004). SiO, content varies from 26.80 wt%
{Leicester kimberlite; Figure 4.3a) to 40.39 wit% (Silvery Home kimberlite), except for Melton Wold
kimberlite sample MLW 4 that has particularly low SiO; (19.80 wi%). Samples with high SiO,
concentrations (Droogfontein and Silvery Home kimberlites) are associated with the presence of
matrix diopside. MgO concentrations and Mg-numbers of samples correlate well with SiQO, contents
and vary from 21.39-32.70 wt% MgO and 100*Mg# = 83.1-90.0 (Figure 4.3a; Table 4.3), excluding
Melton Wold kimberlite sample MLW 4 that has unusually low MgO and FeQ* (Figure 4.3a, b). FeO*
contents of the transitional kimberlites tend to be less than 9.18 wt% (Figure 4.3b; Droogfontein
kimberlite). The transitional kimberlites tend to broadly overlap the compositional fields of the group |
Kimberley and group |l Swartruggens and Star kimberlites (Figure 4.3a, b).

TiO2 (0.79-3.20 wt%) and AlO; (1.76-4.28 wi%) concentrations show broad negative correlations with
MgO and generally fall within the fields defined for the reference group | and group Nl kimberlites
(Figures 4.3c, d). The Droogfontein kimberlite however, is an exception, since its AlOs concentration
(6.31-6.85 wt%) is considerably higher than that of any other reference group | and group Il kimberlites
(Figure 4.3d). K;0 concentrations of kimberlites vary between 0.10 and 3.22 wi% (Melton Wold and
Silvery Home kimberlites, respectively) and genefa"y fall within the field defined for group | kimberlites
(Figure 4.3e), although some of the samples with high SiO, (Droogfontein and Silvery Home
kimberlites), are slightly more enriched in KO and show more similarity to the field defined for the
group il Swartruggens and Star kimbetlites (Figure 4.3e). P.O; contents of the kimberlites are all less
than 2.77 wt% (Figure 4.3f; Leicester kimberlite).

The analysed transitional kimberlite samples show a well-defined negative correlation between Ca0
and Si0O, concentrations that vary between 4.23 wi% (Silvery Home kimberlite; Figure 4.3g) and 17.22
wit% Ca0 (Leicester kimberlite). The Ca0 (34.89 wt%) and CO, (27.67 wt%) contents of Melton Wold
kimberlite sample MLW 4 are however, the highest concentrations of all the transitional, group | and
group il kimberlites (Figure 4.3g, h). CO, concentrations for other transitional kimberlites vary between
negligible CO, (Droagfontein and Silvery Home kimberlite) and 13.39 wt% CO, (Leicester kimberlite).
Samples tend to show a well-developed positive correlation between Ca0O and CO; contents and fall
within the reference field defined for group | and group Il kimberlites {Figure 4.3h).

4.4.1 On-craton transitional kimberlites

Leicester kimberlite

Three macrocrystic samples from the on-craton Lelcester kimberlite have been analysed and their
MgO concentrations (21.39-31.21 wi% MgO; 100"Mg# = 87.8-89.5; Figure 4.3a; Table 4.3) vary in
accordance with the relative proportion of olivine macrocrysts (5-25 vol.% olivine macrocrysts).
Although the variation in MgO and FeO* contents (5.53-7.43 wt%, Figure 4.3b) is significant, the
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Table 4.3: XRF major element analyses of on- and off-craton tfransitional kimberlites given in weight %. All Fe is
reported as Fe,0,, Mg-number (Mg #) is atomic Mg/(Mg + Fe?*), calculated using an Fe,O4/FeO ratio of 0.15. H,0" is
defined as the difference between the loss on ignition (LOI) and CO, concentrations. The contamination index (Cl)
defined by Clement (1982) is also given for reference.

Transitional kimberiites: On-craton Off-craton

Kimberlite Leicester Wimbledon Droogjontein

Sample JUG 4326 JJG 4328 JJG 6054 WIMB 1 WIMB 2 K1i9/2* K19/3 K19/5* K19/10
% Macro. 25 25 38 30 30 15 15 15 15
Si0, 27.04 26.80 28.77 29.21 30.13 36.07 36.33 35.98 36.91
TiO, 1.97 1.58 1.48 0.92 0.95 3.20 3.10 3.17 3.02
AlLO,; 2.85 4.14 1.76 1.88 2.18 6.70 6.85 6.48 6.31
Fe,04 8.45 6.15 8.26 7.38 7.59 10.20 0.68 10.14 9.72
MnO 0.18 0.13 0.18 0.16 0.17 0.17 0.17 0.18 0.17
MgO 26.95 21.39 31.21 27.98 28.74 22.25 22.85 22.68 23.47
Ca0 13.83 17.22 8.69 11.26 8.10 7.68 8.40 7.42 7.66
Na,O 0.09 <0.06 0.05 0.03 0.27 0.05 0.11 0.04 0.12
K0 0.97 2.62 0.79 1.18 1.16 2.72 226 2.71 248
P,05 2.77 2.68 1.23 2.18 2.13 2.03 1.69 2.00 1.52
S0, 0.13 0.25 0.11 0.67 0.13 - 0.10 - 0.11
NIO 0.11 0.09 0.14 0.16 0.16 - 0.1 - 0.12
Cra05 0.29 0.23 0.21 0.25 0.28 - 0.19 - 0.17
H,O" 0.33 0.25 0.38 0.64 0.46 1.49 0.92 1.50 144
LOI 13.94 15.51 16.41 15.23 15.65 7.34 6.53 7.50 8.52
Total 99.91 99.03 99.68 99.13 99.09 98.90 99.29 90.81 98.76
H,O+ 415 2.12 6.02 6.44 5.66 7.14 - - -
€O, 9.79 13.39 10.38 8.79 9.99 0.20 - - -
Cl 1.0 1.2 0.9 1.0 1.0 1.5 1.6 15 1.5
100*Mgit 87.8 88.7 89.5 895 89.8 83.1 84.1 83.4 84.4

* Droogfontein kimberlite samples K79/2 and K19/5 have major element XRF analyses from Clark (1994). CO, analyses performed in

this study.

Ansiweyo0sB Juswee Jofeyy p se)deyd



Si-¥

Table 4.3 {(cont.):

Transitional kimberiites: Off-craton

Kimberiile Melton Wold Silvary Home

Sample MLW 1 MLW 3 MLW 4 JAR 21022 SLH1 SLH3 SLHT StHe SLH 10 SLH 11
% bacro. 20 15 20 15 20 10 15 18 15 15
$i0, 32.85 33.64 19.80 34.69 35.23 40.39 39.26 30.97 35.08 34.30
Ti0, 0.79 1.02 1.23 1.68 143 1.62 1.96 2.6% 1.64 1.61
Al O, 1.86 240 243 2.32 319 4,11 4.28 3.95 3.7 3.47
FeyOy 8.16 7.96 5.28 9.17 8.45 8.25 822 9.41 8.42 8.28
WnG 0.13 0.14 0.38 0.14 0.14 0.10 0.14 0.15 0.14 0.14
WgO 32.70 31.08 483 3n.ez 3248 2504 28.28 27.80 31.49 31.28
Cal 6.44 6.84 34.89 4.91 3.87 5.64 6.22 6.92 4.51 4.23
Na,O <0.02 <0.05 .39 0.18 0.04 0.05 0.37 0.26 0.19 0.26
K0 1.16 1.82 0.10 2.24 1.59 3.22 2.41 3.00 1.40 1.56
P05 0.49 0.46 0.66 0.77 0.56 0.16 0.47 0.27 0.56 0.57
S0, 0.09 0.25 0.11 0.31 0.25 0.34 0.03 0.04 0.06 0.08
NiO 0.20 0.18 .14 0.18 0.18 0.18 0.15 014 047 0.17
Cry0, 0.27 0.25 0.21 0.24 0.26 0.24 024 0.23 0.27 0.28
HaO" 0.55 0.18 0.23 .25 0.40 1.21 0.91 0.31 0.62 0.69
Ot 13.28 12.93 28.82 11.65 11.16 8.22 5.38 4.69 11.74 12.19
Total 99.12 899,26 99.20 98,57 99.23 99.67 20,32 99.76 99,99 99.11
H. O 8.71 8.83 1.15 8.48 9.56 5.02 .91 4.43 10.25 9.94
CO, 4.57 4.10 2787 3.20 1.60 3.20 n.d. 0.26 1.50 2.25
&E 1.0 1.0 4.5 1.1 1.3 1.4 1.3 1.3 1.1 1.1
100"Mg# 80.0 89.8 87.3 88.3 88.6 87.6 87.3 B86.9 89.4 885

** n.d. = not detected
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Chapter 4: Major element geochemisfry

variation in SiO, concentration is particularly small (26.80-28.77 wi%; Figure 4.3a). Leicester
kimberlite sample JJG 4328 is characterised by FeO* (5.53 wt%), Al;O; (4.14 wit%), K0 (2.62 wi%),
Ca0 (17.22 wi%) and CO; (13.39 wi%) concentrations that are different to samples JJG 4326 and
JJG 6054 (Table 4.3) and consistent with petrographic evidence that suggests possible alteration and
contamination of this sample. Samples JJG 4326 and JJG 6054 generally plot within the compositional
fields defined for the group | Kimberley kimberlites (Figure 4.3).

Wimbledon kimberiite

Two macrocrystic samples from the on-craton Wimbledon kimberlite have been analysed and samples
tend to have similar compositions. Both samples are MgO-rich (27.98-29.74 wt%; 100*Mg# ~89.7;
Figure 4.3a; Table 4.3) with moderately low concentrations of FeQ* (6.64-6.83 wi%), TiO, (0.92-0.95),
Al,O; (1.88-2.18 wit%) and K;O (1.16-1.18 wit%, Figure 4.3b-e). The Wimbledon kimberlite samples
show good overlap with the compositional field defined for the group | Kimberley kimberlites.

4.4.2 Off-craton transitional kimberlites

Droogfontein kimberlite

Samples from the off-craton Droogfontein kimberlite are all macrocrystic (15 vol.% macrocrysts) and
have relatively low MgO contents and Mg-numbers (~22.5 wi% MgO; 100*Mg# ~83.8), as well as high
Si0O, (~36.0 wt%) and FeQ* (~8.9 wi%) concentrations (Figure 4.3a, b; Table 4.3). The four analysed
samples are similar in composition and are marked by high TiO; (~3.2 wi%) and AlO; (~6.6 wi%)
concentrations. High SiO,, AlbO, and very low CO; contents of the kimberlite samples (0.2 wt% CO,
for sample K19/2; Table 4.3), in addition to the petrographic identification of diopside-rich domains,
suggests that the Droogfontein kimberlite is crustally contaminated (ses Section 8.3). In composition,
the Droogfontein kimberlite tends to variably overlap with both the fields defined for group | and group
Il kimberlites, depending on the element in question (e.g. Figure 4.3a or ¢).

Meiton Wold kimberiite

Three samples from the off-craton Melton Wold kimberlite have been analysed, all of which are
macrocrystic in character. Samples MLW 1 and MLW 3 are similar in geochemical character with high
SiO; (~33.2 wit%), MgO (~31.9 wt%) and Mg-number (100*Mg# ~89.9), but low Al,O; (~2.1 wit%), KxO
(~1.5 wt%), CaO (~6.6 wt%) and CO, (4.3 wit%) concentrations (Figure 4.3a-h). Sample MLW 4
however, is characterised by very low MgO (4.83 wi%,; Table 4.3), FeO* (4.76 wt%) and SiO, (19.80
wt%), but very high CaO (34.89 wt%) and CO, (27.67 wt%), which is consistent with petrographic
evidence suggesting widespread calcitisation of the kimberlite sample. Melton Wold kimberlite
samples MLW 1 and MLW 3 generally overlap the fields defined for group | and group Il kimberlites
although for K,0, the samples are more similar to group | kimberlites (Figure 4.3a-h).
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Silvery Home kimberlite

Seven samples from the off-craton Silvery Home kimberlite were analysed in order to ensure
representation of both petrographic facies of kimberlite. The diopside kimberlite phase (samples SLH
3, SLH 7, SLH 9) is characterised by lower MgO (25.94-28.28 wt%; 100*Mg# = 86.9-87.8), but higher
Si0, (39.26-40.39 wi%), Al,O; (3.95-4.28 wi%) and KO (2.41-3.22 wit%) concentrations (Figure 4.3a,
d, e) relative to samples dominated by groundmass serpentine and phlogopite (JAR 27022, SLH 1,
SLH 10, SLH 11). However, FeO* (7.42-8.47 wt%) and TiO, (1.43-2.61 wi%) contents are similar for
both facies of kimberlite (Figure 4.3b, ¢). Other than the high SiO,, low Ca0 and CO, concentrations of
the samples, the Silvery Home kimberlite is generally comparable in composition with the
concentrations of reference group | and group !l kimberlites (Figure 4.3a-h), showing similarities to
group | kimberlites for some oxides (e.g. TiO,; Figure 4.3¢) and to group Il kimberlites, for others (e.g.
Al;O4; Figure 4.3d).
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CHAPTER S

TRACE ELEMENT GEOCHEMISTRY

54 Introduction

The trace element geochemistry of kimberlites is particularly interesting since these unique alkaline
rocks are characterised by an unusual enrichment of both compatible (200-1900ppm Ni, 500-2500ppm
Cr) and incompatible trace elements (60-400ppm La, 60-450ppm Nb, 150-670ppm Zr; Coe, 2004;
Harris ef al, 2004; le Roex et al, 2003; Tainton, 1992; Smith ef al, 1985b; Nixon ef al, 1983).
Chondrite and primitive mantle normalised diagrams of kimberlites characteristically have steep
patterns indicative of the incompatible element enrichment and relative heavy rare earth slement
depletion of kimberlite samples (le Roex et al,, 2003; Tainton & McKenzie, 1994). Historically, studies
of the trace element geochemistry of kimberlites have either been used in a qualitative sense o
characterise the kimberlite (e.g. Nixon ef al., 1983; Dawson, 1980; Wedepohl & Muramatsu, 1979,
Fesq ef al., 1975), or as a means to discriminate between group |, group Il and transitional kimberlites
(e.g. Clark, 1994; Smith ef al, 1985b). More recently, there has been a tendency fo use trace
elements in a quantitative manner, to establish the geochemistry of primary kimberlite magmas and
thereafter unravel the nature of melting processes, to characterise the source region geochemistry
and to understand source region evolution (Chalapathi Rao ef al., 2004; Coe, 2004, Harris ef al., 2004,
le Roex et al., 2003; Beard ef al., 1998; Tainton & McKenzie, 1994; Fraser & Hawkesworth, 1992).

Trace elements are subdivided into various groups defined by their behaviour and the primary
subdivision is into compatible and incompatible elements according to their calculated partition
coefficient (D), defined as follows:

{Concentration X) minera
D=

(Concentration X) Liqud

Compatible elements have D greater than unity and are preferentially partitioned into solid phases
rather than the liquid phase, whereas incompatible elements (D < 1) are preferentially partitioned into
the liquid phase. Elements such as V, Cr, Co, Ni, Cu and Zn are usually incorporated into olivine,
spinel, clinopyroxene, phlogopite and iimenite (Jang & Naslund, 2003; Duke, 1876), minerals that
often occur as macrocrysts in kimberlite magmas and one would therefore expect the more
macrocrystic kimberlites to be enriched in these compatible elements. In contrast, the incompatible
element concentrations of kimberlites are enriched by fractional crystallisation and can be
incorporated into groundmass phases such as calcite and accessory minerals; e.g. apatite and
perovskite (Jones & Wyllie, 1984, Fesq et al., 1975). Incompatible elements can be further divided into
the large ion lithophile elements (LIL), high field strength elements (HFS) and rare earth elements

(REE) according to various physical characteristics.
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As mentioned in Chapter 4, kimberlites are prone to alteration that may disturb the concentrations of
the mobile trace elements (e.g. Rb, U), as wall as contamination that may either dilute or enrich
concentrations of specific elements (e.g. Zr, Hf, Pb, heavy REE; Coe, 2004, le Roex et al., 2003), and
therefore disguise the composition of the primary magma. However, the chief aim of this chapler is to
describe the trace element geochemistry of group i, group i and transitional kimberiite samples with
further discussion of alteration and contamination in Chapter 8. The concentrations of over 30 trace
elements in 54 kimberlite samples were determined by X-ray fluorescence (XRF) and inductively
coupled plasma-mass spectrometry (ICP-MS8) and the results are reported in Tables 5.1-5.3. Appendix
C and D give further details of the sample preparation procedure and specifications of the analytical
techniques used. Ni and Cr concenirations determined on fusion discs have preferentially been used
instead of those determined on pressed powder briguettes or by ICP-MS (Appendix D). Zr and Nb
analyses by XRF have also been preferentially used over ICP-MS determinations (Appendix C). XRF
trace element analyses by Clark (1994) for Brandewynskull kimberlite sample K&/11, Eendekuil
kimberlite sample K2/13 and Droogfontein kimberlite samples K719/2 and K196 have been
incorporated into the kimberlite data set.

52  Group | kimberlites

The variation of selected ferromagnesian element concentrations with MgO for group | kimberlites is
shown in Figure 5.1, with compositional fields of the on-craton group | Kimberley kimberiites (le Roex
et al., 2003} and the off-craton Uinlliesberg kimberlite (Harris of af,, 2004), llusitrated for reference. Ni
concentrations correlate positively with MgO (Figure 5.1a) and vary from 585ppm (Klipgatsfontein
kimberlite) to 1377ppm (Hebron kimberlite) and broadly overlap both the Kimberley and Uinijiesberg
kimberlite fields (Figure 5.1a). Cr contents show similar positive correlation with MgO (Figure 5.1b)
and vary from 754ppm (Kiipgatsfontein kimberlite) to 1795ppm (Koffiefontein kimberlite), whereas the
Co concentration range is more limited (74.1-102ppm), showing a very shallow positive slope with
MgQO (Figure 5.1c). Sc however, shows & broad negative correlation with MgO and with samples
generally overlapping the compositional fields of the Kimberley and Uintjiesberg kimberlites (Figure
5.1d).

Lil. element concentrations of the analysed group | Kimberlites generally overlap the compositional
fields of the on-craton Kimberley and off-craton Uintjlesberg kimberlites (Figure 5.2), and tend to show
a scattered distribution with the more immobile element La. Most samples have less than 50ppm Rb,
except for one of the Koffiefontein kimberlite samples (Figure 5.2a). In contrast, samples are
considerably more enriched in Sr and Ba (447-1470ppm Sr, 168-1572ppm Ba; Figure 5.2b, c). Pb
contents tend to be very low, with the highest concentration occurring in the Koffiefontein kimberlite
(12.9ppm; Figure 5.2d). inter-element ratios are variable, possibly due to the more mobile behaviour of
these elements (e.g. KIRb = 79.0-240; Ce/Pb = 14.3-46.2; Tabile 5.1).
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Table 8.1. XRF and ICP-MS tracs element analyses {in ppm) of on- and off-
craton group | kimberlites. Various inter-element ratios are given, as well as
the chondrite normalised La/Sm and La/Yh ratios. Normalising vaiues are

from Sun and McDonough {1989),

Group | kimberiiles: On-craton

Kimberlite: Gosdahoop Kofflefontein Abbots.E.
Sample JAR 30012 JJG 4282 KK3 KK 5 KK 6 JJG 3118
% Macro. 20 15 15 20 25 10
XRF

Zr 404 453 - - - 353
Nb 273 297 157 191 185 128
Co 97.4 86.6 102 83.9 86.8 96.7
Cr 1222 1184 1288 1623 1547 1174
il 950 778 - - = 842
Y 155 158 138 §8.2 88.0 297
Cu 52.6 80.2 - - - 154
1CP-MS

8¢ 21.0 234 12.2 8.97 8.73 18.0
i - - 1008 1267 1221 -
Cu - - 887 40.7 46.8 -
Rb 16.6 16.9 82.3 364 20.6 10.2
Br 1072 1164 816 g8 1470 898
k4 30.3 35.5 13.8 12.4 13.8 17.8
Zr 371 438 247 212 248 341
Mb 279 316 166 194 193 138
Ba 1418 1672 707 1520 78 281
La 216 238 131 164 164 80.9
) 434 481 259 336 329 163
Py 48.2 51.1 26.7 35.1 34.5 17.8
M 181 201 98.0 128 129 69.7
Sm 27.1 30.0 13.0 18.7 16.7 10.9
Ew 68.79 7.81 3.28 3.83 4.07 279
G 18.14 21.0 8.49 9.52 10.3 8.10
Th 1.96 2.25 0.93 0.98 1.06 0.94
Dy 8.63 9.93 3.88 3.76 4.08 4.54
Ho 1.28 1.44 0.58 0.52 0.56 0.70
Er 279 3.21 1.27 1.06 1.14 1.65
Tm 0.29 0.34 .15 0.4 0.12 0.19
Yh 1.62 175 0.79 .59 0.60 1.07
L 0.18 0.21 0.10 0.07 0.07 043
Hf 7.23 8.30 512 3.85 4.57 7.24
Ta 12.8 14.1 8.55 8.89 9.66 8.20
Pb 8.3¢ 11.8 8.00 7.65 12.9 4.83
Th 278 3.8 15.5 15.8 17.9 10.6
U §.48 7.26 3.50 411 4.62 2.48
Nb/Ta 21.7 21.0 19.5 21.8 20.0 156
LriHf §5.9 54.5 48.2 55.1 53.6 487
ZriNb 1.48 1.82 1.48 1.10 1.27 2.76
Ba/Nb 518 5.29 4.49 7.96 §.28 2.20
La/Nb 0.79 0.80 0.83 0.86 0.88 0.63
Nb/U 42.1 40.9 449 464 401 51.5
Ce/Pb 46.2 40.6 288 438 255 33.7
{La/Sm)y, 518 512 6.48 6.74 6.34 4.82
(LarYb)y 102 g7.8 118 189 194 54.1
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Table 5.1. Continued

Group | kimberiites: Off-craton

Kimberlite: Hebron Kiipgatsfontelin Zaekoeg.
Sample HEB 1A HEB 1B JJG 4285 JAR 31012 KGF1 JJG 4323 4G 1906
% Macro, 25 25 33 25 29 27 15
XRF

Zr 274 311 247 320 369 384 37
Nb 136 136 168 159 164 160 110
Co 95.9 81.9 83.9 96.0 74.4 85.9 90.0
Cr 1036 810 1485 892 754 858 1203
] 903 737 1553 887 576 878 883
v 220 190 140 177 182 169 150
Cu 874 72.7 72.6 106 66.3 87.2 137
CP-1M8

Sc 14.9 18.3 16.8 13.6 18.1 18.3 16.8
Ni - - - - - - -
Cu - - - - . - -
Rb 49.1 49.1 44.7 12.2 417 28.2 8.93
Sr 733 852 1082 876 1345 1010 447
Y 14.7 15.7 14.5 19.3 19.9 19.3 16.8
Zr 260 294 234 309 343 341 369
Nb 142 142 174 165 171 167 117
Ba 920 840 1437 396 1188 721 168
La 80.4 85.4 131 116 129 121 66.7
Ce 158 167 255 227 250 238 143
Pr 17.0 18.5 26.7 24.3 26.9 25.8 16.0
Nd 68.8 73.8 103 86.4 106 102 63.6
Sm 109 12.0 15.0 14.8 16.6 15.9 10.0
Eu 3.00 3.18 3.81 3.84 4.26 4.08 253
Gd 8.02 8.50 9.62 10.3 11.5 11.2 7.54
Th 0.89 0.95 1.00 1.42 1.27 1.22 0.88
Dy 4.02 4.24 4.08 5.32 5.60 5.39 4.357
He 0.60 0.65 0.60 0.78 0.85 0.81 0.69
Er 1.41 1.51 1.33 1.69 1.88 1.87 1.64
Tm 0.15 0.16 0.14 0.18 0.21 0.20 0.1¢
Yb 0.85 0.90 0.78 1.00 1.15 1.07 1.07
Lu 0.10 0.10 0.10 0.1 0.14 0.13 0.13
Hf 6.28 6.77 4.53 6.68 7.18 7.33 8.48
Ta 9.57 ©.95 8.91 8.71 9.41 9.57 7.73
Pb 5.10 4.81 11.4 7.20 8.51 8.01 8.98
Th 101 12.7 16.8 16.4 17.7 16.7 8.03
U 2.54 2.87 4.51 3.94 3.86 3.86 2.06
Nb/Ta 14.2 13.7 18.8 16.4 174 16.7 14.3
ZriHif 43.5 46.0 54.6 47.9 51.4 48.3 44.5
ZriNb 2.01 229 1.47 2.01 2.28 222 3.42
Ba/Nb 6.76 6.92 8.57 249 7.25 4.51 1.52
La/Nb 0.59 0.63 0.78 0.72 0.79 0.76 0.60
Nb/U 53.6 474 372 405 425 413 53.6
CelPb 30.9 34.8 22.3 31.5 29.4 29.7 14.3
(La/Sm)y 4.75 4.59 5.64 5.00 5.03 4.91 4.29
(La/Yb)y 67.7 68.1 120 82.3 80.9 81.0 44.7
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The primitive mantle normalised diagrams of the analysed kimberlites are fairly smooth and show the
enrichment of the more incompatible elements (e.g. Nb = 155-416 and Ba = 24.0-225 times primitive
mantle, Figure 5.5). Superimposed upon the frace slement patterns, are systematic relative depletions
of Rb, K, Sr, Hf and Ti (Figure 5.5). These negative anomalies appear to be characteristic features of
group | kimberlite samples and have also been described for the Kimberley and Uintjiesberg
kimberlites (Harris et al., 2004; le Roex ef al., 2003). Magnitudes of the negative anomalies are elther
described by normalised trace element ratios (e.g. T/Eu) or else in the X/X* notation (X" is the
interpolated value read from the primitive mantle normalised diagram, e.g. Ti* = [Eu'? x Ta'¥).
Negative Rb and K anomalies tend to be larger (K/K* = 0.0-0.3; calculated using Th and La) than the
Ti anomalies (TVTi* = 0.3-1.0). In some instances, the magnitudes of these anomalies increase with
the level of incompatible element enrichment (e.9. Goedehoop kimberlite; K/K* = 0.02 and La ~ 1000
times chondrite). Minor negative Sr anomalies as well as occasional Hf anomalies (e.g. Koffiefontein
kimberlite} on primitive mantle normalised diagrams are also features of the analysed group |

kimberlites.

5.21 On-craton group | kimberlites

Goedehoop kimberlite

Ferromagnesian and incompatible element concentrations of the on-craton Goedehoop kimberlite
show good overlap with the compositional field defined for the on-craton Kimberley kimberlites
(Figures 5.1-5.3). Sample JAR 30012 is slightly more macrocrystic than sample JJG 4282 and is more
enriched in Ni, Cr and Co and less enriched in Sc (Table 5.1). Intra-kimberlite variation in Rb (16.6-
16.9ppm), Ba (1415-1672ppm) and Sr (1072-1164ppm) contents tends to be limited (Figure 5.2).
Goedehoop kimberlite is also enriched in HFS elements (~429ppm Zr, ~285 ppm Nb; Figure 5.3) with
La/Nb = 0.840.01, Ba/Nb = 52+0.05 and Zr/Nb = 1.5£0.02 (Table 5.1). Similarly, light REE
concentrations are high (La = 911-1004 times chondrite; Figure 5.4) with steep REE patterns ((La/Yb)y
~ 100). Primitive mantle normalised patterns of the two kimberlite samples are almost identical, with
very pronounced negative Rb and K anomalies (K/K* = 0.02; Figure 5§.5), and lesser Sr and Ti

anomalies.

Koffiefontein kimberlite

Macrocrystic on-craton Koffiefontein kimberlite samples KK 5 and KK 6 are similar in geochemical
character and have higher concentrations of Ni and Cr (~1340ppm Ni; ~1810ppm Cr; Figure 5.1a, b)
than the less macrocrystic sample KK 3 (1079ppm Ni; 1532ppm Cr). Rb, Sr, Ba and Pb contents are
variable (Figure 5.2), whereas concentrations of HFS elements show less intra-kimberlite variation
(212-247ppm Zr, 157-191ppm Nb; Figure 5.3). Inter-element ratios also tend to be fairly well
constrained (e.g. Nb/Ta = 19.741.3; Zr/Nb = 1.310.2;, La/Nb = 0.91£0.02; Table 5.1). Chondrite
normalised REE patterns of samples KK 5 and KK 6 are almost identical (La = 690-693 and Lu =2.79-
2.89 times chondrite; Figure 5.4) and are typically steeper ({(La/Yb)y ~ 197) than sample KK 3
{(LarYb)y = 118). Negative K and Ti anomalies on primitive mantle normalised diagrams tend to be
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larger in magnitude for samples KK & and KK 6, than sample KK 3 (Figure 5.5). Sample KK 3 also has
a positive Rb anomaly on a primitive mantle normalised diagram (Figure 5.5).

5.2.2 Off-craton group | kimberlites

Abbotsford East and Zeekoegat kimberlites

Ferromagnesian element concentrations in the off-craton Abbotsford East and Zeekoegat kimberlites
tend to be similar (~703ppm Ni; ~941 ppm Cr; Figure 5.1a, b), even though their MgO concentrations
and macrocryst content differ. Concentrations of Rb, Ba and Sr are relatively low (168-281ppm Ba;
447-998ppm Sr; Figure 5.2) and samples tend to be slightly less enriched than the group | Kimberley
and Uintjiesberg kimberlites. Zeekoegat kimberlite has a significantly higher Pb content (sample JJG
1906, Figure 5.2) and lower Ce/Pb ratio (8.98ppm Pb, Ce/Pb = 14.3) than Abbotsford East kimberlite
(4.83ppm Pb, Ce/Pb = 33.7), and forms a positive Pb anomaly on a primitive mantle normalised
diagram (Figure 5.5). Well-constrained Inter-element ratios are consistent with the geochemical
similarity of the two kimberlites (Zr/Hf = 46.6+2.1, Nb/Ta = 14.9+0.7, La/Nb = 0.610.01). Both
kimberlites are slightly less light REE enriched (La ~ 311 times chondrite) than the Ulintjiesberg
kimberlite, although heavy REE contents still overlap the Uintjiesberg compositional field (Figure 5.4).

Hebron kimberiite

Macrocrystic off-craton Hebron kimberlite samples have higher Ni and Cr concentrations (1377ppm Ni;
sample JUG 4295, Figure 5.1a, b) than the less macrocrystic samples (e.g. ~695ppm Ni; samples HEB
1A, HEB 1B). Although the variation in Rb (44.7-49.1 ppm), Sr (733-1082 ppm) and Pb (4.81-
11.4ppm) contents is not very great (Figure 5.2), inter-element ratios for samples HEB 1A and HEB 1B
(K/Rb ~ 82.5, Ce/Pb ~ 32.9; Table 5.1) are different to sample JJG 4295 (K/Rb =166, Ce/Pb = 22.3).
Other inter-element ratios (Zr/Nb, Ba/Nb, La/Nb; Table 5.1) and REE ratios also effectively
discriminate between kimberlite samples (e.g. (La/Yb)y = 120 for JUG 4295 and {La/Yb)y = 68 for HEB
1A and HEB 1B). Primitive mantle normalised patterns of Hebron kimberlite samples broadly overlap
the group | Uinljiesberg compositional field and tend to show characteristic features of group |
kimberlites (as described above; Figure 5.5), except that samples HEB 1A and HEB 1B show no
depletion in Ti (T¥/Ti* ~ 1.0).

Klipgatsfontein kimberiite

Off-craton Klipgatsfontein kimberlite samples have low Ni (595-663 ppm), Cr (754-1012 ppm) and Co
(74.1-96.0 ppm) concentrations, but still fall within the range defined for the group | Kimberley and
Uintjiesberg kimberlites (Figure 5.1). REE and HFS element concentrations of samples show little
intra-kimberlite variation (e.g. 115-129ppm La, 159-164 ppm Nb; Table 5.1), in contrast to Rb (12.2-
41.7 ppm), Sr (876-1345 ppm) and Ba (396-1188 ppm) contents that vary independently to immobile
element concentrations (Figure 5.2). HFS element and REE ratios are also well constrained with
La/Nb = 0.8+0.03, Nb/Ta = 16.810.5, Zr/Nb = 2.210.1 and (La/Yb)y = 81.410.8, and with REE
compositions showing good overlap with the compositional field of the off-craton Uintjiesberg
kimberlite (Figure 5.4). Primitive mantle normalised patterns of the samples have characteristic group |
kimberlite features, in addition to the presence of a slight positive P anomaly (Figure 5.5).
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of these samples (364-3%0ppm La). HFS element concentrations of the samples are generally
equivalent (~218ppm Nb; La/Nb = 1.7+0.01; Nb/Ta = 19.1+0.2; Figure 5.8; Table 5.2) except for the
contrasting Zr contents in the two samples (276 and 376ppm Zr). Samples are characterised by Zr/Nb
= 1.2-1.8 and Ba/Nb = 11.6-19.4. Light REE concentrations of the samples (La ~ 1600 times
chondrite; Figure 5.9) are more enriched than in the Swartruggens and Star kimberlites, whereas
heavy REE concentrations (Lu ~ 4.9 times chondrite) are similar. Otherwise smooth primitive mantle
normalised patterns, are characterised by large negative Rb, K and Ti anomalies (K/K* = 0.1; TiTi* =
0.2), as well as more subdued depletions in Ta-Nb and Sr.

New Elands kimberiite

Sparsely macrocrystic and macrocrystic on-craton New Elands kimberlite samples tend to show good
correlation of ferromagnesian element concentrations with MgO content (Figure 5.6), whereas variable
Rb, Ba, Sr and Pb contents correlate poorly with La (Figure 5.7). Abundances of HFS elements
(Figure 5.8) tend to be similar in individual samples (e.g. 92.4-106ppm Nb, 4.01-4.67ppm Ta; Table
5.2), although Zr concentrations are variable (317-432ppm). The New Elands kimberlite is
characterised by La/Nb = 1.8-2.0, Ba/Nb = 16.5-39.9 and Th/Nb = 0.2-0.3. Light REE concentrations
are generally equivalent between samples (La = 806-856 times chondrite; (La/Ybly = 117-128;
(La/Sm)y = 7.8-8.0; Figure 5.8). Primitive mantie normalised pattemns of the samples are very similar to
the Swartruggens and Star kimberlites, both in the absolute degree of enrichment and nature of the
relative anomalies (Figure 5.10). Sample NE K11 also has moderate positive Ba, U and large Pb
anomalies (although not shown in Figure 5.10) superimposed upon its primitive mantle normalised
pattern,

Newlands kimberiite

Concentrations of Ni, Cr and Co in macrocrystic on-craton Newlands kimberlite samples are high and
show litlle inter-sample variation (~1495ppm Ni; ~2050ppm Cr; ~87ppm Co; Figure 5.6). Rb contents
and K/Rb ratios (~66ppm Rb; K/Rb = 146, Figure 5.7a) are distinctively lower than the Swartruggens
and Star kimberlites, whereas Sr, Ba, and Pb concentrations are more similar to the reference group Il
kimberlites (Figure 5.7). Sample KN 3 however, has anomalously high Ba, Pb and low Rb contents
(7345ppm Ba, 43.5ppm Pb, 30.7 ppm Rb; Table 5.2) that are reflected as relative positive and
negative anomalies, respectively, on primitive mantie normalised diagrams. In contrast, inter-element
ratios of the HFS elements do not show any significant differences between samples (e.g. Zr/Hf = 46.9
+1.4; La/Nb = 1.420.07, Zr/Nb = 1.110.2; Table 5.2). Patterns on chondrite normalised graphs are
characteristically steep ((La/Yb)y = 183-326; Figure 5.9) with comparatively flat heavy REE patterns
for samples KN 2 and KN 3 ((Gd/Lu)y ~ 6.5). The Newlands kimberlite shows well-developed negative
Rb, K (K/K* ~ 0.1) and Ti (T/Ti* ~0.2) anomalies on primitive mantle normalised diagrams, more
similar to the Belisbank kimberlite than the Swartruggens and Star kimberlites (Figure 5.10).
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53.2 Off-craton group ll kimberlites

Brandewynskuil kimberiite

Samples from the off-craton Brandewynskuil kimberlite are relatively macrocrystic and ferromagnesian
element contents tend to be rather low and variable (e.g. 570-972ppm Ni, 888-1633 ppm Cr; Figure
5.6). Incompatible element concentrations generally fall within the field defined for the on-craton
Swartruggens and Star group il kimberlites (Figure 5.7, 5.8) with inter-element ratios La/Nb and Zr/Nb,
being more constrained than Ba/Nb (La/Nb = 1.640.3; Zr/Nb = 3.9+0.46; Ba/Nb = 25.4+4.9; Table 5.2).
The samples tend to be less light REE enriched (La = 569-814 times chondrite; (La/Yb)y = 44-83) than
the reference group Il kimberlites (Figure 5.9), but heavy REE concentrations are equivalent due to
the slight flattening out of heavy REE patterns (Lu = 5.94-8.94 times chondrite). Notable features of
primitive mantle normalised patterns of the samples (Figure 5.10) are the small negative Rb, K (K/K* =
0.4-0.8), Sr, Ta-Nb anomalies and moderate negative Ti anomaly (TV/Ti*~ 0.4).

Eendekuil kimberlite

Eendekuil kimberlite samples are characterised by particularly low ferromagnesian element
concentrations (~296 ppm Ni, ~536ppm Cr; Figure 5.6) that correlate with the low MgO content of the
predominantly phiogopite macrocrystic kimberlite samples. Varlable LIL (171-210ppm Rb, 780-
1978ppm Ba; Figure 5.7) and HFS (e.g. 128-195 ppm Nb; Figure 5.8) element concentrations of
samples are generally similar to those of the Swartruggens and Star group |l kimberlites, Most inter-
element ratios of samples are fairly variable (e.g. Nb/Ta = 17.4-32.3, Ba/Nb = 4.1-11.9) and especially
the Zr/Hf ratio (Zr/Hf = 35.4-49.8), since the variation of Zr is independent of La (Figure 5.8a).
Consequently, primitive mantle normalised patterns are characterised by negative (sample K272,
K2/13) as well as positive (samples EKL 1, K2/3, K2/9) Zr-Hf anomalies (only shown for sample K2/2
in Figure 5.10). Other features of the primitive mantle normalised patterns of the moderately REE
enriched kimberiite samples are the absence of a Rb anomaly and the presence of moderate negative
K (K/K* = 0.3-0.5) and subdued Ta-Nb, Sr and Ti (Ti/Ti* = 0.6-0.8) anomalies as well as the flattening
of the normalised heavy REE patterns ((La/Yb)y = 66.2-137; (Gd/Lu)y = 5.6-11.5; Table 5.2).

Markt kimberlite

Off-craton Markt kimberlite samples are all macrocrystic, with the more macrocrystic samples having
higher Ni concentrations (1074-1171 ppm Ni, samples JJG 2314, MRK 1) than the less macrocrystic
samples (812-885ppm Ni; samples JJG 2336, MRK 3). Other incompatible slement concentrations are
similar to those of the group #l Swarltruggens and Star kimberlites and are not correlated with the
abundance of macrocrysts (Figure 5.7, 5.8). HFS element concentrations show little intra-kimberlite
variation (e.g. 105-121ppm Nb, 336-383ppm Zr; Figure 5.8) with inter-element ratios La/Nb = 1.710.1,
Zr/Nb = 3.1£0.3 and Th/Nb = 0.2+0.01, typical to other analysed group lI kimberlites. Chondrite
normalised REE patterns are relatively steep in character with La = 788-882 times chondrite and
(La/Yb)y = 122-151 (Figure 5.9). Primitive mantle normalised trace element patterns of samples
(Figure 5.10) show characteristic depletion in Rb, K, Ti and more minor depletion in Ta-Nb ((La/Nb)y =
1.7-1.9) and Sr, as well as slight enrichment in Pb (Ce/Pb)y = 0.6-0.7).
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Ni concentrations in the analysed transitional kimberlite samples show a large range from 707ppm
(Leicester kimberlite; Figure 5.11a) to 1609ppm (Melton Wold kimberlite), which overlaps the Ni
contents of the on-craton group | Kimberley kimberlites (le Roex ef al, 2003) and group Ui
Swartruggens and Star kimberlites (Coe, 2004). Cr concentrations show weak positive correlation with

MgO (1193-1911ppm Cr; Figure 5.11b) and similarly overiap the fields for reference group | and group

il kimberiites. Co and Sc contents are significantly lower than Ni and Cr, although equally variable

{58.6-203ppm Co; 7.62-22.4ppm Sc¢; Figure 5.11¢, d).
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Figure 5.11: Varlation of selected ferromagnesian elements versus MgO for on- and off-craton transitional
kimberlites. Light shaded fleld represents the on-craton group | Kimberley kimberiites (le Roex ef af,, 2003) and
dark shaded field, the on-craton group I Swartruggens and Star kimberlltes (Coe, 2004).
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Table 5.3. XRF and ICP-MS$ trace element analyses (in ppm) of on- and off-craton transitional kimberlites.
Various inter-element ratios are given, as well as the chondrite normalised La/Sm and La/Yb ratios.
Normalising values are from Sun and McDonough (1888),

Transitional kimberlites: On-craton Off-craton
Kimberiite: Lelcester Wimbledon Broogfontsin
Sample JJG 4326 JJG 4328 JJIG 6054 WIMB1 WiMB2 Kigr2® K19/3 K19/5% K18/10
% Macro. 25 25 38 30 30 15 i5 15 15
"XRF
& - B B 371 382 369 - 382 -
Wb 299 23 208 478 523 223 - 220 -
Co 73.9 58.6 88.7 69.6 &87.1 83.0 89.2 85.0 93.5
Cr 1659 1647 1333 1446 1630 1236 1255 1193 1297
i - - B 1187 1152 851 1076 981 1131
¥ 112 103 60.6 88.0 97.8 148 95.0 174 167
Cu - . - 350 nz2 84.0 77.8 91.0 9.3
fCP-MS
Se 17.4 13.8 13.9 14.8 14.1 10.0 10.7 9,85 10.9
N 860 659 1030 - - - - - -
Gu 67.7 68.6 335 - - - - - -
R 51.8 154 49.6 8§56 83.9 145 128 140 136
e 1256 1498 860 1744 1805 1578 1617 1556 1614
Y 24.4 16.3 11.0 28.3 28.7 23.2 207 22.8 20.0
Zr 475 358 273 - 341 37 389 407 416
1] 300 231 197 452 476 251 268 254 246
Ba 2176 2130 1326 7722 7688 1634 1438 1470 1287
La 241 208 149 542 §39 184 184 180 178
Ce 462 398 291 ga2 973 366 345 338 337
Pr 48.0 40.5 29.7 97.5 83.8 36.9 34.3 338 33.8
Nd 178 148 107 334 320 138 126 123 128
Sm 228 18.5 13.1 39.7 36.8 17.3 16.6 16.0 16.1
Eu 561 4.50 3.09 9.64 .84 366 3.51 3.32 344
Gd 14.7 1.3 7.81 206 22.2 10.5 10.3 10.2 9.95
Th 1.57 1.20 0.81 2.27 2.35 1.16 113 1.13 1.08
Dy 6.38 4.62 3.10 8.30 a.58 £.69 5.39 5.59 5.20
Ho 0.92 0.88 0.48 1.12 1.18 0.90 0.83 0.87 0.80
Er 1.84 1.36 1.02 243 240 2.10 1.96 2.10 1.84
Tm 0.21 0.18 0.12 0.24 0.25 0.25 0.22 0.25 0.21
h{] 1.03 0.81 .68 1.47 1.29 1.51 1.34 1.50 1.29
Lu 0.13 0.10 0.09 0.13 0.18 0.18 0.16 0.17 0.18
Hf 9.14 6.87 5.50 589 562 8.76 9.03 9.38 9.58
Ta 9.26 11.2 9.97 15.2 13.7 13.6 13.2 12.9 1314
Ph 14.7 24.4 12.9 48.7 46.8 220 26.0 227 257
Th 34.8 28.2 2.1 68.9 71.14 24.7 22.7 217 21.9
Y] 7.04 6.26 4.14 16.1 15.2 5.87 5.25 593 5.15
WbiTa 32.2 208 20.9 31.4 38.1 16.3 20.1 171 18.8
Faisig 519 §2.1 49.7 61.9 68.0 42.1 43.1 40.7 43.4
2N 1.59 1.56 1.31 0.77 0.73 1.65 146 1.74 1.69
Ba/b 7.28 9.21 6.37 18.1 14.7 7.32 540 6.68 514
La/ib 0.81 0.90 072 1.13 1.03 0.87 0.69 0.82 Q.73
Nb/U 424 36.9 50.2 318 34.4 40.1 §50.6 37.1 47.8
CelPh 315 16.3 22.5 202 20.8 16.7 13.3 14.8 13.1
{La/Sm)y 6.82 T.27 .38 8.81 9.46 7.27 747 7.25 7.18
{LalYbhy 167 183 156 334 258 92.5 88.6 85.9 100

*"XRF analyses for Droogfontein kimbertits samples, K19/2 and K19/5 are from Clark (1994).
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Transitional kimberlites: Off-craton

Kimberlite: Melton Wold Slivery Home

Sample MLW 1 MLW 3 MLW4  JAR 21022 SLH 1 SLH3 SLH7 SLH9 SLH 10 SLH 11
% Macro. 20 18 20 15 20 10 15 15 15 18
XRF

Zr 79.0 83.8 128 283 154 177 362 445 211 179
Nb 97.6 118 178 177 115 91.7 169 195 154 152
Co 119 203 826 127 125 95.3 81.4 82.2 90.0 85.6
Cr 2193 3370 1271 2047 2085 1671 1404 1413 1545 1616
Ni 2191 2911 1178 2142 2534 1508 1109 1009 1410 1385
V'] 61.3 121 90.1 134 82.9 516 83.2 60.9 324 70.2
Cu 41.3 58.4 45.3 157 63.4 8.77 384 19.9 35.3 36.6
ICP-MS

Sc 8.24 8.26 12.0 11.5 9.80 12.4 10.7 224 7.62 9.40
Ni - - - - - - - - - -
Cu - - - - - - - - - .
Rb 61.2 96.6 4.89 102 86.6 140 152 147 83.1 92.8
Sr 742 1074 514 561 531 467 765 492 746 595
Y 7.52 8.96 16.4 6.70 8.16 5.26 11.4 9.51 9.51 9.1
& - - - 238 137 175 298 428 197 169
Nb 94.2 114 179 168 115 80.3 148 179 140 135
Ba 1930 2508 612 978 2423 3640 3663 3072 3094 3500
La 92.0 124 147 926 112 76.8 121 173 147 145
Ce 166 207 254 171 205 145 228 368 272 271
Pr 17.5 21.2 26.7 17.2 20.5 14.4 222 36.9 26.4 264
Nd 58.6 71.4 92.0 61.5 73.5 8§2.1 80.8 135 95.3 95.1
Sm 7.30 9.27 12.6 7.71 9.46 6.82 10.5 16.1 12.1 11.8
Eu 1.87 2.38 3.22 1.89 2.36 1.57 2.83 3.97 3.14 3.12
Gd 4.10 5.27 7.93 4.49 5.36 3.723 6.76 9.08 7.35 6.96
Th 0.47 0.61 0.90 0.48 0.56 0.39 0.76 0.94 0.77 0.76
Dy 1.87 2.36 3.70 2.15 2.32 1.57 3.12 3.38 2.89 2.76
Ho 0.30 0.36 0.59 0.31 0.38 0.24 0.48 0.46 0.40 0.40
Er 0.63 0.76 1.28 0.65 0.81 0.56 1.09 0.95 0.88 0.82
Tm 0.08 0.09 0.15 0.08 0.08 0.06 0.13 0.10 0.10 0.09
Yb 0.41 0.46 0.76 0.47 0.50 0.42 0.80 0.62 0.583 0.51
Lu 0.06 0.06 0.10 0.06 0.06 0.06 0.11 0.08 0.07 0.07
Hf 1.41 1.45 2.79 4.73 3.37 5.52 7.37 12.42 4.59 3.96
Ta 6.47 7.20 9.31 6.47 7.31 583 6.95 13.57 7.85 7.92
Pb 8.50 16.3 16.3 9.96 124 13.8 12.9 7.32 11.7 12.0
Th 16.3 15.9 200 11.2 13.1 9.78 15.2 345 17.0 16.9
U 5.09 2.74 3.93 2.98 2.23 1.74 2.98 3.08 265 2.58
Nb/Ta 156.1  18.0 19.1 273 16.8 18.7 24.3 14.3 19.6 19.1
Zrivif 56.1 57.7 458 59.8 456 322 49.2 358 46.0 45.1
ZriND 0.81 0.73 0.72 1.60 1.33 1.93 214 2.29 1.37 1.18
Ba/Nb 19.8 21.7 3.43 5.54 210 38.7 21.6 15.8 202 23.1
La/Nb 0.94 1.07 0.83 0.52 0.97 0.84 0.71 0.89 0.95 0.96
Nb/U 19.2 422 453 59.4 51.7 52.9 568.7 63.2 57.9 58.7
Cel/Pb 19.5 12.7 15.6 172 16.5 10.7 17.56 50.3 23.2 225
{La/Smjy 8.14 8.61 7.56 7.7% 7.65 7.27 7.45 6.92 7.82 7.93
{La/¥h)y 161 193 138 140 162 132 108 199 197 204
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Figure 5.12: Variation of selected incompatible elements versus La for on- and off-craton transitional kimberlites.
Light shaded fleld represents the on-craton group | Kimberley kimberlites (le Roex ef al., 2003) and dark shaded
field, the on-craton group I Swartruggens and Star kimberiitas (Coe, 2004).

Rb shows a scattered variation against the more immobile element La in the analysed transitional
kimberlites (Figure 5.12a) and varies in abundance between 4.88ppm and 182ppm (Melton Wold and
Silvery Home kimberlites, respectively). Sr and Ba concentrations show a slightly better correlation
with La, and all kimberlite samples fall in the compositional fields defined for reference group | and
group il kimberlites, except for the Wimbledon kimberlite, which has a much higher La content (Figure
5.12b, ¢). The samples tend to have less than 3700ppm Ba (Silvery Home kimberlite; Figure 5.12¢),
except for the Wimbledon kimberlite that is very enriched in Ba (~7800ppm). Most samples also have
low Pb concentrations (= 26ppm; Droogfontein kimberlite; Figure 5.12d) with Ce/Pb ratios varying
between 12.7 and 50.3 (Table 5.3).
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HFS element concentrations of the transitional kimberlites tend to show good positive correlations with
La (Figure 5.13a, b). Zr and Nb contenis show good overlap with the compositional field of the on-
craton group | Kimberley kimberlites, except for the Melton Wold kimberlite that extends to lower Zr
(79ppm; Figure 5.13a) and the Wimbledon kimberlite which is very enriched in Nb (up to 523ppm;
Figure 5.13b; Table 5.3). Correlations between the concentrations of Zr and Hf as well as Nb and Ta
are generally good (Zr/Hf = 49+8.8, Nb/Ta = 19£3.5; Figure 5.13c,d), except for the Wimbledon
kimberlite that has a considerably higher Nb/Ta ratio (Nb/Ta = 31-38). Some inter-element ratios (e.g.
La/Nb = 0.5-1.1; Th/Nb = 0.06-0.1; Ba/Nb = 3.4-39.7; Table 5.3) tend to be more similar to the group |
Kimberley kimberlites than the group Il Swartruggens and Star kimberlites. Th and Y contents are low
for most samples (11.2-34.8ppm Th; 7.52-28.7ppm Y; Figure 5.13e, f) and plot within the
compositional field of reference group | and group | kimberlites.

The analysed transitional kimberlites show wide variation in REE concentrations and chondrite
normalised patterns do not always fall within the compositional field defined for the on-craton group |
Kimberley kimberlites (e.g. Wimbledon kimberlite; Figure 5.14). On-craton kimberlites are typically
more enriched in the light REE than off-craton kimberlites (La = 629-2288 and La = 324-820 times
chondrite, respectively) although heavy REE concentrations, La/Yb and La/Sm ratios tend to be more
similar between samples (Lu = 2.20-6.99 times chondrite; (La/Ybly = 100-334 and (La/Sm)y = 6.8-8.5).

Characteristic features on smooth primitive mantle normalised diagrams of the transitional kimberlites
(Figure 5.15) are the superimposition of distinct negative Rb, K, Ti anomalies and small Sr anomalies
relative o neighbouring elements (K/K* = 0.0-0.6, TiTi* = 0.1-1.0). The on-craton kimberiites have the
largest negative K anomalies, similar to the Kimberley kimberlites, whereas K anomalies in off-craton
kimberlites tend not to be as pronounced. Of particular note is that the Melton Wold and Wimbledon
kimberlites show distingt depletion in Zr and Hf ((SmvHf)y = 3.1-4.6; Figure 5.15), that can be
correlated with larger negative Ti anomalies (TITi* <0.4) relative to other transitional kimberlites. Most
of the kimberlites also show slight positive Pb anomalies on primitive mantle normalised diagrams
{{CelPb)y < 0.9). Only the Wimbledon kimberiite and one of the Melton Wold kimberlite samples show
any depletion in Nb relative to La ((LayNb)y > 1.1} Transitional kimberlites have incompatible element
contents that generally fall within the compositional field defined for the group | Kimberley kimberlites,
with the exception of the very enriched Wimbledon kimberlite (Figurs 5.15).

54.1 On-craton transitional kimberlites

Leicester kimberiite

Trace element concentrations of the on-craton Leicester kimberlite samples are variable, but generally
fall within the compositional range of the on-craton group | Kimberley kimberlite samples (Figure 5.11-
5.15). Mutual positive correlations tend to exist between Ni (707-1104ppm), Co (58.6-88.7ppm) and
MgO (Figure 5.11), that broadly correspond with olivine macrocryst content. Although concentrations
of Rb, Sr, Ba and Pb are variable (Figure 5.12), sample JJG 4328 tends to be the most enriched in
these elements (154ppm Rb, 1498ppm $r, 24 4ppm Pb) even though it is not the most enriched in the

527



80

60

40

Th (ppm)

20

Chapter §: Trace element geochemistry

@ Leicester kimberilts
¥ Wimbledon kimberlile

X Droogiontein kimberlite
] Malton Wold Kimberlite
< Silvery Home kimberlite

i [Py
i (& 500 Wimbledon kimb. s\!§ )
400
i - E :
(W | g300f
Wimbledon kimb. o) -
< 200
Zia=10+07 100 F
excl. WiAiB samples L Laib « 0.9+ 02
PR S D T W N S T S O BN TR BT S o'.Axll...llu,xll...ll‘...l...-
0 100 200 300 400 500 600 0 100 200 300 400 500 600
La (ppm) La (ppm)
3 wiMe2¥W (g
= 500 - winmga 1
400 |
] T L MG 4326
fof. 300 2 &
o r
< 200 -
100 b Nb/Ta = 18 + 3.5
] " excl. WIMB samples
, . _ oieased 0 b . _pAoss
0 5 10 15 0 5 10 15
Hf {ppm) Ta (ppm)
" 50
— @ F
Wimbledon kimb. (!; ! X
3 40 -
E 30 9 f\if\
B §; r Wimblechon kimb.
> 20
i 10 F
i La/Ths 7.8+ 1.0 -
ttind § x § i 0 L i i i bt b 1 it
0 100 200 300 400 500 600 0 100 200 300 400 B00 600
La (ppm) La (ppm)
On-craton kimberfites Off-craton Kimberiites
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Figure 5.14: Chondrite normalised diagram of the rare earth elements for on- and off-craton transitional
kimberlites. Light shaded field reprasents the on-craton group | Kimberley kimberlites (le Roex ef al., 2003).
Chondrite normalising values are from Sun and McDonough (1989).

immobile element La. Consequently, the primitive mantle normalised diagram of this sample has a
larger positive Pb and smaller negative Rb anomalies than samples JJG 4326 and JJG 6054,
Correlations of the HFS elements with La and with each other are generally good {e.g. La/Nb =
0.840.0.9; Ba/Nb = 7.6%1.5; Zr/Hf = 51.211.4), although Nb/Ta ratios are rather variable (Nb/Ta =
20.6-32.2), likely caused by the low Tacontent of sample JJG 4326 (9.26ppm Ta; Figure 5.13d).
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Features of the primitive mantle normalised pattern of the Leicester kimberlite are the large negative
Rb and K anomalies, a moderate negative Ti anomaly and subdued Sr anomalies, similar to patterns

for the group | Kimberley kimberlites (Figure 5.15).

Wimbledon kimberlite
On-craton Wimbledon kimberlite samples are macrocrystic and similar in geochemical character

having moderate abundances of NI, Cr, Co and Sc {(~1264ppm Ni, ~1800ppm Cr, ~68.4ppm Co,
~14.5ppm Sc) that are comparable to those of the group | Kimberlsy kimberlites (Figure 5.11).
incompatible element concentrations are generally high (e.q. ~7700ppm Ba, ~1825ppm 8r; Table 5.3),
although Rb, Zr and Hf show relative depletion in comparison to other kimberlites (~55ppm Rb;
~377ppm Zr; ~5.8ppm Hf, Figure 5.12, 5.13). Samples are extremely light REE enriched, with very
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steep REE patterns (La ~ 2280 and Lu ~ 5.59 times chondrite, (La/Yb)y ~ 282; (La/Sm)y ~ 9.1; Figure
5.14). Similarly, primitive mantle normalised pattemns are steep with large negative Rb and K (K/K* ~
0.08), Ti (TWT* ~ 0.09) and small negative Sr anomalies comparable to group | kimberlites. However,
the distinctive depletion in Zr-MHf and minor depletion in Nb and Ta, are features of this kimberlite
{({(SmHf)y ~4.6; (La/Nb)y ~ 1.2; Figure 5.15) that are only shared with the Melton Wold kimberlite.

54.2 Off-craton transitional kimberlites

Droogfontein kimberiite

Macrocrystic kimberlite samples from the off-craton Droogfontein kimberlite show litle geochemical
variation. Although incompatible element concentrations broadly overlap the field of both reference
group | and group I kimberlites, for certain elements, samples overlap with the compositional field of
the Swartruggens and Star kimberlites (e.g. 128-148ppm Rb; 22.0-26.0ppm Pb; Figure 5.12), whereas
they overlap more with the Kimberley kimberlites for others {(e.g. 369-416ppm Zr, 220-288ppm Nb;
Figure 5.13). Trace element ratios Nb/U = 37.1-50.8, La/Nb = 0.7-0.9, Ba/Nb = §.1-7.3 are similar to
reference group | kimberlites, whereas Ce/Pb = 13.1-16.7, is more similar to reference group Hi
kimberlites. REE patterns of kimberlite samples are not very sieep and show flattening of the heavy
REE (La ~778 times chondrite; (La/Yb)y ~ 94.1; (Gd/Luly ~ 16.5; Figure 5.14). Features of primilive
mantie normalised trace element patterns, are the moderate depletion in K (IK/K* ~ 0.3) but lack of Rb
depletion and presence of subdued negative Sr, Ti and positive Pb anomalies (Figure 5.15).

Melton Wold kimberlite

Macrocrystic kimberlite samples from the off-craton Melton Wold kimberlite show wide inter-sample
variability and have ferromagnesian element contents that vary from 1073-16808ppm Ni, 1403-
1860ppm Cr and 82.6-203ppm Co (Figure 5.11). LIL element concentrations of sample MLW 4 (e.g.
4.89ppm Rb, 612ppm Ba; Figure 5.12) always tend to be markedly lower than for samples MLW 7 and
MLW 3 (61.2-88.6ppm Rb, 1930-2508ppm Ba; Table 5.3). HFS element contents are similar to those
of the Kimberley kimberlites (Figure 5.13) except for Zr and Hf concentrations that are relatively
depleted (79.0-128ppm Zr, 1.41-2.79%pm Hf). However, the Zr/Hf ratio (Zr/Hf = 45.8-57.7) is not
significantly different to that of other analysed kimberlites. Sample MLW 4 is comparatively more REE
enriched than the other two samples {La = 820 and 388-821 times chondrite, respectively). Moderate
negative Rb and K (K/K* = 0.0-0.3), Ti and strong Zr-Mf anomalies as well as small positive Pb
anomalies {e.g. sample MLW 3) are features of the Mellon Wold kimberlite on primitive mantle
normalised diagrams {Figure 5.15). Sample MLW 3 alsc shows subdued depletion in Nb and Ta on
primitive mantle normalised diagrams ((La/Nb)y = 1.1).

Sitvery Home kimberiite

Ferromagnesian element concentrations (e.g. 1062-1444ppm Ni} in the sparsely macrocrystic to
macrocrystic off-craton Silvery Home kimberlite samples tend to correlate with MgO content (Figure
5.11), with both compatible and incompatible element concentrations broadly overlapping the
compositional fields of the group | Kimberley and group Il Swartruggens and Star kimberlites (Figure
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5.11-5.15). Diopside phlogopite kimberlite samples (SLH 3, SLH 7, SLH 9) are richer in incompatible
elements Rb and Ba (~146ppm Rb, ~3458ppm Ba; Table 5.3) than non-diopside bearing samples
(VAR 20122, SLH 1, SLH 10, SLH 11). However, HFS element (154-445ppm Zr, 91.7-195ppm Nb;
Figure 5.13) and REE (La = 324-509 and Lu = 2.25-4.34 times chondrite; Figure 5.14) concentrations
are independent of this petrographic difference and are in fact, rather variable. Primitive mantle
normalised patterns of all samples (Figure 5.15) show depletion in Rb, K and Sr with minor negative Ti
(TVTi* > 0.8) anomalies. However, the diopside-bearing sampies have comparatively smalier negative
K anomalies as well as negative P and positive Zr-Hf anomalies on primitive mantle normalised
diagrams (Figure 5.15).
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CHAPTER 6
isoTOPE GEOCHEMISTRY

6.1 Introduction

Studies of the radiogenic isolope geochemistry of kimberiites are marked by the pioneering work of
Smith {1983a) who recognised the existence of two isclopic groups of southern African kimberlites.
The first group (group | kimberlites) is characterised by having initial * Sr/*®Sr ratios between 0.7033
and 0.7049, and with initial “*Nd/"“Nd ratios varying from 0.51271 to 0.51277 (Smith, 1983a),
corresponding 1o the “basaltic® kimberlite of Wagner (1914). The second group (group 1l kimberlites) is
characterised by significantly more radiogenic ¥ Sr/*%Sr {(0.7074-0.7108) and relatively unradiogenic
"3Nd/"““Nd (0.51208-0.51228) ratios and corresponds to the “micaceous” kimberlite variety of Wagner
(1914). The source of group | kimberlites is inferred to be depleted relative to present day Bulk Earth,
and similar to enriched mid-ocean ridge basalt (MORB) and ocean island basalt (OIB; Smith, 1983a).
in contrast, group Il kimberlites are inferred to derive from ancient enriched sources characterised by
high Rb/Sr and low Sm/Nd ratios and postulated o be located within the subcontinental lithospheric
mantle (Coe, 2004, Tainton, 1992; Fraser & Hawkesworth, 1992; Smith, 1983a). Skinner (1989) noted
the existence of some petrographically intermediate kimberlites and subsequent isotope analyses
showed that these kimberlites have isotopic signatures transitional to group | and group It kimberlites.
This largely off-craton group of transitional kimberlites have ”Sr}esSrm ratios varying from 0.7055 to
0.7070 and "*Nd/"*Nd, ratios between 0.51215 and 0.51235 (Skinner ef al., 1992).

The early investigations by Mitchell and Crocket (1971) and Berg and Allsopp (1972) on the Srisotope
geochemistry of kimberlites, led to conflicting results that were later shown to be caused by the
analysis of altered kimberlite samples (Barret & Berg, 1975). This highlights the fact that Sr isotope
ratios of kimberlites are susceptible to post emplacement alteration, particularly since the rocks are
permeable and often brecciated {Berg & Allsopp, 1972). Ground waters percolating through the
kimberlite are likely to affect Rb concentrations (given its mobile nature) and to increase the ¥Sr/*sr
ratio of the kimberlite since the *’Sr/*°Sr ratios of meteoric waters are generally greater than 0.7120
{Barrett & Berg, 1975). The Nd isotope systern on the other hand is far more robust due to the relative
immobility of Nd and Sm, in contrast to Rb and Sr (Richardson, 1984).

Crustal contamination may affect isotope ratios of kimberlites since crustal rocks are generally
characterised by high Sr and low Nd concentrations (328ppm Sr, 20ppm Nd; Rudnick & Fountain,
1995), as well as radiogenic ¥Sr/*Sr and unradiogenic "*Nd/'*“Nd ratios (*’Sr/®°Sr = 0.750-0.800,
“INd/'*Nd = 0.5115; Smith, 1983b). Assimilation of country rock may cause intra-kimberite variation
with increased *Sr/*®Sr and decreased "*Nd/"*“Nd ratios. However, an unrealistically large portion of
xenolith assimilation would be necessary to leave a marked imprint on the kimberite bulk-rock
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geochemistry (Smith, 1983b). The group Il Belisbank kimberlite has intruded through Proterozoic
Campbell Rand dolomite and the possibility that the kimberlite may have assimilated radiogenic Sr
cannot be ignored (Kirkley, 1987).

Kimberlites are commonly macrocrystic in character due to contamination by entrained mantle
material (le Roex et al., 2003; Clement of al., 1984). Peridotite xenoliths hosted by kimberlites illustrate

the heterogeneous nature of the lithospheric mantle (eNd = -40 to +20; ¥Sr/**Sr = 0.700-0.710;
Pearson & Nowell, 2002; McDonough, 1990) reflecting the prior metasomatic history of the mantle
(e.g. Hawkesworth et al., 1990). Fraser and Hawkesworth (1992) have argued that the eNd variation in

the group Il Finsch kimberlite samples is due to the effect of the entrainment of 50-60% mantle
peridotite by the kimberlite. Similarly, it would be reasonable to expect that some of the variation in
general kimberlite isotope geochemistry, can be attributed to peridotite entrainment.

Sr and Nd isotope ratios of kimberlites were measured by thermal ionisation mass spectrometry
(TIMS), with the aim of characterising the isotope geochemistry of each kimberlite forming part of this
study and ascertaining characteristic features of the source region of every kimberlite. The objective of
this chapter is therefore to characterise and compare the isotope geochemistry of samples, with
further discussion into the influence of secondary processes (e.g. alteration) in Chapter 8. Twenty-five
kimberlite samples were analysed, consisting of generally one representative sample per kimberlite,
but where no previous isotope analyses existed for a particular kimberlite (e.g. Leicester and
Wimbledon kimberlites), a second sample was analysed. Details of the sample preparation procedure
and instrument running conditions, as well as a brief description of some of the analytical problems
experienced are given in Appendix C and D, respectively. Measured Sr and Nd isotope ratios of the
analysed kimberiite samples are reported in Tables 6.1 and 6.2, respectively, and initial *’Sr/*®Sr and
"“3Nd/"“Nd isotope ratios have been calculated according to the published (Table 2.2) or assumed
age of kimberlite emplacement. Parent/daughter element concentrations and two-sigma errors are
also given in Tables 6.1 and 6.2. In addition, initial Nd isotope ratios are reported in the epsilon (g)

notation, calculated as follows:

"“INd/"**Nd sample at T

SNd(i) =[ -1] X 104
"“INd/"“Nd CHUR at T

The parameter eNd describes the deviation of the sample from the chondritic uniform reservoir
(CHUR, O’Nions et al., 1979; De Paolo & Wasserberg, 1976) at time T, which is conventionally the
age of magma formation/kimberlite emplacement. Rocks with positive or near zero eNd values (e.g.
MORB and group | kimberlites) have source regions with time averaged depletion in Nd relative to Sm,
compared to Bulk Earth. Rocks with negative eNd values (e.g. continental crust, group Il kimberlites,
lamproites) have time integrated light REE enriched source regions, characterised by low Sm/Nd

ratios.
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Table 8.1. Measured Sr isotope ratios and calculated parent/daughter ratios for on- and off-craton group 1, group Il
and fransitional kimberlites. Rb and Sr concentrations of kimberlite samples are from ICP-MS analyses (Tables 5.1-
§.3), and from Harris ef al. (2004) for the Uinijlesberg kimberlite. Initial isolope (i) ratios were calculated using
kimberlite emplacement ages (Table 2.2) unless otherwise indicated (7}, for which ages have been assumed,
Newlands kimberlite sample JJG 24D is a duplicate analysis of sample JJG 24.

Kimbaerlite Sample  Rb (ppm) Sr (ppm) “Rb/®Sr "Sr/™Sru 2-sigma  Age (Ma) “'Sn™Sry
Group | kimberiltes: On-craton

Goedehoop kimberlite JAR 30012 16.6 1072 0.0448 0.703633 18 74* 0.703586
Goedehoop kimberlite JJIG 4282 16.9 1164 0.0420  0.703731 15 74* 0.703687
Koffiefontein kimberlite KK 3 82.3 816 0.2918  0.704587 16 80 0.704212
Koffiefontein kimberlite KK & 286 1470 0.0583 0.704850 17 90 0.704775

Group | kimberlites: Off-craton

Abbolsford East kimberiite  JJG 3118 10.2 468 0.0296  0.704046 18 1507 0.703883
Hebron kimberiite HEB 1A 49.1 733 0.1938  (.703887 14 74" 0.703684
Klipgatsfontein kimberlite JAR 31012 12.1 87¢ 0.0400  0.703808 18 74 0.703864
Klipgatsfontein kimberlite JJG 4323 28.2 1010 0.0808  0.703917 15 74* 0.703832
Uinfjiesberg kimberlite uB1 46.4 1232 01080  0.704704 17 104 0.704548
Uintjlesbarg kimberlite uBe 38.9 1465 0.0768  0.7048669 17 101 0.7045589
Zsekosgat kimberlite JJG 1906 8.93 447 0.0578  0.704285 15 150” 0.704161

Group Il kimberlites: On-craton

Belisbank kimberiite JJG 4676 120 1947 0.1784  0.708296 17 122 (.707988
New Elands kimberlite NE K6 163 1061 0.4448  0.70818% 17 126 0.707384
Newlands kimbetlite JIG 24 729 1000 0.2110  0.708161 18 114 0.707818
Newlands kimberlite JJIG 240 12.9 1000 0.2110  0.708155 14 114 0.707813

Group Il kimberiites: Qff-craton

Brandewynskuil kimberiite K&/ 103 1453 0.2052 0.708712 17 LAt (.708371
Eendekuil kimberlite K22 187 1438 0.3765 0.707862 17 110 0.707273
Markt kimberlite MR 3 80.8 1677 0.1385  0.708606 16 117 0.708374

Transitonal Kmberlites: On-craton

Leicester kimberiite JJG 4326 51.8 1256 0.1194  0.708456 17 92 0.706300
Lelcaster kimberiile JJG 6054 49.6 850 0.1670  0.707696 14 92 0.707477
Wimbledon kimberlite WIMB 1 55.6 1744 0.0823 0.706118 17 a0 0.706000
Wimbledon kimberite WiMB 2 53.9 1805 0.0818  0.708748 18 el 0.705643

Transitional kimberiites: Off-craton

Droogfontein kimberlite K19/2 148 1578 0.2660  0.707025 18 174 0.706388
Melton Wold kimberlite MLW 3 96.8 1074 0.2803 0.708874 16 143 0.706145
Slivery Home kimberlite SLH g 147 492 0.8650  0.708726 17 170° 0.706636
Siivery Home kimberlite SLH 10 83.1 746 0.3225 0.707386 16 170° 0.706607

Note: Decay constant for Rb-Sr isotope system = 1.42x 107'a" and measured isotope ratios are nonmalised to *Sr/°Sr = 0.1194.



Chapter 6: isolope geochemistry

Table 6.2. Measured Nd isotope ratios and calculated parent/daughter ratios for on- and off-craton group |, group il
and transitional kimberlites. Sm and Nd concentrations of kimberiite samples are from ICP-MS analyses (Tables 5.1-
5.3), and from Harris el al. (2004) for the Uintjiesberg kimberlite. Inltial isotope (i) ratios were calculated using
kimberiite emplacement ages (Table 2.2) uniess otherwise indicated (*), for which ages have been assumed.

Kimberlite Sample  Sm (ppm) Nd (ppm) “'Sm/"“Nd "“NdI"“Nd s, 2-sigma Age (Ma) *“Nd/'"“Nd,, ENd g
Group | Kimberlltes: On-craton

Goedshoop kimberiite JAR 30012 27.1 181 0.0905  0.512732 8 74* 0512688  2.83
Goedshoop kimberlite JJG 4282  30.0 201 0.0802 0512738 9 74* 0512695 296
Koffiefontein kimb. KK 3 13.0 980 00802  0.512607 17 90 0.512560  0.74
Koffiefontein kimb. KK 6 16.7 129 0.0783  0.512607 16 90 0.512561  0.76

Group | kimberiites: Of-craton

Abbotsford East kimb. JJG 3118 10.9 69.7 0.0845 0.512593 11 180° 0.512500 1.07
Hebron kimberlite HEB 1A 10.8 66.8 0.0958 0.512752 9 74* 0.512708 317
Klipgatsfontein kimb.  JAR 31012 14.8 96.4 0.0928 0.512720 9 74 0.512675 2.59
Klipgatsfontsin kimb.  JJG 4323 15.9 102 0.0042 0.512723 10 74* 0.512678 2.63
Uintjlesberg kimberlite UB 1 24.8 171 0.0877 0.512602 10 101 0.512544 0.69
Uintilesberg kimberlite UB 6 19.1 131 0.0881 0.512582 8 101 0.512524 0.31
Zeckoegat kimberlite  JJG 1806 10.0 63.6 0.0850 (.512578 8 180° 0.512485 0.78

Group i kimberlites: On-craton

Belisbank kimberlite  JJG 4676 215 224 0.0580 0.512051 ] 122 0.512005  -9.30
New Elands kimb. NE K& 16.2 139 0.0704 0.511972 8 128 0511914 -10.97
Newlands kimberite  JJG 24 13.0 129 0.0809 0.512004 8 114 0.511958 -10.40

Group i kimberlites: Off-craton

Brandewynskuil kimb. K&/11 126 105 0.0837 0.511080 10 117" 0.511934  -10.81
Eendekull imbetlite K272 185 126 0.0744 0.512098 8 110 0.512045  -8.82
Markt kimberiite MRK 3 18.3 187 0.0743 0.512010 10 117 0.511883 1043

Transitional kimberlites: On-craton

Leicaster kimberiite HIG 4326 22.8 179 0.0770 0.512538 9 92 0.512491 -0.54
Leicester kimberlite HIG G054 13.1 107 0.0740 0.512529 9 92 0.512484  -0.69
Wimbledon kimberiite WIMB 1 39.7 334 0.0719 0.512480 8 90* 0.512438 165
Wirnbledon kimberlite WIMB 2 36.8 320 0.0895 0.512465 10 80* 0.512424  -1.91

Transitional kimberiites: Off-craton

Droogfontain kimb. Kig/2 17.3 136 0.0769 0.512239 9 174 0.512182 813
Malton Wold kimb. MLW 3 7.30 56.6 0.0753 0.512351 11 143 0.512281 -3.38
Silvery Homs kimb. SLH 9 16.1 135 0.0633 0.512217 8 1707 0.512137 551
Silvery Home kimb. SLH 10 12.1 G5.3 0.0767 0.512163 8 170" 0.512078  -6.67

Note: Decay constant for Sm-Nd isotope system = 6.54 x 10 8" and measured isotope ralios are normalised to ' °Ne/ “Nd =
0.7219. "*Na/ PN = 0.512638, "7 Sm/“Nd = 0.1966 for CHUR.
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6.2 Group | kimberlites

Calculated initial *'Sr/*®Sr ratios and "*Nd/"*Nd values of the analysed group | kimberlites are
Hustrated in Figure 6.1, with the compositional field of southern African group | kimberlites shown for
comparison (Nowell et al., 2004; Nowell ef al., 1999, Smith, 1983a). Additional samples UB 1 and
UR 6 from the off-craton Uintjlesberg kimberlite were also analysed (Figure 6.1), since Harrls ef al.
{2004) only report major and trace element analyses. Initial ¥7Sr/*Sr ratios of group | kimberlites vary
from 0.70359+2 (Gouedehoop kimberlite sample JAR 30012; Figure 8.1) to 0.7047812 (Koffiefontein
kimberlite sample KK 6). Initial ¥’ Sr/*°Sr ratios of the more olivine macrocrystic samples (10-20 vol.%
olivine macrocrysts; Kofflefontein, Abbotsford East and Zeekcegat kimberlites) tend to be higher than
the less olivine macrocrystic samples (MHebron, Goedehoop and Klipgatsfontein kimberlites), but the
equivalence of “’Si/*®Sr ratios for macrocrystic and aphanitic Uintjiesberg kimberlite samples
(*"sr1**Sr,, = 0.70456 for macrocrystic sample UB 6 and 0.70455 for aphanitic sample UB 1; Table 6.1)
suggests that this apparent trend is likely fortuitous. Intra-kimberlite variation of ®'Sr/*®Sr ratios is
limited for samples from the Goedehoop, Klipgatsfontsin and Uintjiesberg kimberlites (Figure 6.1),
although ratios of the on-craton Koffiefontein kimberlite (*'Sr/*®Sry, = 0.70421 and 0.70478) are slightly
more variable, possibly due 1o contamination or alteration {see Chapter 8).

0.5135
Group | kimberlites
0.5130
o
3Z L
"g 05125 I ik Earth at 100Ma
¢ Aln ("N "N, 8
aver 100Ma §
0.5120 W
- g
W o
£ Ain (so™sn),
L T gver 100Ma
08115 b I ! | I SR
8.702 0.703 0.704 0.708 0.708
478005
On-craton kimberiiies #* Habron kimbaerlite
I Goadehoop kimbetlite O Klipgatsfontein kimberiite
X Koffiefontein kimberiite < Uintjiesberg kimberlite
Off-craton kimberfites V Zeskosgat kimberlite
O Abbotsford East kimberiite

Figure 6.1: Iniial “*Nd/"**Nd and ¥ Sr®Sr isotope correlation diagram for group | on- and off-craton kimberiites.
initial isotope ratios are calculated according to the age of kimbsriite emplacement and two-sigma emors of
isotops ratios are less than the symbeol size. Shaded fleld represents southern African group | kimbemtes {Nowsll
et al., 2004, Noweli ot al., 1999% Smithi 1983a). Bulk Earth at 100Ma calculated from present day 55 =
0.70475 and “'Rb/®Sr = 0.0863, *Nd/"*Nd = 0.512638 and ¥Sm/***Nd = 0.1968.
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Initial "**Nd/***Nd ratios of the analysed group | kimberlites vary between 0.51249+1 (Zeekoegat
kimberlite sample JJG 1906; Figure 6.1) and 0.51271+1 (Hebron kimberlite sample HEB 1A). Isotope
ratios of analysed kimberlites show negative correlation between '*Nd/'*Nd and ¥Sr*®Sr (Figure
6.1), with "*Nd/"**Nd values describing two clusters of kimberlites, one with “*Nd/"*Nd greater than
0.51260 (Goedehoop, Klipgatsfontein and Hebron kimberlites), and the other with '**Nd/***Nd between
0.51249 and 0.51256 (Koffiefontein, Uintjiesberg, Abbotsford East and Zeekoegat kimberlites). Intra-
kimberlite variation in "**Nd/"*Nd ratios for most kimberlite localities tends to be less than two-sigma,
except for the Uintjiesberg kimberlite (**Nd/"*“Nd = 0.51254 and 0.51252+1; Table 6.2). No on- and
off-craton kimberlite variations are evident in the samples. Since most of the analysed group |
kimberiites have "“*Nd/"“Nd and *Sr/*Sr ratios greater and less than Bulk Earth at 100Ma,
respectively (Figure 6.1), samples fall within the “depleted quadrant” of the isotope correlation diagram
(although the initial **Nd/"**Nd ratios of the East Griqualand kimberlites are less than Bulk Earth at
100Ma, "*Nd/"*Nd ratios are greater than Bulk Earth at 150Ma, the inferred age of kimberlite
emplacement). Kimberlite samples analysed in this study broadly fall within the compositional field
defined for southern African group | kimberlites, but do not extend to some of the higher "*Nd/'*Nd
ratios of the reference kimberlites (Figure 6.1; Nowell of al., 2004; Nowell of al., 1999; Smith, 1983a).

6.3 Group ll kimberlites

initial ¥Sr/*°Sr ratios of the analysed group Il kimberlites in this study vary from 0.70728+2 (Eendekuil
kimberlite sample K2/2, Figure 6.2; Table 6.1) to 0.70837+2 (Markt kimberlite sample MRK 3 and
Brandewynskuil kimberlite sample K6/11). Off-craton kimberlites show a broader range in *'Sr/*®Sr
ratios than on-craton kimberlites (*’Sr/**Sr;, = 0.70739 for New Elands kimberiite sample NE K6 and
0.70799 for Belisbank kimberlite sample JJG 4676; Figure 6.2). The initial *’Sr/*®Sr ratio of New
Elands kimberlite sample NE K6 is comparable with that of sample NE K10 (Figure 6.2), analysed by
Smith (1983a). *’Sr/*’Sr and ¥Rb/**Sr ratios of kimberlite samples correlate negatively (although not
shown) with the correlation being governed by some of the higher ¥Rb/*®Sr ratios measured in New
Elands and Eendekuil kimberlites (¥Rb/*®Sr = 0.38-0.44; Table 6.1). iInitial ¥Sr/**Sr ratios of the
analysed kimberlites are comparable to those reported for South African group il kimberlites (Figure
6.2), but do not extend to some of the higher ¥Sr/*®Sr ratios measured for the Swartruggens and
Finsch kimberlites (Coe, 2004; Nowell ef al., 2004; Nowell of al., 1999; Fraser & Hawkesworth, 1992;
Tainton, 1992; Smith, 1983a).

Initial "**Nd/'**Nd ratios of group Il kimberlite samples are characteristically unradiogenic and vary
from 0.5119111 (New Elands kimberlite sample NE K6, Figure 6.2) to 0.51205+1 (Eendekuil kimberlite
sample K2/2). Inter-kimberlite variation of "**Nd/"**Nd ratios is moderate (Table 6.2), with no apparent
trends in "*Nd/"*Nd ratios between sparsely macrocrystic and macrocrystic kimberlites or on- and off-
craton kimberlites. The co-variation of initial '*°*Nd/"**Nd and ¥ Sr/**Sr ratios tends to show a scattered
distribution (Figure 6.2), although all kimberlite samples have compositions that lie within the field
defined for South African group I kimberlites and within the “enriched quadrant” of an isolope
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Figure 6.2: Initial “*Nd/"*Nd and * Sr/**Sr isotope correlation diagram for group Il on- and off-craton kimberlites.
Initial isotope ratios are calculated according 1o the age of kimberlite emplacement and two-sigma errors of
isotope ratios are less than the symbol size. Isotope ratios of New Elands kimberlite sample NE K710 are from
Smith (1983a). Shaded field represents South African group Il kimberlites (Coe, 2004, Nowell ef al., 2004; Nowell
et al., 1999; Fraser & Hawkesworth, 1992; Tainton, 1992:,; Smith, 1983a). Bulk Earth at 100Ma calculated from
present day ¥/Sr/®Sr = 0.70475 and *"Rb/Sr = 0.0863, "*Nd/*Nd = 0.512638 and '/Sm/™Nd = 0.1966.

correlation diagram (Coe, 2004; Nowell ef al., 2004; Nowell of al., 1999; Fraser & Hawkesworth, 1992,
Tainton, 1992, Smith, 1983a).

6.4 Transitional kimberlites

The analysed transitional kimberlites have initial *’Sr/**Sr ratios intermediate between group | and
group 1l kimberlites and range from 0.70564+2 (Wimbledon kimberlite sample WIMB 2; Figure 6.3) to
0.70748+1 (Leicester kimberlite sample JJG 6054). The latter ¥ Sr/**Sr ratio may have been modified
to a higher value by ground water alteration (also increased ¥Rb/®Sr; Table 6.1; Chapter 8) and
therefore the ®Sr/*®Sr ratio of sample JJG 4326, is considered more representative of the Leicester
kimberlite (’Sr/®Sry, = 0.70630+2). The ¥Sr/*Sr ratios of the analysed off-craton kimberlite samples
are more radiogenic than the on-craton kimberlite samples and vary from 0.70615+2 (Meiton Wold
kimberlite sample MLW 3; Figure 6.3) to 0.70664+2 (Silvery Home kimberlite sample SLH 8). Intra-
kimberlite variation of ®’Sr/®Sr ratios in the on-craton Wimbledon kimberlite samples is moderate
¢’Sr/*Sr, = 0.70564 and 0.70600), in contrast to the off-craton Silvery Home kimberlite samples
where the ratios fall just beyond the two-sigma error of each other (*'Sr/**Sry, = 0.70661 and 0.70664
where 20 =2; Table 6.1). All of the initial *’Sr/®Sr ratios of the analysed transitional kimberlites
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Figure 6.3: Initial "*Nd/"*'Nd and Sr™Sr isotope comelation diagram for transitional on- and off-craton
kimberiites. Initlal isotope ratios are calculated according to the age of kimberlite emplacement and two-sigma
errors of isotope ratios are less than the symbol size. Shaded field represents South African transitional
kimberlites (Nowell et al., 2004; Clark, 1994). Bulk Earth at 100Ma calculated from present day *'Sv™sr =
0.70475 and *"Rb/*Sr = 0.0863, "*Nd/"**Nd = 0.512638 and "'Sm/'**Nd = 0.1966.

broadly fall within the range defined for South African transitional kKimberlites (Figure 6.3; Nowell et a/.,
2004, Clark, 1854).

Initial "*Nd/'"*“Nd ratios of transitional kimberlites are relatively unradiogenic and vary between
0.51214x1 (Silvery Home kimberlite sample SLH &; Figure 6.3) and 0.512481+1 {Leicester kimberiite
sample JJG 4326). One of the most prominent characteristics observed is that the on-craton
kimberlites have "*Nd/***Nd ratios (0.51242-0.51248) greater than those of the off-craton kimberlites
("*Nd/"Nd = 0.51208-0.51228; Figure 6.3), although it is recognised that this may a feature of low
sample numbers. Intra-kimberlite variation of "“*Nd/***Nd ratios tends to be small for Wimbledon and
Leicester kimberlite samples and the similarity of “*Nd/"**Nd ratios for Leicester kimberlite samples
(**Nd/'*“*Nd = 0.51248 for sample JJG 6054 and 0.51249 for JJG 4326), suggests that the variation in
¥Sr/*Sr ratios is caused by alteration. In contrast to the equivalent *’Sr/**Sr ratios of the diopside
phiogopite (sample SLH 9) and phlogopite serpentine (sample SLH 10) facies kimberlite recorded at
Silvery Home, "*Nd/"**Nd ratios of samples are different ("*Nd/"**Nd = 0.51214+1 for sample SLH 9
and 0.51208:11 for SLH 10, Figure 6.3).

Transitional kimberlites analysed in this study all have "*Nd/"“Ndy, and *'Sr/**Sr, ratios less and
greater than Bulk Earth at 100Ma, respectively (Figure 6.3) and therefore plot in the “enriched
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quadrant’ of the isotope correlation diagram. Comparison of '**Nd/"*“Nd and ¥Sr/**Sr ratios of the
kimberlites with published data on South African transitional kimberlites (Nowell et al., 2004; Clark,
1994), shows that off-craton transitional kimberlites analysed in this study plot generally within the
reference field (Figure 6.3). However, the on-craton Wimbledon and Leicester kimberlites have slightly
different compositions to reference South African transitional kimberlites since although the ¥srfsr
ratios are similar, the kimberlites tend towards higher initial *Nd/"**Nd ratios and therefore extend the
range of published isotopic compositions for South African fransitional kimberlites (Figure 6.3).



CHAPTER 7
COMPARISON OF GROUP |, GROUP [l AND TRANSITIONAL,
ON- AND OFF-CRATON KIMBERLITES

7.1  Introduction

The comparison of the geochemistry of group |, group il and transitional on- and off-craton kimberlites
is potentially a powerful tool, in which to identify significant sirmilarities or differences that can be
related to the understanding of the evolution of kimberlite source regions. Past studies of this nature
have tended to characterise the differences in major and trace element geochemistry between
kimberlite varieties (Mitchell, 1995; Clark, 1994, Taylor of al., 1994; Skinner et al., 1992; Smith et al.,
1985b) and only a few of them have actively compared the geochemistry of on- and off-craton
kimberlites. Radiogenic isolope geochemisiry has also previously been used to compare the nature of
group | and group It kimberlite source regions (Nowell ef al., 2004; Clark, 1994; Smith, 1983a).
Similarly, Janney et al, (2002) have examined the isotopic signatures of a suite of olivine melilitites in
South Africa, intrusive through continental lithosphere of varying age and thickness, in order fo
compare source region characteristics and similarities to group | kimberlites.

in order to compare the kimberlite groups in this study, it is important to note that kimberlite varieties
are classified into groups according to their initial *’Sr/®Sr and "*Nd/"**Nd isotope ratios (Smith,
1983a), although first order classifications have previously been made using differences in
petrography (basaltic or micaceous; Wagner, 1914) or major and trace element geochermistry (e.g.
Smith et al., 1985b). Some of the kimberiites in this study have previously been inferred to be group |
in isotopic character (e.g. East Griqualand kimberlites; Nixon et al, 1983) and this has now been
confirmed by the ¥ Sr/**Sr and "*Nd/"**Nd isotope analyses. Similarly, the on-craton Wimbledon and
Leicester kimberlites have been shown to be transitional in isotopic character and are additions to the
transitional kimberlite group, consisting of the on-craton Frank Smith kimberlite (Smith, 1983a) and the
on-/off-craton Prieska Province kimberlites (e.g. Sweelput-Soufput and Melton Wold kimberlites,
Skinner ef al., 1992). However, it must be acknowledged that the unusual character of the Leicester
kimberlite has previously been noted (e.g. Gurney & Menzies, 1998).

The aim of this comparative exercise is to qualitatively show where real differences and similarities
exist, although this is not done using statistical methods, but rather through inspection. Comparisons
for kimberlites are made using bulk-rock geochemical analyses that have not been corrected for
alteration, crust or mantle contamination or fractional crystallisation. It is recognised that these
processes are almost certain to alter the kimberlite geochemistry, but all kimberlites are likely to be
affected in a similar manner. In order not to diminish the natural variability within kimberlite
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compositions and since only a few transitional kimberlite samples exist, comparisons are made with
raw analyses and the effect of the processes mentioned above, will be noted at all times when
considering significant differences or similarities. However, Melton Wold carbonated kimberlite sample
MLW 4 has been omitted from the discussion due to its extreme alteration both petrographically and
geochemically.

7.2 Comparison of on- and off-craton kimberlites

Differences in the bulk-rock geochemistry of on- and off-craton group |, group il and transitional
kimberlites are illustrated in Figure 7.1, with additional analyses from the off-craton group |
Uintjiesberg kimberlite (Harris of al., 2004) and the on-craton group !l Finsch kimberlite (Zwane, 2001)
included in the dataset. Compositional fields of the on-craton group | Kimberley kimberlites (le Roex et
al., 2003) and the on-craton group | Swartruggens and Star kimberlites (Coe, 2004) are also shown
for comparison (Figure 7.1). Significant differences of on- and off-craton kimberlites are qualitatively
identified mainly using major elements and the REE as discriminating parameters (Figure 7.1). It is
apparent that off-craton group | kimberlites tend to lower SiO;, MgO and higher FeQ" than on-craton
kimberlites (Figure 7.1a, b). However, it is important to note that these oxides may be directly
influenced by fractional crystallisation and that the compositions of the off-craton kimberlites broadly
fall within the on-craton Kimberley kimberlites field. In addition, the on-craton group | Goedehoop
kimberlite has considerably higher FeQ" in comparison to other on- and off-craton group | kimberlites
(Figure 7.1b). Recognising these processes however, if does appear significant that the majority of the
off-craton group { kimberlites do not have some of the higher SiO;, MgO and lower FeO*
concentrations apparent for the on-craton kimberlites. Off-craton group |l kimberlites tend to have
lower MgO and FeO* contents than their on-craton equivalents (Figure 7.1a, b), but this observation Is
only based on the compositions of two kimberlites and therefore is speculative. Although, the MgO
content of on- and off-craton transitional kimberlites is equivalent, SiO, and FeO* concentrations of the
off-craton kimberlites are higher than their on-craton counterparts (Figure 7.1a, b).

Group | kimberlites are the only kimberlite variety to have differing TiO, concentrations; with off-craton
kimberlites not tending towards low TiO; like some of the on-craton group | kimberlites (Figure 7.1c¢).
Although some of the off-craton group Il (Eendekuil and Brandewynskuil kimberlites) and transitional
kimberlites (Droogfontein kimberlite) have higher Al,O, concentrations and contamination indices (5.0
- 8.5 wt% AlLO,, C.l. > 1.5; Figure 7.1c; Table 4.2, 4.3) than the on-craton kimberlites, they are
considered to be crustally contaminated (Clement, 1‘982). Off-craton transitional kimberlites are more
K.O-rich than the on-craton kimberlites. CaO and CO, concentrations of on- and off-craton group | and
transitional kimberlites are also variable (Figure 7.1d), with the off-craton transitional kimberlites
tending to lower Ca0 and CO, than their on-craton counterparts. Although CaO and CO, may be
enriched by crystal fractionation, it is apparent that the off-craton group | kimberlites have CaO and
CO, contents that fall towards the upper end of the concentration range for on-craton group |
kimberlites (Figure 7.1d).
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The majority of compatible and incompatible frace element concentrations show no systematic
differences between on- and off-craton kimberlites, although it is recognised that potential variations
might exist within the transitional kimberlite group. For example, the on-craton Leicester kimberlite
tends to have lower LIL slement abundances (e.g. Rb, Ba and K} than the off-craton transitional
kimberlites, but this cannot be confirmed due to the very enriched nature of the on-craton Wimbledon
kimberlite and because of the low number of on-craton kimberlite samples in this study. In terms of the
TifEu ratio, both off-craton group | and transitional kimberlites tends towards higher TVEu ratios
(Figure 7.1e) and therefore smaller negative Ti anomalies on primitive mantle normalised diagrams,
than on-craton kimberlites. Similarly, REE ratios also provide discrimination between on- and off-
craton kimberlites, both on-craton group | and transitional kimberlites tend towards higher La/Yh and
GdiYh than the off-craton kimberlites (Figure 7.1f). Only the transitional group of kimberlites shows
any differences in isotopic composition that can be related to tectonic sefting, since on-craton
kimberlites have lower initial *’$r/**Sr ratios and higher "*Nd/***Nd ratios (Section 6.4, Figure 6.3),
although this may due to fortuitous sampling.

The comparison of kimberlite geochemistry by Smith ef al. (1985b), found mostly similar systematic
differences beiween on- and off-craton group | kimberlites (group 1A and group 1B kimberlites; Smith ef
al., 1985b), although differences in P;0s, Nb, Zr and Y concentrations are not apparent for the current
kimberlite dataset. Differences between on-foff-craton group i and transitional kimberlites were not
considered in the study of Smith ef &/, (1985b).

7.3. Comparison of group |, group il and transitional kimberlites

7.3.1 Major element geochemistry

Group | kimberlites tend to have lower SiO, concentrations (< 33 wi%, Figure 7.2a) than group i
kimberlites (> 30 wi%) at comparable Mg-numbers (Mg-numbers = 0.80-0.90), although the group Il
Eendekuil kimberlite is significantly less Mg-rich (Mg-number — (.71). SIO, contents and Mg-numbers
of transitional kimberlites largely span the range shown by group | and group il kimberlites (Figure
7.2a). Kimberlite groups show overlapping FeC® concentrations, with group | kimberlites perhaps
tending to slightly higher FeO* (7-12 wt% FeQ*; Figure 7.2b) than group Il (6-11 wit% FeO*) and
transitional kimberlites (6.5-9.0 wi% FeQ”). The majorily of the analysed kimberlite samples have
similar Al,O; contents (< 4.5 wi%; Figure 7.2b), with uncontaminated group !l kimberlites and the
Swartruggens and Star kimberlites (Coe, 2004) showing subflly higher AlLO; concentrations than group
| kKimberlites.

The differences in TiO, and K,O contents between group | and group I kimberlites are commonly
used as discriminators of kimberlite varieties (e.g. Chalapathi Rao et al, 2004; Taylor ef al., 1994;

Smith ef al., 1985b), since group | kimberlites have higher TiO; (up to ~4 wit% TiO, for the Uintjiesberg
kimberlite; Harris ef al., 2004, Figure 7.2¢) and lower K;O concentrations (< 1.75 wi% KO for the
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CHAPTER 8
PETROGENESIS

8.1 Introduction

Experimental studies on kimberlite petrogenesis have shown that both group | and group Il kimberlite-
like magmas can be produced by small degrees of partial melting of a carbonated garnet peridotite at
typical mantle conditions (Ulmer & Sweeney, 2002; Dalton & Presnall, 1998a; Canil & Scarfe, 1990;
Eggler & Wendlant, 1979). Although some experimentalists have argued for non-peridotitic kimberlite
sources based on the absence of olivine or orthopyroxene on the kimberlite liquidus (Mitchell, 2004;
Girnis ef al.,, 1995, Edgar & Charbonneau, 1993; Foley, 1992a), to date there have been no trace
element studies on kimberlite petrogenesis that support this hypothesis. Rather, semi-quantitative
modelling of kimberlite source regions by Coe (2004), Chalapathi Rao et al. (2004), Harris et al.
(2004), le Roex st al. (2003) and Tainton and McKenzie (1994) are consistent with the derivation of
kimberlites by low degrees of melting from garnet lherzolite source regions. These studies have also
suggested that the source regions of kimberlites are enriched in incompatible elements, due to
metasomatism upon previously melt-depleted mantle source regions.

Both Tainton and McKenzie (1994) and le Roex ef al. (2003) have argued that group | and group i
kimberlite sources are located within the subcontinental lithosphere. These interpretations were based
on the depleted heavy REE character of kimberlite source regions, formed by previous melting events.
The conclusion of Tainton and McKenzie (1994) is consistent with the enriched radicgenic isotopic
character of group Il kimberlites, characterised by time integrated Rb/Sr and Sm/Nd ratios that
suggest their sources were isolated from the convecting asthenosphere and are therefore likely
located within the subcontinental lithospheric mantle {Coe, 2004; Fraser & Hawkesworth, 1992;
Tainton, 1992; Smith, 1983a). However, group | kimberlites are characterised by isotopic signatures
depleted relative to present day Bulk Earth and similar to ocean island basalts that are inferred to be
derived from source regions located within the asthenosphere (Smith, 1983a), in apparent
contradiction to the model of le Roex ef ai. (2003). le Roex et al. (2003) and Harris ef al. (2004)
resolved this conflict by arguing that the asthenospheric signature carried by group | kimberlites, was
due to metasomatism of the lithospheric source by plume related melts/fluids. Harris of al. (2004) have
explicitly suggested that the enrichment of the group | Uintjiesberg kimberlite source region, may be
related to metasomatism by melts/fluids associated with the passage of southern Africa over the

Shona mantle plume.

Since the aims of this study are to characterise and compare source region compositions and genetic
processes giving rise to group I, group Il and transitional, on- and off-craton kimberlites, it is first
necessary to investigate the nature of processes that have affected kimberlites subsequent to the
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segregation of the primary magmas from their sources. Since the early studies of kimberlite bulk-rock
geochemistry, it has been recognised that kimberlites are highly contaminated and altered (Clement,
1982; Dawson, 1980; Fesq et al, 1975) and that understanding of petrogenetic processes can be
disguised by these effects. Firstly, the degree of alleration may be hard to constrain given that
kimberlites are volatile-rich magmas and have the ability o auto-metasomatise (le Roex ef al.,, 2003;
Barrett & Berg, 1975). Therefore one needs to distinguish between primary metasomatism and
secondary alteration by ground water circulation (Barrett & Berg, 1975). Secondly, kimberlites are also
efficient samplers of the crust and mantle, which they traverse en route from source to surface and
although this can provide valuable information for crust and mantle studies (e.g. Schmitz & Bowring,
2004; Shirey ef al, 2002; Carlson et al, 2000} it does, however, sometimes cause significant
contamination to kimberlite geochemistry (Dawson, 1980). Numerous schemes have been developed
in the past to quantify the degree of crustal contamination and alteration (e.g. Taylor ef al., 1994;
Clement, 1982) and use of these schemes, in addition to the general evaluation of the behaviour of
trace elements (Coe, 2004; le Roex ef al., 2003; Mahotkin et a/., 2000), allow one 1o identify kimberlite
samples that have been the least affected by the above-mentioned processes. In addition to these
processes, the effect of macrocryst entrainment (thought to represent disaggregated mantle peridotite;
le Roex et al., 2003; Shee, 1985) and late stage crystal fractionation have also been shown to be
important, but guantifiable processes affecting the primary kimberlite magma compositions (Coe,
2004, Harris of al., 2004, le Roex ef al., 2003).

Once the effects of alteration, crustal contamination, macrocryst entrainment and fractional
crystallisation have been evaluated and corrected for where necessary, an attempt is made to obtain
one or more close-to-primary kimberlite magma compositions for each kimberlite in this study.
Thereafter, semi-quantitative modelling of partial melting processes will be undertaken in order to
evaluate source region compositions of kimberlite varieties and ascertain the effects of degree of
melting, choice of source region mineralogy and role of residual accessory phases on the primary
kimberlite compositions. Further aspects of kimberlite petrogenesis are then explored with a view to
constraining the nature of depletion and enrichment events, location of kimbetlite source regions and
the geodynamical significance of similarities or differences between group |, group |l and transitional
kimberlites as well as on- and off-craton kimberlites. Finally, an attempt is undertaken to place some of
the observations made regarding petrogenetic processes affecting kimberlite varieties into

perspective.

8.2 Alteration of kimberlites

The brecciated and permeable nature of kimberlites makes them prone to alteration (Berg & Allsopp,
1972), particularly since primary kimberlite magmas are volatile-rich. Abundant volatiles typically form
amoeboid or lobate pools of serpentine and calcite, and the movement of these phases during late
stage crystallisation of the kimberlite may cause autometasomatism (le Roex et al., 2003; Clement &
Skinner, 1985). Alteration of the kimberlite can be both a primary (movement of crystallising fluids) and

8-2



Chapter §: Petrogenesis

a secondary (movement of meteoric waters) procaess, neither of which is strictly a closed system
process, given that kimberites are thought to suffer volatile loss during emplacement (Price ef al,
2000; Dawson, 1980). Characteristics of oxygen isolope signatures in kimberlites are also consistent
with aHleralion reactions being primary (e.g. Jericho kimberlite; Price ef al, 2000), as well as
secondary (e.g. Finsch kimberlite; Kirkley, 1987). These alteration reactions are typically complex with
calcite and serpentine being the favoured reaction products, although formation of clay minerals (e.g.
chiorite, talc, brucite) have also been recognised {Clement, 1982).

Serpentinisation is a common secondary alteration reaction of olivine and other minerals {e.qg.
phlogopite, monticeliite) and is typically associated with @ relative decrease in MgO and corresponding
increase in the volatile content of the kimberlite (Deer af al,, 1892; Clement, 1882). Kimberlites in this
study show various pelrographic fealures characteristic of alteration:

ih. Serpentinisation of rims and fractures to pervasive serpentinisation of olivine phenocrysts and
macrocrysts, although the initial serpentinisation is likely due to primary alteration (Barret &
Baerg, 1975).

if. Development of Fe-oxides in the vicinity of odlivine macrocrysts as a by-product of the
serpentinisation reaction (Koffiefontein and Hebron kimberlites, Clement, 1882).

iii). Calcitisation of rims or interiors of olivine or phlogopite phenocrysts and/or macrocrysts, in
selecied samples from the Koffiefontein, Gosdehoop and Wimbledon kimberlites, or pervasive
carbonatisation of the kimberlite (Melton Wold kimberlite sample MLW 4).

iv). Development of calcite siringers in deformed phiogopite macrocrysts (Klipgatsfontein, Markt,
Wimbledon, Leicester and Eendekuil kimberlites) that likely involves some secondary
redistribution of groundmass calcite,

v). Chioritisation of rims of macrocrysts andfor phenocrysts (Wimbledon, Newlands and Markt
kimberlites).

Some of the variation of bulk-rock major element geochamistry is also consistent with petrographic
evidence suggesting alteration of a few of the samples in this study. In particular, the very low MgQ
but high CaCO, content of Melton Wold kimberlite sample MLW 4 is probably due to open system
secondary alteration. Similarly, the low MgO and high CaCO; content of Eendekuill kimberlite samples,
manifested in the presence of abundant calcite stringers in both phlogopite phenocrysts and
macrocrysts, suggests the effects of alteration. However, trace element characteristics suggest there
are other petrogenelic processes thal are more responsible for the depletion In MgO and enrichment
in CaCO; of the Eendekuil kimberlite (Section 8.5, 8.8). Both Brandewynskuil and Droogfontein
kimberlites have negligible CO, concentrations, in confrast to high H;O" contents. The H,O" cation is
typically structurally bound Inn mineral latlices, whereas the MO anion is free to circulate and high
concentrations of the latter, may also indicate alteration (Smith ef a/., 1985b).
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group | Koffiefontsin kimberiite and (b) group il New Elands kimberlite, shown as a portion of a primitive mantls
normalised diagram. Elements of interast are highlighted in the insets. Normalising values are from Sun and
MeDonough (1988).

Both primary and secondary alteration processes have the potential to disturb and redistribute the fluid
mobile elements (e.g. Rb, Ba, U, K and Pb; Fesq af al, 1975}, in confrast to the more immobile REE
and HFS elements. Consequently, correlations between these elements in kimberlite samples (Figure
52,57, 5.12) are generally poor if alteration has occurred. Given that multiple samples from a single
kimberlite should ideally show subparalisl patterns on primitive mantle normalised diagrams, any
individual samples that show positive or negative anomalies of these mobile elements in comparison
to other samples from the same locality, are likely to be altered. The positive Rb anomaly (Figure 8.1a)
and positive Ba, U and Pb anomalies (Figure 8.1b), present in Koffiefontein kimberlite sample KK 3
and New Elands kimberlite sample NE K17, respectively, are examples of how alteration may affect
kimberlite geochemistry. The mobile behaviour of Rb also means that *Sr/*°Sr isotope ratios are
susceptible to alteration with circulation of meteoric water through the kimberlites being likely to
increase the measured ' Sr/®Sr ratio (Barrett & Berg, 1975).

The above narrative is a brief description of some of the characteristics of alteration in kimberlites as
documented by various authors, with illustrations from selected samples in this study. Accordingly, the
degree of alleration of all kimberlites in this study has been assessed and samples thought o be
severely altered, are subsequently discarded from the dataset (e.g. Melton Wold kimberlite sample
MLW 4), whereas others that show some anomalous behaviour of the fiuid mobile elements or
volatiles will hereafter be treated with caution (e.g. U in Markt kimberlite sample JJG 2338).
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8.3 Crustal contamination of kimberlites

Kimberlites may entrain numerous crustal xenoliths varying in size from large rafts to microxenoliths,
most of which are concentrated in diatreme facies kimberite (Clement & Skinner, 1985, Hawthorne,
1975). Although hypabyssal facies kimberlite generally does not carry a visibly significant amount of
xenoliths, the degree of assimilation of country rock by kimberlits samples in this study and its affect
on bulk-rock geochemistry, still needs to be addressed. Crustal contamination typlcally increases SiQ,,
Al,Os and Na,0 and decreases MgO concentrations of kimberlites and is quantified here by the
contamination index of Clement (1982; Section 4.1). Kimberiites in this study with C.1. greater than 1.5
are diopside- and phlogopite-rich (Eendekuil, Brandewynskuill and Droogfontein kimberlites), and in
these cases the validity of the C.l. in indicating the degree of contamination is questionable, since
uncontaminaled diopside and phlogopite-rich kimberlites may have a C.l. up to 1.5 {Clement, 1882).
However, there are various lines of evidencs other than high C.L, 8Si0; and ALO, contents (Table 4.2,
4.3}, that suggest crustal contamination of some of these kimberiites, first of which is the presence of
diopside kimberlite domains in the Droogfontein kimberlite and also very fine-grained circular
structures in some of the Brandewynskuil kimberlite samples, both of which are interpreted to
represent microxenoliths (Clement, 1982).
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Figure 8.2: Primitive mantle normalised diagram illustrating the effact of crustal contamination on samples from
the group !l Eendekuil kimberlite. Elements of interest are highlighted in the insets. Normalising values are from
Sun and McDonough (1989).
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Although kimberlites are enriched in the compatible and incompatible elements, depending on the
element in question, the concentration of trace elements may either be concentrated or diluted by
crustal contamination. In the study of le Roex ef al. (2003}, it was shown that positive Pb anomalies in
association with flattened heavy REE patterns (low Gd/Lu) on primitive mantle normalised diagrams of
group | kimberlites were indicative of the assimilation of crustal material. Similarly, flattened heavy
REE patterns as well as positive Zr and Hf anomalies on primitive mantle normalised diagrams of
group il kimberlites suggest crustal contamination (e.g. Eendekull kimberlite; Figure 8.2; Coe, 2004).

Smith (1983b) examined the effect of crustal contamination on kimberlites and concluded that an
unrealistically large degree of crustal contamination was necessary to substantiglly alter the Sr
isotopic geochemistry of kimberlites. However, the Belisbank kimberlite has intruded through the
Campbell Rand dolomite, which has highly radiogenic ¥Sr°Sr (Kirkley, 1987). Tainton (1992)
conciuded that the Bellsbank kimberlite samples in his study did not show any influence of crustal
contamination, although the samples analysed in thal study were more radiogenic than sample
JJG 4676 analysed here,

Owing to the regional nature of this study, few of the kimberlites have been sampled in sufficient detall
to study the intra-kimberlite geochemical variation and relation to crustal contamination processes.
However, using the above mentioned characteristics, selected samples from the group Il Eendekuil
(EKL 1, K2/3, K2/9), Brandewynskuil (K6/8, K6/14) and Newlands kimberlites (KN 2, KN 3), are
classified as crustally contaminated. Various transitional kimberlite samples are also classified as
crustally contaminated (all Droogfontein kKimberlite samples and Silvery Home kimberlite samples SLH
3, SLH 7, SLH 8). In addition, Silvery Home kimberlite samples SLM 3, SLM 7 and SLM § show
negative P anormalies in conjunction with positive Zr and Hf anomalies on primitive mantle normalised
diagrams. The above-mentioned kimberlite samples are subsequently discarded from the kimberlite
datasets, except for the phlogopite diopside Silvery Home kimberlite samples (SLH 3, SLH 7, SLH 9),
which will hereafter be treated with caution.

8.4 Effect of macrocryst entrainment on kimberlites

Macrocrysts enfrained by kimberlites typically are anhedral with strained physical characteristics that
suggest they are xenocrysts incorporated into the host kimberlite. The origin of these xenocrysts is
commonly believed to be disaggregated maniie peridotite xenoliths, sampled by the kimberlite as it
travels through the mantle (Shee, 1985; Clement ef al, 1984) and subsequently, macrocrystic
kimberlites are in fact partial cumulates of mantle minerals as opposed to pure liquid compositions (le
Roex et al., 2003). The previous studies of Coe (2004), Harris et al. (2004), le Roex et al. (2003)
Beard ef al. (2000) and Fraser and Hawkesworth (1992) have demonstrated that some of the variation
in both group | and group il kimberlite bulk-rock geochemisiry can be attributed to the entrainment of
mantle peridotite. The group Il Markt kimberlite samples are good examples of how variably
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macrocrystic kimberlite may show compositional frends for major and trace elements that reflect the
effect of peridotite entrainment (Figure 8.3).

In the atternpt fo obtain a close-to-primary magma composition for each kimberlite locality in this
study, the effect of macrocryst entrainment has to be recognised and removed. Ideally, a cogenetic
data set consisting of aphanitic to macrocrystic kimbetlite is needed to recognise the effect of
peridotite entrainment on kimberlite geochemistry (e.g. Harris ef al., 2004). However, the regional
nature of this study has resulted in few of the kimberlites being sampled in sufficient detall to evaluate
evolutionary frends and the effect of peridotite entrainment, as has been done in other kimberlite
studies (e.g. le Roex of al,, 2003). Consequenily, a correction to remove the effects of macrocryst
entrainment on kimberlite geochemistry for all macrocrystic samples in this study needs o be
implemented. In order to correct kimberlite compositions for mantle entrainment, knowledge of the
modal mineralogy and composition of the entrained peridotite is required. In reality, this can vary
widely and can include in addition to peridotite, both eclogite and megacryst phases. Since the
sampling nature of this study prohibils this lavel of detall to be inferred, a simplified correction

procedure is all that can be reasonably undertaken.

Recognising the inherent uncertainties associated with such a correction procedure, the application of
the correction procedure has been limited to only kimberlite samples with greater than 10 volume %
olivine macrocrysts and to use as a peridotite proxy, an average garnet lherzolite composition
(Gregoire et al., 2003), and to assume that all olivine macrocrysts in a single sample derive from the
peridotite. The geochemical composition of a Kaapvaal garnet lherzolite (68% olivine, 26%
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orthopyroxene, 1% clinopyroxene and 5% gamet, Gregoire of al, 2003) has been proportionally
subtracted from the kimberlite according to the modal percentage of macrocrystic olivine. Therefore, if
the Markt kimberlite samples contain between 20 and 30% olivine macrocrysts, the Markt kimberlite
must have enfrained ~28-44% peridotite. The effect of the macrocryst correction procedure has been
to decrease Si0; MgO and Ni contenis (Figure 8.3} and increase TiO, AlLO; Fe0* and CaO
concentrations in kimberlite samples.

The effect of mantle entrainment is to dilute the REE and other incompatible element concentrations in
the kimberlites. Although the degree of dilution depends on the relative concentration of incompatible
elements in the constituent minerals, the low modal abundance of clinopyroxene and gamnet (D, for
Cpx > 0.01 and Dy, for Gnt »> 0, Adam & Green, 1994; Sweeney ef al,, 1992), in contrast to the
dominance of olivine and orthopyroxene (Dgree for Oliv, Opx < 0.1; Kelemen ef al., 1993) resulls in near
uniform dilution across the spectrum of the incompatible trace slements. On a REE diagram the effect
of peridotite entrainment, is to cause subparallel downwards displacement of the pattern (Coe, 2004;
Harris ef al., 2004; le Roex et al., 2003) and therefore the correction procedure should do the
opposite. A detailed correction procedure should take into account the relative incompatibility of every
trace element, however, on the scale of the diagrams used here (Figure 8.4) there is no significant
difference in the concentrations of corrected data caloulated assuming the bulk partition coefficient is
zero for every incompatible element. Subsequent application of the comection procedure, assuming D
= 0, for the Markt kimberlite causes a relatively uniform increase in REE concentrations of the

kimberlite samples (Figure 8.4),
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Figure 8.4 Effect of the macrocryst correction procedure on the chondrite normalised rare earth element pattems
of macrocrystic group Il Markt kimberlite samples. Normalising values are from Sun and McDonough (1988).
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Using the above described procedure, macrocrystic kimberlite with greater than 10 volume % olivine
macrocrysts has accordingly been corrected for the effect of peridotite entrainment on bulk-rock major
and trace element geochemistry. However, the effect of peridotite entrainment on the isotope
geochemistry of kimberlites is more difficult to quantify, given that mantle xenoliths entrained by South
African kimberlites have a broad range in *Sr/®Sr and “*Nd/'**Nd isotope ratios (e.g. Pearson &
Nowell, 2002; Walker et al, 1989; Erlank ef al., 1987, Menzies ef al, 1987). The range of isotope
ratios of mantle xencliths spans the flelds encompassed by group |, group Il and transitional kimberiite
varieties and the isotopic helerogeneity of Kaapvaal mantle xenoliths, would make the choice of a
representative peridotite composition for the entrainment correction difficult. In reality, the effect on
¥5r/®sr and "*Nd/"**Nd ratios of kimberlites is relatively small for the entrainment of peridotite (A in
¥sr/®sr ~ 0.0001, A in “*Nd/"Nd ~ 0.00001 for 50% peridotite entrainment by a group | kimberlite),
and even more so given the low Nd concentrations in mantle peridotites (< Sppm Nd; Pearson &
Nowell, 2002; Walker ef al, 1889). Therefore, the isotopic compositions of kimberlites have been lef
unchanged.

8.5 Effect of fractional crystallisation on kimberlites

Crystal fractionation en route to the surface or during shallow emplacement and cooling of kimberlites
can affect the composition of primary kimberiite magmas. Some of the best-known examples of
fractionated kimberlites are sills in the Kimberley area (e.g. Benfontein sill) and are characterised by
evolved compositions (le Roex ef afl, 2003, Shee, 1985). Olivine and phlogopite are phenocryst
phases that have been recorded 1o have fractionated from kimberlite magmas (Coe, 2004; Harris ef
al., 2004; ls Roex of al., 2003; Beard et al,, 2000). Even though none of kimberlites in this study are
aphanitic in texture, the role of fractional crystallisation in modifying primary kimberlite compositions
stili needs to be evaluated, with respect to whether any of the samples that show anomalous maijor
element geochemistry or characteristic anomalies on primitive mantle normalised diagrams, can be
considered primary kimberlites.

When inter-kimberlite variation within the respective kimberlite groups is compared, most kimberiite
samples in this study have compositions that do not appear to be outliers, except for two kimberlites,
the group Il Eendekull and transitional Wimbledon kimberlites. Wimbledon kimberlile is extremely
anriched with the highest light REE concentrations (La ~ 2280 times chondrite) of all the kimberlites
analysed in this study and therefore may have evolved through crystal fractionation. Mowever, the
major element geochemistry of the Wimbledon kimberlite is not atypical to other group |, group Il and
transitional kimberlites, which suggests that its characteristic enriched composition was not produced
through crystal fractionation but more likely through partial melting processes.
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Figure 8.5: Crystatiisation trajectores for the fractionation of olivine, as well as olivine and phiogopite (70%
olivine and 30% phiogopite) from the Star close-to-primary kimberlite magma composition (Coe, 2004). Numbers
lustrated represent the percentage of fractional crystallisation. Shaded field represents the group |l Swartruggens
and Star kimberites (Coe, 2004). Ni partition coefficients are from Gregoire ef al. (2003} and Hart and Davis
(1978) and Kp "™ = 0.30-0.34 is from Herzberg and O'Hara (2002).

in contrast, uncontaminated samples from the off-craton Eendekull kimberite (K2/2 and K2/13) are
characterised by lower MgO, Mg-number and SiO; (~11.0 wi% MgQ; Mg-number ~0.71; ~30.1 wi%
8i0,) and compatible trace element concantrations (~280ppm Ni), but with higher FeQ”, Ti0D,, ALO,,
Ca0 and CO, concentrations in comparison o most other group Il kimberlites (Figure 4.2, 56). It
could be argued that Ca0 and CO, have been infroduced Into the kimberlite by carbonated ground
water that also leached MgQO, but the distinctive trace element signature of the Eendekuil kimberlite
suggests otherwise. The primitive mantle normalised diagram of the Eendekull kimberlite is
characterised by moderate negative Ti, Hf and Zr anomalies, In addition to negative Rb, K and Sr
anomalies (Figure 5.10), that show an affinity {o 2 carbonatite signature (Nelson ef al,, 1988), and are
more likely features inherited from the mantle source region than from percolating meteoric waters.
Since the anomalous composition of the Eendskuil kimberlite is unlikely to be from alteration, crustal
contamination or macrocryst entrainment, the possibility that the kimberlite may have evolved by
fractionation needs io be assessed. Using the Star kimberlite as a hypothetical group I primary
kimberlite magma composition (Coe, 2004), the effect of olivine fractionation as well as the combined
fractionation of clivine and phlogopits, are illustrated in Figure 8.5. Fractionation of approximately 30-
40% olivine and phlogopite is able to account for the concentrations of major and compatible trace
elements in the Eendekuil kimberlite (Figure 8.5), but not for the REE since they are not as enriched
as other group Il kimberlites. However, this approach is subjective since the parental kimberlite
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composition is unknown and all that can be reasonably concluded is that the Eendekuil kimberlite is
probably not representative of a primary kimberlite, but more likely has been modified through crystal
fractionation processes.

8.51 Role of crystal fractionation on trace element anomalles

A characteristic feature of the kimberlites in this study and of previously described group | and group 1l
kimberlites (Coe, 2004; Harris ef al., 2004, ls Roex sf al, 2003, Tainton, 1992) is the presence of
negative Rb, K, Ti and Sr anomalies on primitive mantie normalised diagrams. Coe (2004), Harris ef
al. (2004) and ie Roex ef al. (2003) have all argued that the origin of these anomalies are not related
fo alteration or crystal fractionation processes, but rather, are features of the primary magmas of the
Kimberley, Uintjiesberg, Swartruggens and Star kimberlites. These anomalies are not limited to the
above-mentioned kimberlites, but are moderately o well-developed in all on- and off-craton kimberlites
analysed in this study and the ubiquity of these characteristics in group |, group Il and transitional
kimberlites, suggests that they are not alteration or contamination features.

The magnitude of the negative K and Rb anomalies in group | kimberlites shows some correlation with
the relative degree of enrichment, suggesting that crystal fractionation is important. The only
crystallising phase in a kimberlite capable of removing Rb and K is phlogopite and therefore the
behaviour of this mineral has been explored in detail, by Harris et al. (2004) and le Roex ef al. (2003).
These authors demonstrated that an unrealistically large proportion of phiogopite-only fractionation
would be needed to produce a negative K and by inference, Rb anomaly, equivalent to that observed
in group | kimberlites. Similarly, greater than 40% phlogopite-only fractionation would be required to
generate the same relative K depletion in group | kimberlites of this study (Figure 8.6a) and therefore it
is likely that the relative depletion in Rb and K is an infrinsic feature of group | primary kimberlite

magmas.

Group I kimberlites in this study also show relative depletion of Rb and K on primitive mantle
normalised diagrams, although of differing degrees, and with negative anomalies being generally
smaller than in group | kimberlites. Normal group Il kimberlites do not always appear to show a
negative K anomaly on primitive mantle normalised diagrams (e.g. Brandewynskuil kimberlite; Figure
5.10), but this is an artefact due to the depletion of neighbouring elements, Nb and Ta. In these
circumstances, however, K is still depleted relative to La on primitive mantle normalised diagrams
(KK* = 0.3-0.8). In contrast, a subset referred to as the group llb kimberlites (Bellsbank and
Newlands), show well-developed negative K anomalies (K/K* = 0.1), more similar to that of the group |
kimberlites. Following a similar argument as for the group | kimberlites, fractionation of phlogopite with
K as a stoichiometric constituent from a parental magma is unable to account for the large negative K
anomaly in the group lIb kimberlites (Figure 8.6b), despite phlogopite being an important constituent
phase. In addition, if phlogopite-only fractionation was the mechanism in which the large negative K
anomaly was produced in the group lib kimberlites, then the calculated K;O content of the parental
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Figurs 8.8: Variation of K/K® for (a) group | and (b} group Il kimberiites. Superimposed is the crystallisation
trajectory for the fractionation of phlogopite from a hypothetical parental kimbedits magma with no negative K
anomaly (K/IK* = 1) and where K is removed from the melt as a stoichiometric constituent of phlogopite. The group
Il kimberlite dataset is supplemented with analyses from the Finsch kimberlite (Zwane, 2001). Shaded fields
represent the group | Kimberley and Uintjlesberg kimberiites (Harris et al., 2004; le Roex et al., 2003) and group il
Swartruggens and Star kimberlites (Coe, 2004). Partition coefficlents used are from Spath ef al, (2001).

magma with no Initial K anomaly (K/K* = 1} would have been as great as 20 wi% K;0 (e.g. Bellsbank
kimberlite), a value even higher than that of lamproites (Jaques ef al., 1883).

Fractionation of phiogopite from a group 1l kimberlite would deplete KO at a slower rate relative to
group | kimberlites, due to the higher absolute K0 content of the magma and therefore the calculated
fractionation curve is shallower than for group | kimberiites (Figure 8.6a, b). Consequently, a parental
group il kimberlite would not need as much phlogopite fractionation (30-50%,; Figure 8.8b), in order to
produce a relative K depletion similar to that in normal group Il Kimberlites. Given that a negative K
anomaly is thought to be an inherent feature of group |, group lib and the Swartruggens and Star
primary kimberiite magmas (Coe, 2004), it appears likely that this is a trend and therefore it is
considered that negative K anomalles are characteristics of group Ul primary kimberlite magmas. By
inference of the similar behaviour of Rb and K, negative Rb anomalies are also features of group i
primary kimberlite magmas. Howevaer, it is recognised that minor amounts of phiogopite crystallisation
and redistribution, as well as K mobility may have a slight influence on the magnitudes of the relative

anomalies in all kimberlite samples.

Negative Ti anomalies on primitive mantle normalised diagrams are present in both group | and group
Il kimberlites, increasing in size from TUT™ = 1.0 to 0.2, with the group lib kimberlites showing the
largest relative depletion in Ti. Consistent with arguments for the negative K anomaly being a primary
feature of group | kimberlites, Harrls of gl. (2004) and le Roex ¢f al. (2003) have also suggested that
the negative Ti anomaly is not due to phlogopite fractionation. Most group | kimbertites in this study
would require greater than 30% phlogopite-only fractionation from a parental magma in order fo
produce the observed negative Ti anomaly (Figure 8.7a), but this is considered unlikely since
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Figure 8.7: Variation of TUTi" for (a) group | and (b) group Il kimberlites. Superimposed is the crystallisation
trajectory for the fractionation of phlogopite from a hypothetical parental kimberlite magma with no negative Ti
anomaly (TiTi* = 1). The group |l kimberlite dataset is supplemented with analyses from the Finsch kimberlite
{Zwane, 2001). Shaded fields represent the group | Kimberley and Uintjilesberg kimberlites (Haris ef ai,, 2004; le
Roex ef al., 2003) and group |l Swartruggens and Star kimberiites (Cos, 2004). Partition coefficients used are
from Spith ef al. (2001).

phlogopite is usually absent in group | kimberlites. Although phlogopite fractionation might be able to
account for the presence of small negative Ti anomalies (TUTi* > 0.8) in some of the group | kimberlite
samples (Figure 8.7a), it is inconsistent with petrographic evidence and may well reflect assimilation of
ilmenite macrocrysts identified In hand specimens of these particular samples. Groundmass phases in
group | kimberlites capable of fractionating Ti are iimenite and perovskite but the lack of an assoclated
negative Nb and Ta anomaly on primitive mantle normalised diagrams, suggests that imenite or
perovskite fractionation Is not the cause of the Ti anomaly.

Theoretical curves for the fractionation of phiogopite from a parental group il kimberlite with no initial
relative depletion in Ti, suggest that this is not a suitable mechanism to produce the observed negative
Ti anomaly in group Il and group lib kimberlites, as more than 50% phlogopite-only fractionation would
be required (Figure 8.7b). Consequently, the relative depletion of Rb, K and Tl in group Il kimberlites,
is believed not to be due to the fractionation of phlogopite. However, group !l kimberlites do show
characteristic depletion in Nb and Ta that could in theory be linked to the fractionation of ilmenite or
perovskite, but considering that a petrographic characteristic of group 1l kimberlites is their paucity of
groundmass ilmenite and perovskite (e.g. Skinner, 1989), this seems unlikely.

Small negative Sr anomalies in group | and group Il kimberlites as well as the presence of negative Zr
and Hf anomalies in the group || Eendekuil kimberlite, show no correlation with the degree of
differentiation and therefore are not likely to be caused by fractional crystallisation. It is therefore
argued that negative Rb, K, Ti and Sr anomalies on primitive mantle normalised diagrams are primary
features of on- and off-craton group | and group Hl kimberlites in this study, and is similar to the
conclusions of other kimberlite studies (Coe, 2004; Harris et al., 2004, le Roex et al., 2003). The
transitional kimberlites show a combination of group | and group Il kimberlite characteristics and
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therefore the same arguments are applicable to this group, in that their relative depletion of Rb, K, Ti
and Sr, as well as Zr and Hf (Wimbledon and Melton Wold kimberlites), are unrelated to crystal
fractionation processes.

8.6 Composition of close-to-primary kimberlite magmas

Primary magmas have been defined as liquids produced by partial melting that have been unmodified
by any differentiation process since the segregation from their sources (BVSP, 1981). It was
suggested by Turner and Verhoogen (1960) that primary magmas can be identified by their tendency
to appear throughout geologic time and that two broad subdivisions of primary magmas existed,
granitic and basaltic. However, O'Hara (1965) later argued that most basalts are not truly primary, but
rather have undergone fractional crystallisation at depth. Based on the Fe-Mg equilibrium that exists
between olivine and liquid (Roeder & Emslie, 1970}, primary magmas are generally accepted as
having a Mg—number (Mg/(Mg+Fe*")) greater than 0.68, since a liquid of this composition is likely to be
in equilibrium with undepleted mantle olivine (~Fossge). Similarly, high Ni in olivine can suggest
equilibrium with the upper mantle (Sato, 1877), although high Ni and MgO may also be a characteristic
of partial cumulates (Nisbet ef al., 1983; Hart & Davis, 1878).

Constraining the composition of primary magmas is important since it provides a window into the
mantle and allows understanding of petrogenetic processes. Primary magmas have been used to
investigate the nature and degree of melting (e.g. Kinzler & Grove, 1992a; Hanson & Langmuir, 1978),
temperature of the melts (s.g. Herzberg & O'Hara, 2002; Larson & Pederson, 2000; Manson &
Langmuir, 1978) and effects of pressure, temperature and variable bulk composition on the
composition of primary magmas {(e.g. Kinzier & Grove, 1992b). Methods fc,;r constraining the
compositions of primary magmas generally involve olivine compositions and Fe-Mg exchange
coefficients, or using projections of magma compositions on phase diagrams {e.g. Herzberg & O'Hara,
2002; Larson & Pederson, 2000). Howaver, due io the hybrid nature of kimberlites and that no
examples of quenched kimberlite exist (Mitchall, 2004}, aphanitic kimberlite has been considered a
proxy for a primary magma and has been used in conjunction with experimental data to model melting
of the kimberlite source {Price ef al, 2000}, and as the basis for experimental studies investigating
phase relationships of kimberlite magmas {e.g. Yamashita ef a/.,, 1995; Edgar & Charbonneau, 1993).
More recently, Coe (2004), Harris et al. (2004) and le Roex ef al (2003) have constrained the
compositions of primary kimberlite magmas by using the trajectories belween macrocrystic and

aphanitic kimberlite on variation diagrams.

in order to allow meaningful and regional inter-group comparison of the geochemistry of on- and off-
craton group 1, group Il and transitional kimberlites, it is important to identify a representative
composition for each kimberlite that is close-to-primary in character. It is also important that modelling
of source regions is based on close-lo-primary kimberlite compositions, otherwise source region
characteristics may just be reflections of secondary processes. Owing to the regional nature of this
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Table 8.1: List of kimberlite samples representing the best estimates of close-to-primary kimberlite
magma compositions. Samples labelled with an asterisk (*) have been corrected for the effects of

macrocryst entrainment.

Kimberlite Sample Kimberlite Sample

Group | kimberlites: On-Craton Off-craton

Goedehoop kimberlite JJG 4282 East Grigualand kimberlites JJG 3118

Koffiefontein kimberiite KK 3, KK §" | Hebron kimberlite HEB 1A, JJG 4295*
Klipgatsfontein kimberlite  JJG 4323

Group Il kimberiites: On-cralon Off-craton

Belisbank kimberlite JJG 4676* | Markt kimberlite MRK 3*

New Elands kimberlite NE K6

Newlands kimberlite JJG 24*

Transitional kimberlites: On-craton Off-craton

Leicester kimberlite JJG 4326 | Melton Wold kimberlite MLW 3

Wimbledon kimberlite WIMB 2* Siivery Home kimberlite SLH 9%, 8LH 10*

study, primary kimberlite magmas compositions cannot be constrained using similar methods to Coe
(2004), Harris et al. (2004) and le Roex et al. (2003) but rather, are constrained by selecting
representative compositions from each kimberlite that are thought to be the least affected by
alteration, crustal contamination, fractional crystallisation and corrected for macrocryst entrainment
where necessary (Section 8.4). Samples thought to represent close-to-primary kimberlite magmas are
listed in Table 8.1 and it is noteworthy that not every kimberlite represents a primary magma (e.g.
Eendekuil kimberlite), whereas others may have more than one close-to-primary magma composition

(e.g. Hebron kimberlite).

Inferred close-to-primary magma compositions of group | kimberlites analysed in this study have ~22-
27 wit% MgO, ~21-30 wt% Si0,, ~10-17 wt% Ca0, ~5.0-14 wt% CO,, ~0.2-1.7 wt% KO and 660-
1190ppm Ni, with Mg-numbers varying between 0.82 and 0.87 (Table 8.2) and are broadly similar to
primary group | kimberite compositions proposed by other studies (Harris et al., 2004, le Roex et al.,
2003; Price ef al., 2000). Group Il kimberites in this study have close-to-primary kimberlite
compositions with ~28-36 wi% SiO,, ~23-29 wt% MgO, ~2.6-4.3 wt% Al,O3, ~1.6-4.6 wi% KO and
590-1410ppm Ni, with Mg-numbers between 0.86 and 0.89 (Table 8.2). Close-to-primary compositions
of the analysed group Il kimberlites are generally similar to those of the group Ii Swartruggens and
Star kimberlites (Coe, 2004), although samples (especially the group ilb kimberlites) tend be slighlly
more Mg-rich than reference group Il kimberlites (~21.6 wt% MgO, Mg-number ~0.85) and not as K,O-
rich as the Swartruggens close-to-primary kimberlite magma (6.6 wt% K,0O; Coe, 2004). Close-to-
primary compositions of the transitional kimberlites tend to be intermediate to group | and group li
kimberlites, but may also be slightly more SiO, -rich (27-39 wi%) and CO.-poor (1.7-12 wt%; Table
8.2).
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Table 8.2: Ranges of selected major element oxides {(wi%) and ferromagnesian frace
slements (ppm) of group |, group il and transitional kimberlites, representing the best
estimates of close-to-pnmary kimberlite magma compositions. Mg-number (Mg#) is
atomic Mgl(Mg + Fo? "), calculated using a Fe;0x/FeQ ratio of 0.15 and FeO* represents

all iron as Fe°
Gironp | kimberlites  Group Il kimberlites  Transitional kimberlites

S0y 21-30 28-38 27-39
TiO, 1.3-3.3 0.8-1.4 1.3-3.3
AlaOs 2.2-3.7 2.64.3 25-4.8
MgO 22-27 23-29 24-29
FeQ* 7.8-12 7.2-8.1 7.4-8.3
Ca0 10-17 8.1-14 5.6-14
K0 0.2-1.7 1.64.6 1.0-3.7
CO 5.0-14 214-74 {.7-12
Mgu 0.82-0.87 $.86-0.89 0.84-0.88
i 660-1190 580-1410 820-1300
Cr 860-1940 1560-2290 1660-2200
Co 83-104 74-87 61-130
8¢ 10-23 17-35 0.4-27

Close-to-primary group | kimberlite magma compositions are broadly consistent with experimental
kimberlite compositions (20-36 wi% Si0,, 1.8-3.2 wt% AlO;, 26-30 wit% MgO, 15-31 wt% Ca0),
cbtained from low degrees of melting of a carbonated lherzolite by Dalton and Presnall (1998a),
except that the CaO content from their study is higher than that of the samples in this study (10-17
wtd% CaQ; Table 8.2). MgQ and Si0,; contents of close-to-primary group Il and transitional kimberites
also show some overlap with experimental compositions produced by less than 1% partial melting of a
carbonated therzolite at 6GPa (Dalton & Presnall, 1998a), suggesting that all the samples in this study
couid be considered very low degree partial melts,

8.7 Source region characteristics

874 The transitional kimberlites

Comparison of the major element, trace element and isolope geochemistry of the transitional
kimberlites with group | and group Il kimberlites (Section 7.3}, has shown that they may either span the
entire range in element concentrations occurring for group | and group Il kimberlites (e.g. Si0,, MgO),
or else have an intermediate geochemical character (e.g. TiO,, K;O, La/Nb, Ba/Nb, *'Sr/*®Sry,, eNdy).
These intermediate geochemical and pefrographic characteristics suggest that the transitional
kimberiites are genelically related to group | and group ii kimberiites, and since kimberiite age and
spatial distribution relationships preclude that they are mixtures of group | and Il kimberlite magmas, it
is more likely that the transitional kimberlites are derived from mixed source regions. Mixing of source
regions has also previously been invoked as the mechanism responsible for the development of

isotope arrays in other Igneous rock types (e.g. Hart, 1988).
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8.7.2 Approach to semi-quantitative modelling of kimberlite source regions

Experimental studies on group | kimberlites have shown that kimberlite-like magmas can be produced
by low degrees of partial melting of a carbonated garnet peridotite at ~3-8GPa (Dalton & Presnall,
1998a;, Canil & Scarfe, 1990; Eggler & Wendlandt, 1979) and that a continuum exists between
carbonatitic and kimberlitic meits, with the transition between magma types taking place between 0
and 1% melting (Dalton & Presnall, 1998a). Ulmer and Sweeney (2002) have also shown that group 1l
kimberlites may have formed by partial melting of a carbonated gamet harzburgite or lherzolite. Semi-
quantitative trace element modelling of group | and group Ii kimberlite source regions are consistent
with the derivation of these kimberlite varieties through low degrees of partial melting of a gamet
iherzulite (Chalapathi Rao ef al., 2004; Coe, 2004; Harris of al., 2004; le Roex et al., 2003; Tainton &
McKenzie, 1994). Semi-quantitative modelling of kimberlite petrogenesis is used in this study to
axplore the features of source regions, specifically for comparison of:

B Differing characleristics between the sources of group | and group | kimberlites.

(i) Differing characteristics between the sources of on- and off-craton kimberiites,

However, before any modelling can be attempted, it is necessary to establish the residual mineralogy
of the source and the degree of partial melting, and to understand how these parameters may affect

the composition of the calculated sources.

The high degree of incompatible element enrichment and fractionated REE patterns of kimberiites,
suggests that they have been derived by very low degrees of partial melting, not of normal depieted
mantle, but rather of metasomatically enriched sources (e.g. Wass & Rogers, 1980; Kable et al.,
1975). Metasomatised lherzolite xencliths from the Kaapvaal craton typically contain clinopyroxenes
that have been enriched in the light REE (Gregoire eof al., 2003; van Achterberg ef al., 2001) and
therefore, clinopyroxene is likely to be the major mineral host of these elements during partial meiting.
The low heavy REE abundances and fractionated heavy REE patterns in both on- and off-craton
kimberlites relative to typical MORB, also indicates that partial melting took place in the presence of
residual garnet (le Roex et al, 2003; Rogers ef al, 1992; Tainton & McKenzie, 1992). Semi-
guantitative modelling is therefore based on the following two assumptions:

(i) Kimberlites are formed by very low degrees of partial melting (F < 2%).

{ii) The residual mineralogy of the kimberlite source is a metasomatised garnet therzolite.

Some authors have argued that because of the absence of olivine and orthopyroxene as liquidus
phases during the experimental melting of kimberlites and lamproites, the source of these alkaline
magmas is not a therzolite (Mitchell, 2004; Gimnis ef al., 1995; Edgar & Charbonneau, 1993; Foley,
1992a}, but rather some more exolic mineral assemblage (e.g. dinopyroxense-phlogopite veins,; Foley,
1992b). Once kimberlite petkrogenesis involving garmet therzolite sources has been explored, the
question of whether more exotic source regions are necessary will be addressed.
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Table 8.3: Parlition coefficients used for semi-quantitative modelling. Parlition coefficients ars from complliations
in le Roex ef al. (2003), Spéth et al. (2001) and inferred from Gragoire ef al. (2003).

Rb Ba Th U K Ta Nb La Ce P Br 8r kd B
Oliv 0.001 0.001 0001 0001 0001 0001 0.001 0001 0001 0.001 0.001 0.001 0.001 0.001
Opx 0.001 0.001 0001 0001 0001 0001 0001 0001 0.001 0001 0001 0001 0.001 0001
Cpx 0.001 0.001 0001 0.001 0.01 0.01 0.01 008 008 008 0.1 012 014 0.1
Gnt 0.001 0.001 0001 0001 0001 0001 0001 001 0021 0021 005 0001 0087 005

8m Hf Zr Eu Ti Gd Th Dy Ho Er Tm Yb Lu
Oliv 0.001 0.001 0.001 0001 0001 0001 0001 0001 0001 0.001 0001 0.001 0.001
Opx 0001 001 001 001 04 0018 0018 0022 0022 003 003 0.1 0.1
Cpx 0.14 0.2 02 018 0417 02 028 0.3 03 028 029 0.3 0.3
Gt 0.13 0.1 0.1 0.2 0.1 0.3 0.8 0.8 1.4 2 3 4 6

* Note: Oliv = olivine, Opx = orthopyoxene, Cpx = clinopyroxene and Gt = gamet

Using the compuosition of the close-to-primary Markt kimberiita as an example, the kimberlite source
region composition can be calculated, by applying the equations for non-modal batch melting (Shaw,
1970) and partition coefficients in Table 8.3, and with the residual source modal mineralogy and
degree of melling as assumed parameters. By varying these assumed parameters, it can
subsequently he shown that the lower the degree of partial melting, the less enriched the source
needs to be {Figure 8.9). Varying the degree of melting between F = (.5% and 2%, results in a
calculated source with the light REE enriched between 10 and 25 times chondrite, respectively, but
with no significant change in the heavy REE concentrations (~1.3 times chondrite) hecause of the
relative compatibility of the heavy REE in the residual garnet. Increasing the proportion of residual
clinopyroxens in the source from 3% to 7%, results in calculated source regions being more enriched
in the light REE (13 to 15 times chondrite, respectively; Figure 8.9) and similarly, increasing the
proportion of residual garnet results in sources being more enriched in the heavy REE (1.3 to 2.6
times chondrite, respectively). it is also apparent that changing the modal proportion of residual garnst
in the source has a greater effect on the calculated REE concenirations, than changing the proportion
of clinopyroxene (Figure 8.9).

Aithough it has been assumed that kimberites in this study are derived from melasomatised garnet
iherzolites, it is necessary to establish whether the xenolith load entrained by on- and off-craton, as
well as group | and group H kimberlites show any differences that could possibly be significant when
selecting the best estimates of the residual modal mineralogy of their source regions. Modal analyses
of peridotite xenoliths entrained by kimberlites, illustrate that the proportion of clinopyroxene typically
varies between 2% and 7%, whereas garnet varies between 3% and 9% (Table 8.4). Garnet
proportions tend to be similar for both on- and off-craton xenoliths, but on-craton xenoliths appear to
have slightly less modal clinopyroxene (< 4%). Since it has been illustrated that small variations in the
proportion of residual clinopyroxene do not have avery marked effect onthe composition of the
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Elliott et al., 1997) has metasomatised the source regions of group I kimberlites (and Karoo basalts),
since group Il kimberlites trend to both high Ba/Th and Th/Nb ratios, it is still evident that enrichment
by a subduction component has taken place. This is consistent with the model of Helmstaedt and
Gurney (1984) who suggested that the sources of kimberlites were metasomatised by volatiles
squeezed off the subducted slab. The similarity of Karoo basalts to calk-alkaline basalts is not a new
concept either, since the depletion of Nb and Ta as well as Ti and the possibility that the Karoo basait
source may have been metasomatised by a subduction zone component has previously been
commented upon Duncan (1987) and Duncan ef al. (1984).

The source regions of group H kimberlites are inferred to be located within the subcontinental
lithospheric mantle, isolated over millions of years and where their extreme isotopic characteristics
and compositional heterogeneities were preserved. McKenzie and O'Nions (1883) have argued that
the sources of mantle plumes may be delaminated subcontinental lithosphere, but this is not thought
to be the case for source regions of group Il kimberlites, since no OIB within the South Aflantic or
South Indian Oceans show deplstion in Nb or isotopic signatures similar to group Nl kimberlites
(Weaver, 1991; Hart, 1988). Although the Tristan, Gough and Discovery OIB have high Ba/Nb ratios
similar to group il kimberlites, this is a feature of high Ba in EM-1 QIB, thought to reflect a sediment
subduction component in the mantle plume rather than depletion in Nb (Weaver, 1991; Sun &
McDonough, 1986).

8.9.2 Significance of varying characteristics between on- and off-craton kimberlites

in Chapter 7, different trends in the geochemistry between on- and off-craton kimberlites were
identified and now it will be assessed whether any of these similarities or differences can be placed
into a geodynamic perspective, in relation to characteristics of inferred gamet therzolite source
regions. Firstly, the need for residual garnet in on- and off-craton source regions has already been
mentioned (Section 8.7.2) and indicates that off-craton kimberlites are not derived from within the
spinel stability field, but rather from the garnet stability field, similarly to on-craton kimberlites. The
absence of any significant differences between on- and off-craton group Il kimberlites suggests that
both Proterozoic and Archean mantle sources have experienced similar evolutionary histories.
Differences between on- and off-craton transitional kimberlites however, are more likely to be
functions of the varying characteristics between the sources of group | and group It kimberlites
(Section 8.7.1).

it has been noted that off-craton group | kimberlites tend to fall towards the low SiO, and MgO, but

high FeO*, TiO,, CaO and CO, ends of the compositional fields of their on-craton counterparts,

although still generally falling within the range of on-craton group | kimberlites (Section 7.2). Variations

in these oxides are potentially controlled by the following paramsters:

(). Degree of depletion: Off-craton peridotite xenoliths are generally more fertile have not been
depleted in basaltic components FeO, Ca0, Al,O; and TiO,, as much as refractory peridotites
from the Kaapvaal craton (Boyd et al., 2004; Janney et al., 2001; Boyd & McAllister, 1976).
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{ii). Pressure and depth of melting: As the depth/pressure of melting decreases, melts become
progressively more Si0O,, MgO-poor but more FeD, ALO, and CaO-rich {e.g. Dalton &
Presnall, 1998b; Hertzberg, 1992). Similarly, the partition coefficient for Ti is pressure
dependent and increases with decreasing pressure (Adam & Green, 1994).

iii). Degree of melting: Melts become progressively richer in Si0; and MgO as the degree of
melting increases (e.g. Dalton & Presnall, 1998a; Hertzberg, 1992).

it is considered here that a combination of the first two parameters is most likely the cause of the

variations in on- and off-craton group | kimberlite geochemistry. Recognising that on-craton group |

kimberlites are likely to be derived from variably depleted sources within a range of pressures (hence
the broad ranges in on-craton compositional fields), it appears that off-craton kimberlites may be
derived from the less depleted sources, with meiting taking place at lower pressures. Therefore it
would still be possible for on- and off-craton kimberlites to be derived from similarly depleted sources
at equivalent pressures, but only if the source regions are not very depleted and melting takes place
within the lower pressure rangse. This is consistent with the experimental study of Gudfinnsson and

Presnall (2003) who showed that the lower MgO, but higher Ca0 and CO, contents of an average off-

craton group | kimberlite composition, are dus to melting at lower pressures (~5-6GPa) than for an

average on-craton group | kimberlite {~10GPa). The more SIO, and MgO-rich character of on-craton
kimberlites is unlikely to be related to higher degress of melting in comparison to off-craton

kimberlites, since the reverse has been shown with La/Yb and Gd/Yb ratios in Section 8.7.3.

8.9.3 Significance of varying characteristics betwesn group | and group Il kimberlites
Significant similarities and differences in geochemical characteristics betwesn the calculated sources
of group | and group Nl kimberlites can also potentially relate to varying geodynamical processes.
Group Nl kimberlites in particular, tend towards higher SiO; and KO, but lower TiQ, than group |
kimberlites. Consistent with the potassic nature of group Il kimberlites, is their greater enrichment in
the LIL elements and Pb, as well as their more radiogenic *’Sr/*®Sr character, in comparison to group |
kimberlites. The former also tend to be more light REE enriched with lower "*Nd/"*“Nd ratios and
higher La/Sm, but lower Gd/Yb ratio than the latler, characteristics that have been shown to be likely
related {o mineralogical differences in their sources and not partial melting effects (Section 8.7.2). Both
group | and group Il kimberlites have similar Ca0/{Ca0 + ALD;) ratios, suggesting segregation from
similar pressures or depths (Sweeney & Winter, 1999, Hertzberg, 1992). Consequently, the role of
metasomatism in causing these varying geochemical characleristics between source regions is
investigated.

Metasomatised peridotites entrained by kimberlites show evidence for progressive metasomatism with
the more highly metasomatised peridotites having a greater modal proportion of metasomatic
phlogopite, + K-richterite, but with lower proportions of garnet (Waters & Erlank, 1988; Erlank et al.,
1987). Textural and geochemical evidence indicates that not only has metasomatic phlogopite grown
at the expense of garnet, but so has clinopyroxene and Cr-spinel (Gregoire et al., 2003; Simon ef al.,
2003b; van Achterberg et al., 2001; Erlank ef al, 1987). These metasomatic reactions are consistent
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with the argument that varying REE ratios between kimberiite varieties and the more 8i, K and LiL-
element enriched character of group Il kimberlites, are due to their sources having more clinopyroxene
and phlogopite formed by metasomatism at the expense of gamet, than those of group | kimberlites.
Therefore, the mantle sources of group Il kimberites can be considered to be more highly
metasomatised than group | kimberlites, although it must be emphasised that even though there may
be more phiogopite present in the former, this phase is thought to be entirely consumed during partial
melting.

Group Il kimberlites also have lower absolute TiO, concentrations with larger negative Ti anomalies
than group | kimberlites, consistent with the interpretation that the source regions of group i
kimberlites have been metasomatised by a subduction zone fluid/melt depleted in Nb, Ta and Ti. It is
of interest to note that Gregoire ef al. (2003) identified two different geochemical signatures in
clinopyroxenes from metasomatised xenoliths from the Kaapvaal craton, with both types of
clinopyroxene showing enrichment in the light REE and LIL elements, and depletion in Ti, Nb and Ta.
However, one of the types of clinopyroxene is more light REE enriched and shows a greater relative
depletion in Nb and Ta than the other, leading Gregoire ef al. {2003) to suggest a possible genetic
relationship of the two types of dinopyroxenes with group | and group Il kimberlites.

Since it has been argued that the source regions of group I kimberlites are more highly
metasomatised than those of group | kimberlites, perhaps a more exotic source mineralogy,
corresponding to the “clinopyroxene and mica rich-vein” model of Foley (1992b) might be plausible
instead of a metasomatised garnet therzolite. The main arguments behind the model of Foley (1992b)
is that the sources of ultrapotassic rocks are completely free of olivine, due to the absence of olivine
as a liquidus phase in various experimental studies (e.g. Girnis ef a/,, 1995; Foley, 1882a) and that the
resulting magmas are hybrids of vein and wall rock components. Foley (1992b) suggests that, if for
example, the unmelted mineralogy of the source region comprises veins of clinopyroxense, phlogopite
with other accessory phases (e.g. apatite, spinel, rutile), and the wall rock of olivine, orthopyroxene,
clinopyroxene and garnet, then the first stages of melting would be confined to the metasomatic veins.
At some high degree of veln melting, the melt would start interacting with the wall rock consuming
clinopyroxene and garnet and the resulting liquid would be a hybrid of vein and wall rock components.

In order to evaluate Foley's (1992b) suggestions, the source composition of the close-to-primary group
il Markt kimberlite magma has been calculated assuming partial melting of a clinopyroxene -
phlogopite vein, with no melt - wall rock interaction. Given that the vein is predominantly composed of
hydrous metasomatic minerals with low melting temperatures, large degrees of melting with minimal
wall rock interaction would be expected. The Markt kimberlite source region, calculated for 20% vein
meiting, is very enriched in the light REE (230 times chondrita) with a composition intermediate to the
actual kimberlite and that of hypothetical vein (Figure 8.22). The composition of this hypothetical vein
comprising 50% clinopyroxene and §0% phlogopite, was calculated using analyses of metasomatised
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envisage that kimberlites could be derived from only 1% partial melting of a metasomatic vein
(assuring the composition of the hypothetical vein is representative).

However, accepting that metasomatic veins do occur within the mantle (e.g. Erlank et al, 1987),
gamnet lherzolites entrained by kimberlites have also been extensively documented (e.g. Gregoire ef
al., 2003, Erank ef al, 1987, Boyd & Mertzman, 1987) and begs the guestion of why more exotic
sources would be required, when it has been argued than group Il kimberlites can be produced by
partial melting of metasomatised garnet lherzolite sources. Secondly, the semi-quantitative modelling
method used in this study is based on the residual mineralogy that the kimberlite is in equilibrium with
at the time of melt segregation (e.g. metasomatised garnet lherzolite), not the mineralogy of the
source region at the initiation of melting (e.g. vein mineralogy, since only at some higher degree of
partial melting would the melt start interacting with the more refractory wall rock). Since the modelling
technique used is unable to discriminate to this level of detall, it is still argued that group i kimberlite
magmas were derived from partial melting of garnet lherzolites characterised by disseminated

metasomatism.

Key differences between the sources of group | and group Il kimberlites therefore appear to be related
to the timing and degree of enrichment as well as the source of the metasomatising melis/fluids, since
both source regions have been previously depleted and subsequently enriched. Karoo continental
flood basalts and group Il kimberlites are similar in some geochemical characteristics such as the
depletion in Nb, Ta and Ti, and enriched isotope signatures (Duncan et al., 1984; Hawkesworth et al.,
1984), suggesting they may have been derived from common source regions located within the
subcontinental lithosphere. The relative depletion of Nb in group Il kimberlites and Karoo basalts is
inferred here to have been caused by the metasomatism of source regions by melts/fiuids derived
from a subduction zone. Minimum Nd model ages of on- and off-craton group il kimberlites suggest
ancient light REE enrichment, prior to Mesozoic Gondwana break-up and after the formation of the
Proterozoic mantie underlying the Namaqua-Matal beit. Since no differences have been recognised
between the isotopic signatures of these kimberlites (Section 7.2), both Archean and Proterozoic
kimberlite source regions must have been enriched by the same metasomatic event. During
subduction, melts or fluids released from the subducted slab typically percolate upwards into the
overlaying mantle wedge. Simple geometry indicates that only if multiple subduction and accretion
events occurred during the 1.2-1.0Ga formation and metamorphism (Thomas et al,, 1994) of the
Namaqua-Natal belt, similar to that imaged by the Lithoprobe study in Canada (e.g. Cook et al., 1999),
would the upward percolating melts/fluids have affected both Proterozoic and Archean mantle source

regions.

It is postulated that after the massive outpouring of greater than 140000km? (present day aerial
exposure, Eales et al., 1984) of Karoo continental flood basalts at 180Ma (Marsh et al., 1997), and the
eruption of group Il kimberlites from 200-110Ma (Allsopp, 1989; Allsopp Unpubl. in Skinner, 1989), the
more highly metasomatised source appears to have been largely exhausted. Therefore, on- and off-
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craton group | kimberlites in this study erupted from ~110-70Ma (Smith ef al.,, 1994; Smith ef al.,
1985b) were derived from the more recently (Mesozoic) and less enriched lithosphere carrying a
plume signature. Similarly, the off-craton group | East Griqualand kimberlites erupted at ~150Ma
(Smith et al., 1985; Davis, 1977) have geochemical characteristics in common with OIB, that may
likely have been derived from melts/fluids associated with the Bouvet mantle plume that was
underlying East Griqualand at this time (le Roex, 1986). However, the formation of group Ii kimberlites
is not in anyway a prerequisite for the formation of group | kimberlites, since group | kimberlites exist
that are significantly older than group Il kimberlites {(e.g. Proterozoic Kuruman kimberlites; Bristow et
al., 1986). In addition, although the geochemistry of group Il kimberlites shows no evidence for a
plume component, it does not preclude the possiblility that the Mesozoic mantle plumes associated
with Gondwana break-up, may have provided a heat source for partial melting and production of group
Il kimberlites.

Transitional kimberlites appear to tap mixed group | and group |l kimberlite sources and for the off-
craton transitional kimberlites erupted at (~174-143Ma; Smith et al., 1994), the group !l kimberlite
source signature appears to be more predominant (Section 7.2, 7.3). In contrast, for the on-craton
transitional kimberlites erupted at ~82Ma (Davis, 1978), the group | kimberlite source signature
appears to dominate (Section 7.2, 7.3). The on-craton Frank Smith kimberlite has also previously been
termed transitional, since although it has a "*Nd/'*Nd isotopic ratio only slightly lower than most
group | kimberlites, it has a typical group Il kimberlite age and petrography as well as a transitional
megacryst assemblage (Bell & Mofokeng, 1998; Smith ef al, 1985a; Smith, 1983b; Wagner, 1914),
suggesting that the petrogenetic processes giving rise to transitional kimberlites are not necessarily -
isolated in time and space. However, the transitional kimberlites that show the strongest group i
kimberlite signature (e.g. off-craton transitional kimberlites) are older than the kimberlites that show a
stronger affinity to group | kimberlites (e.g. Wimbledon and Leicester kimberlites). This observation is
consistent with the eruption of group Il kimberlites prior to group | kimberlites during the Jurassic and

Cretaceous.
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CHAPTER 9
SUMMARY

91 Overview

Eighteen Jurassic to Cretaceous South African kimberlites representative of group |, group Il and
transitional varieties, from both on-craton and off-craton tectonic environments were selected for study
aimed at characterising their geochemistry and source region compositions, as well as understanding
the petrogensetic processes that have affected them. The petrography and geochemistry of these
kimberlites was described and characterised and the effects of alteration, crustal contamination,
fractional crystallisation and macrocryst entrainment on the geochemistry of the close-to-primary
kimberlite magmas evaluated. Subsequently, semi-quantitative modelling of inferred close-to-primary
kimberlite magmas has been used to characterise the geochemistry of their respective source regions
and to investigate the effect of degree of melting and residual mineralogy on predicted source
compositions. Thereafter, the evolution of the kimberlite source regions was explored with reference to
their physical location, nature of depletion and enrichment events, and extent of the contributions from
lithospheric and asthenospheric sources. Finally, observed differences or similarities between
kimberlite varieties and their source regions were placed in a geodynamical perspective.

9.2 Petrography

Hypabyssal kimberlite samples from group |, group I and transitional kimberlites analysed in this study
are all variably macrocrystic (10-45 volume % macrocrysts), with olivine as the dominant macrocryst
phase and lesser phlogopite, opaque oxides and garnet. Olivine macrocrysts are typically subhedral to
anhedral In habit and variably serpentinised, whereas tabular phlogopite macrocrysts are often kink
banded and deformed and show calcite stringers along cleavage planes. Similarly, olivine occurs as
the dominant phenocryst phase in all kimberiite groups, whereas, phiogopite phenocrysts and
microphenocrysts, rimmed by tetraferriphlogopite, are largely restricted to the group Il and transitional
kimberlites. Kimberlite varieties show essential differences in the nature of their groundmass phases,
with group | kimberlites characterised by matrix serpentine and caicite, often occuiring in well
developed irregular shaped segregations, whereas group Il kimberlites are characterised by stubby
interlocking groundmass phlogopite lathes (rimmed by tetraferriphlogopite), with interstitial calcite,
serpentine and minor diopside. Accessory opaque oxides and perovskite in the groundmass of group |
kimberlites are generally fairly common and fine-grained (100-300um), in comparison to group i
kimberlites that are characterised by very fine-grained (20-50um) rare opaque oxides and perovskite.
Trace apatite needles have been recognised in all kimberlite varieties. Variations in petrography
between on- and off-craton kimberlites are limited to the transitional kimberlite group, with on-craton
transitional kimberlites showing greater similarity to group | kimberlites and off-craton transitional
kimberlites, similarity to group Il kimberlites.
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9.3 Geochemistry of kimberlites

The analysed group | kimberlites tend to have lower Si0,, but with roughly comparable MgQ and FeQ*
concentrations (23.5-33.3 wt% SiO,, 23.0-30.3 wi% MgO, 7.3-11.8 wi% FeO*) to group Il kimberlites
(25.2-43.0 wt% Si0,, 10.1-36.2 wt% MgO, 6.4-10.7 wt% FeO*), and with the transitional kimberlites
showing similarity to both group | and group Il kimberlites. The majority of kimberlites also tend to
have Mg-numbers greater than 0.80. ALQO; contents are generally comparable, although some of the
high Al,Os; concentrations (> 6 wi% AlLQO;) recognised in a few group Il and transitional kimberlites are
likely due to crustal contamination. Group | kimberlites have higher TiO, (2.2-3.4 wit%) and lower G0
(0.2-1.4 wt%) contents than group Il kimberlites (0.6-3.1 wit% TiO; 0.5-4.0 wt% K,0), with the
transitional kimberlite group characterised by intermediate TiO, and ;0. All three kimberlite varieties
show good negative correlations belween Ca0 and SIO;, and positive correlations between CO, and
Cal (eg. 3.2.17.2 wit% CaO, up to 150 wit% CO;). Differences in on- and off-craton kimberlite
geochemistry have been identified for the group | kimberlites, with off-craton group | kimberiites
tending to lower 8i0,, MgO, but higher FeQ®, TiO,, Ca0 and CO, contents than on-craton kimberlites,
githough still broadly falling within the field of on-craton group | kimberlites. Similarly, on-craton and
off-craton transitional kimberlites show more affinity to group | and group Il kimberlites, respectively.

All kimberlites groups are enriched in the compatible elements (e.g. 300-1600ppm Ni, 500-2200ppm
Cr), which show good positive correlations with MgO and Mg-number, All the analysed kimberlites are
also highly enriched in the incompatible elements, with the more immobile elements showing good
inter-element correlations. LIL element concentrations are variable (e.g. 10-210ppm Rb, 200-7700ppm
Ba) and group I kimberlites tend to be more enriched in Rb, Ba and Pb than group | kimberlites. HFS
element concentrations are generally comparable (e.g. 80-650ppm Zr), except for Nb and Ta, which
are significantly depleted in the group Il kimberlites (60-220ppm Nb), in comparison to group | and
transitional kimberites {(100-520ppm Nb). Consequently, group Il kimberites are characterised by
La/Nb > 1.1, Ba/Nb > 12, Th/Nb > 0.15, whereas values of these key ratios are lower for group | and
fransitional kimberlites. All three kimberlite groups are extremely enriched in the light REE and
moderately enriched in the heavy REE relative to chondrite {La = 300-2200 and Lu = 2.2-8.5 times
chondrite). Group il and transitional kimberlites tend to have higher absolute light REE concentrations
with steeper light REE slopes (higher La/Sm), but flatter heavy REE slopes (lower Gd/Yb), than group
| kimberlites. Off-craton group | kimberlites also tend to lower La/Sm, La/Yb and Gd/Yb in comparison
to on-craton group | kimberlites.

Primitive mantle normalised patierns of the analysed kimberlites show steep negative profiles, upon
which there are superimposed moderate negative K, Ti and Rb anomalies and more subdued negative
Sr and Hf anomalies. Group i kimberlites alsc show subdued negative Nb and Ta ((La/Nb)y > 1.1},
and positive Pb ((Ce/Pb)y < 0.9) anomalies. Magnitudes of anomalies are variable between kimberlite
groups, with the group 1, group lib (a subset of enriched group Il kimberlites characterised by very
large negative Rb, K and Ti anomalies as well as low absolute KO contents (< 1.9 wi%), more similar
to group | kimberlites) and on-craton transitional kimberlites showing the greatest relative depletion in
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K {(K/K* < 0.3). In contrast, group | kimberlites and off-craton transitional kimberlites show the least
relative depletion in Ti (TVTi* = 0.3-1.0), compared to other kimberlite groups (Ti/Ti* < 0.6). Some
kimberlites are also characterised by large well-developed negative Zr and Hf anomalies {(Melton
Woid, Wimbledon and Eendekuil Kimberlites).

Isotope ratios of the analysed group | kimberlites vary from “'Sr/*®Sr, = 0.7036-0.7048 and
"IN/ *“Ndy, = 0.51249-0.51271, and show distinct similarity to ocean island basalts, with low Rb/Sr
and high Sm/Nd ratios. Group If kimberlites are characterised by radiogenic *’Sr/**Sr, =0.7074-0.7084
and unradiogenic "“*Nd/"**Ndg, = 0.51191-0.51205 ratios with time integrated Rb/Sr and Sm/Nd ratios
indicative of ancient metasomatic enrichment, Transitional kimberlites provide a continuum to the
kimberlite isotope array with intermediate *’Sr/*Sry = 0.7056-0.7075 and "*Nd/'*Nd;, = 0.51208-
0.51249 ratios. Distinct differences can be recognised within the transitional kimberlite group, with the
on-craton fransitional kimberlites {e.g. eNd = -0.8 to -1.9) showing more similarity to group |
kimberlites, whereas off-craton transitional kimberlites are characterised by enviched isotope ratios
{ehd = -3.4 {0 -8.7) mors comparable to group il kimberiites.

All kimberlite groups show broad variation in their geochemistry and some of this variation has been
attributed to secondary processes given the hybrid nature of these rock types. The effects of alteration
{e.g. degree of serpentinisation and carbonatisation, correlation of mobils and immobile elements) and
crustal contamination (8.g. high C.l, flattened heavy REE, raised Zr and Hf concentrations) on
kimberiite bulk-rock gesochemistry were identified and samples thought to be severely affected were
discarded. Similarly, the effect of peridotite entrainment (rends to high MgQO, Si0, and Ni) and
fractional crystallisation {trends to low MgO, SiO, and Ni, but high Ca0, CO, and light REE) were
investigated. The compositions of close-to-primary kimberlite magmas for nearly all kimberlite
localiies were thus constrained by the selection of one or more representative samples (the least
affected by the above-mentioned processes and corrected for lherzolite entrainment where
necessary). Inferred close-to-primary magma compositions of the group | kimberlites analysed in this
study have Mg numbers = 0.82-0.87 and ~22-27 wi% MgO, -21-:;9 wi% Si0,, ~10-17 wit% Ca, ~
5.0-14 wi% CO,, ~0.2-1.7 wi% K0 and 680-1180ppm Ni. Close-to-primary magma compositions of
group i kimberlites tend to higher SiO, (~28-36 wi%), MgO (~23-29 wi%), Mg-number (~0.86-0.89), Ni
{590-1410ppm) and KO (1.6-4.6 wi%), but lower TiO, (0.9-1.4 wi%). Although close-to-primary
magma compositions of the transitional kimberlites are generally comparable to group | and group §
kimberlites for most major elemenis (24-28 wi% MgO, Mg-number = (.84-0.88; 27-39 wi% SiOy), for
some elements they ars intermediate (e.g. 1.0-3.7 wi% K,0). This intermediate character of the
transitional kimberlites, more apparent in isclope and trace element ratios (e.g. La/Nb, Ba/Nb, Th/Nb,
¥751/*°Sry, and eNd), suggests they derived from mixed group | and group Il kimberlite source regions.
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9.4 Geochemistry of kimberlite source regions

Following experimental svidence that suggests kimberlites are derived from low degrees of partial
melting of a carbonated garnet peridotite, semi-quantitative forward modelling of non-modal
equilibrium melting was used in order to calculate the composition of source reglons in equilibrium with
close-to-primary group | and group  kimberlite magmas. It was assumed that kimberlites are
produced by very low degrees of partial melting, with the residual mineralogy of the source comprising
a metasomatised garnet therzolite similar to those entrained by kimberlites located both on- and off- of
the Kaapvaal craton. Prior to caleulating source compositions of kimberlites using equations for non-
modal batch melting, the effects of varying the above mentioned parameters were explored. As the
assumed degree of partial melting is increased (e.g. F = 0.5-2%), s0 the light REE cornposition of the
source becomes mors enviched (e.g. 10 to 25 times chondrite). Similarly, as the residual proportion of
modal clinopyroxens {e.g. 3 to 7%) and garnet {e.g. 3 to 7%) in the source is increased, so the light
and heavy REE concentrations of the calculated source become more enriched, respectively. Modsal
estimates of on- and off-craton peridotite xencliths show no significant differences and therefore, the
residual source mineralogy for on- and off-craton kimberlites was assumed to be the same. However,
varying REE ratios between kimberlites suggested that the higher La/Sm, but lower Gd/YDb ratio of
group H kimberlites, was likely due to the effect of more residual clinopyroxene and less residual
gamet in the source of group il kimberlites, in comparison to group | kimberlites.

Source compositions for all close-to-primary kimberlite magmas were subsequently calculated
assuming 1% partial melting and with the residual source of a group | kimberlite (65% oclivine, 25%
orthopyroxene, 3% clinopyroxene and 7% garnet), having less clinopyroxene but more garnet than for
a group Nl kimbedite (85% olivine, 25% orthopyroxene, 7% clinopyroxene and 3% garnet). All
predicted source regions are more enriched in the light REE (4-36 times chondrite) than the heavy
REE (0.9-3.6 times chondrite), with the sources of group Il kimberlites being more light REE but less
heavy REE enriched ({(La/Sm)y = 3.2-7.0; (La/Yb)}y = 7.7-28) than group | kimberlites ((La/Sm)y = 2.3-
3.6; (LafYb)y = 1.8-8.8). The lower La/Sm, LalYb and Gd/Yb ratios of off-craton group | kimberlites In
comparison to on-craton group | kimberlites, is shown o be a partial melting effect suggesting that off-
craton kimberlites are slightly higher degree melts.

Predicted source regions of kimberlites are enriched in the more incompatible elements {e.g. light
REE, Th, Nb), but depleted in the less incompatible elements (e.g. heavy REE, Zr) relative to primitive
mantle. The large negative Rb, K and Ti anomalies as well as subdued negative Sr, Hf and Nb (group
It kimberlites) anomalies on primitive mantle normalised diagrams, shown to be unrelated to crystal
fractionation of phiogopite, ilmenite or any phase but are rather features of the close-to-primary
kimberlite magmas, are subsequently transferred to the predicted source regions of kimberlites dus to
the absence of any residual accessory phase during partial melting capable of fractionating these
elements. It is argued that these relative negative anomalies in close-to-primary magmas are unlikely
due to residual K-phases {phlogopite, K-richterite), Ti-phases (imenite, rutile, armalcolite) or Zr-
phases (e.g. zircon, zirconalite), but rather are intrinsic features of kimberlite source regions.
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9.5 Evolution of kimberlite source regions

The characteristic compatible trace element enrichment, high Mg-numbers (Mg # = 0.80-0.89) and
depleted heavy REE concentrations of group |, group Il and transitional close-to-primary kimberlite
magmas relative to typical MORB, suggests that kimberlites were in aquilibrium with a previously melt-
depleted source region, consistent with the refractory character of mantle xenoliths derived from
Proterozoic and Archean mantle within southern Africa. The strongly enriched character of calculated
source regions require subsequent enrichment in the light REE and other highly incompatible
elements by metasomatic melts/fuids. These metasomatising melifluids appear to have been
characterised by relative depletion in Rb, K, Ti and 8r, possibly due to the early crystallisation of
phiogopite + caicite. The characteristic depletion of alkall elements and HFS elements, as well as
strongly light REE enriched character of the Wimbledon, Melton Wold and Eendekuil kimberiites,
suggest that the metasomatic melt/fluid that enriched their source regions was more carbonate-rich,
whereas the higher SIO; and K;Q, absence of large negative Ti, Zr and Hf anomalies, as well as
shallower REE patterns of the Finsch, New Elands and Brandewynskull kimberlites, suggests that the
metasomatic meltfluid was more alkali-rich in character.

Fractionated heavy REE patterns of kimberlites Indicate that partial melting ocourred within the garnet
stability field for all on- and off-craton kimberlites. Differences in the geochemistry between on- and
off-craton group | kimberlites (off-craton kimberlites tend to lower SIO,, MgO and higher FeO*, TiO,,
Cal and CO,, even though still broadly falling within the on-craton kimberlite field) are possibly due to
partial melting of slightly less depleted source regions at lower pressures for off-craton kimberlites,
although recognising that this does not necessarily imply that on-craton kimberlites cannot be derived
from similarly depleted sources at equivalent pressures. Since no significant geochemical differences
between on- and off-craton group i kimberlites have been identified, this suggests that both the
Proterozoic (off-craton) and Archean (on-craton) lithospheric mantle sources of group Il kimberlites,
have experienced a similar evolutionary history. Although on- and off-craton transitional kimberlites
show differences, these are more a function of the differences in geochemistry between the sources of
group | and group || kimberlites, if transitional kimberlites are derived from mixed group | and group |l
kimberlite source regions. The more SIO,;, K0, LIL element and light REE-enriched character of
group Il kimberlites is consistent with their derivation from more highly metasomatised sources than
group | kimberlites. Similarly, more highly metasomatised sources are likely to have greater
proportions of phiogopite and clinopyroxene but less garnet, as suggested by varying REE ratios
between kimberilte varieties. Although group I kimberlites can possibly be produced by partial melting
of more exotic source regions (clinopyroxene and phlogopite veins) rather than metasomatised garnst
hherzolite, various arguments suggest that a metasomalised garnet therzolite is & more appropriate

source material.
Group | kimberlites are characterised by isotopic signatures depleted relative to present day Bulk

Earth that indicate recent enrichment of their sources (Tyy mode! age = 0 - 700Ma), most likely during
the Mesozoic. Isotopic signatures and selected incompatible element ratios (e.g. Ce/Pb, Nb/U, La/Nb,
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Chapter 9: Summary

Ba/Nb) of group | kimberlites are similar to ocean island basalts and consistent with the involvement of
asthenospheric plume related melts/fluids in their petrogenesis. Since the depleted source of group |
kimberlites is most likely located within the lithosphere, the plume signature of group | kimberlites is
postulated to be caused by the upward percolation of plume meltsfluids and ensuing metasomatism
of the lithospheric mantle. Group Il kimberlites, however have isotopic signatures enriched relative to
present day Bulk Earth and require source regions that have experienced ancient light REE
enrichment (Tyg model age = 600-1300Ma) and subsequent isolation from the convecting mantle in
order to preserve these heterogeneities. Therefore, like group | kimberlites, the source regions of
group Il kimberlites are thought to be located within the subcontinental lithosphere, but with
metasomatic enrichment unrelated to plume upwelling. Rather, the characteristic depletion of Nb and
Ta and similarity of incompatible element ratios of group il kimberlites (e.g. La/Nb, BaNb, Th/Nb) to
calc-alkaline basalls, suggests that the metasomatism of thelr source regions by was subduction
related melts/fluids. This does not preclude the possibility that the mantle plumes beneath southern
Africa during the Mesozoic provided a heat source for partial meiting and group Il kimberlite
production. Minimum model ages of on- and off-craton group Il kimberlites suggest enrichment of both
Archean and Proterozoic mantle sources, prior fo Gondwana break-up and after the formation of the
mantle underlying the Namaqua-Natal belt. Assuming the Namaqua orogeny comprised multiple
subduction and accretion episodes, then the source of the melts/fiuids that metasomatised Proterozoic
and Archean kimberlite source regions may have been associated with this Kibaren event.

The similarity of diagnostic geochemical characteristics suggest that group Il kimberlites and Karoo
basalts were derived from common source regions located within the subcontinental Iithosphere.”After
the Jurassic eruption of the Karoo basalls and the Jurassic to Cretaceous eruption of group i
kimberlites carrying a subduction signature, it appears that this highly metasomatised common source
region was largely exhausted. Consequently, group | kimberlites erupted after the group 1l kimberlites,
were derived from Mesozoic plume erriched lithospheric source regions, with enrichment possibly
assoclated with the passage of southemn Africa over the Shona and Bouvet mantle plumes.
Transitional kimberlites appear to tap mixed group | and group Il kimberlite source regions with the
older off-craton transitional kimberlites derived from a source dominated by a group Hl kimberlite
component, whereas the younger on-craton transitional kimberlites are derived from source regions
with a stronger group | kimberlite signature.
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APPENDIX A
DESCRIPTION OF INDIVIDUAL KIMBERLITES

A1 Group | kimberlites

A11  On-craton kimberlites

Goedehoop kimberlite

The Goedehoop kimberlite is located north of the town of Hanover in the Northern Cape Province. The
group of kimberlites consists of three pipes, two blows and associated dykes (Robey, 1981). Although
a dyke-like excavation, filled in pit, numerous crustal and mantle xenoliths were located during this
study (30°50'S, 24°25'E’), no fresh kimberlite was found. The kimberlite has intruded through the
Beaufort Group shales and sandstones, and if the trace of the Archean Kaapvaal craton margin of
Schmitz and Bowring (2004) is extrapolated (Figure 2.2), it appears as though the Goedehoop
kimberlite has been emplaced through the Kaapvaal craton. This is consistent with the occurrence of a
single diamond from the nearby Andriesfontein kimberlite (Robey, 1981), situated just southeast of the
Goedehoop kimberlite and suggests the Goedehoop kimberlite has intruded through Archean
basement (Clifford, 1966).

Koffiefontein kimberlite

The Koffiefontein kimberlite is situated in the town of Koffiefontein in the Free State Province. The pipe
measwring 11.1Ha (Naidoo et al, 2004), was discovered in 1870 and although it is currently being
mined, has had an intermittent mining history. The Koffiefontein kimberlite occurrence consists of a
pipe with east and west precursor dykes, as well as the satellite Ebenhaezer pipe (Clement, 1982).
The main pipe has been dated at 80Ma by Davis (1978) and has intruded through Archean basement
granite gneiss, Dwyka shale and Karoo dolerite.

A1.2 Off-craton kimberlites

Abbotsford East kimberliite

The Abbotsford kimberlite, 2a member of the East Griqualand kimberlite province, is situated just west
of the town of Cedarville in the Kwazulu-Natal Province. The kimberlite consists of five dykes and two
pipes (Abbotsford East and Abbotsford West) and was described many years ago by Du Toit (1929).
Abbotsford East is an elongate pipe measuring approximately 35 x 20m (Nixon et al., 1983). Ages for
other kimberlites from the East Griqualand kimberlite province are ~150Ma (Smith et al., 1985a; Davis,
1977). The kimberlite has intruded through the Namaqua-Natal mobile belt as well as Beaufort Group%
shale, sandstone and Stormberg lavas of the Karoo flood basalt province.
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Klipgatsfontein kimberifte

The Klipgatsfontein kimberlite is located northeast of the town Loxton in the Northern Cape Province.
The kimberlite occurrence consists of a southern and a northern group, each of which have two pipes
and an associated fissure (Robey, 1981). The kimberlite has intruded through Beaufort shales,
mudstones and sandstones underiain by the Namaqua-Natal mobile belt basement.

Hebron kimberiite

The Hebron kimberlite (31°17'S, 22°34E) is located on the farm Haartebeesfontein, northeast of the
town of Loxton in the Northern Cape Province. This occurrence consists of five sites where kimberlite
is present (Robey, 1981), as well as other recordings on the adjacent farms Leyfontein and
Haartebeeskuilen. The main Hebron pipe measuring 150 x 75m (Robey, 1981) has an associated pit
and numerous dumps of kimberlite concentrate, that were observed when the kimberlite was visited in
the course of this study. Kimbetlite analysed in this study was sampled from the main Hebron pit.
Geochemical analyses (Clark, 1994) and a 76Ma Rb-Sr age (Smith et al., 1994) reported for the
Haartebeesfontein kimberlite may be from the same location, but due to the confusion regarding
nomenclature of the kimberlite cluster, it has not been assumed that this is the same kimberlite. The
kimberlite has intruded through Beaufort shales and sandstones underiain by the Namaqua-Natal belt,

Uintjiesberg kimberlite

The Uintjiesberg kimberlite (30°50'S, 22°32°E) is situated at the foothills of the Uintjiesberg Mountain,
located west of the town Carnarvon in the Northern Cape Province. The kimberlite consists of a 180 x
120m pipe, as well as a dyke (Robey, 1981) and was first described by Du Toit (1914). Although much
of the kimberlite consists of yellow ground that has been pitted, abundant fresh hypabyssal facies
material (geochemically analysed by Harrls ef al., 2004) was observed when the kimberlite was visited
in the course of this study. Smith ef al. (1985a) have reported a Rb-Sr age of 101Ma for this kimberlite
that has intruded through Ecca Group shales, Karoo dolerites underlain by the Namaqua-Natal belt,

Zeekoegat kimberiite

The Zeekoegat kimberlite, a member of the East Griqualand kimberlite province, is situated just west
of the town of Cedarville in the Kwazulu-Natal Province. The Zeekoegat kimberlite pipe measures
approximately 400m across (Du Toit, 1928) and appears to be related to the nearby Abbotsford dykes
(Nixon et al., 1983). Ages for other kimberlites from the East Griqualand kimberlite province are
~150Ma (Smith ef al., 1985a; Davis, 1877). The kimberlite has intruded through the Namaqua-Natal
mobile belt as well as Beaufort Group shales, sandstones and Stormberg lavas from the Karoo flood

basalt province.
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A.2 Group Il kimberlites

A.21 On-craton kimberlites

Bellsbank kimberlite

Bellsbank kimberiite dyke is one of a set of northeast striking en echelon dykes that form the
Bellsbank (Main), Bobbejaan, and Intermediate (Water) fissures (Tainton, 1992). The kimberlites are
situated northwest of the town of Barkly Waest in the Northern Cape Province and form part of the
Barkly West kimberlite group. Three blows have developed on the Belisbank fissure and a fourth on
the adjacent Kosmos fissure. The dykes are generally less than 1m wide and strike for several
kilometres (Gurney & Menzies, 1998). The kimberlite was discovered in 1952 and various small mines
have been in operation since then. The 122Ma kimberlite (Smith of al, 1985a) has intruded through
the Griqualand West Sequence, Campbell Rand dolomite and Black Reef Formation, as well as
Archean crystalline basement.

New Elands kimberliite

The New Elands kimberlite is situated east of the town of Boshof in the Free State Province and forms
part of the Boshof cluster of kimberlites. The kimberlite consists of two dykes that intersect to form a
blow (Wagner, 1914). New Elands was discovered in 1912 and like so many other small dykes in
South Africa has had a history of intermittent mining. The 126 Ma kimberlite (Smith ef al., 1985a) has
intruded through Karoo shales and sandstones underlain by Archean basement. Isotope analyses by
Smith (1983a) for the New Elands kimberlite have been utilised for some of the samples in this study.

Newlands kimberiite

Newlands kimberlite is situated northwest of the town of Barkly West and forms part of the Barkly
Waest kimberlite group in the Northern Cape Province. Newlands kimberlite is a northeast striking dyke
systermn with five blows developed along the en-echelon dykes (Gurney & Menzies, 1998). Discovered
in the late nineteenth century, it has been mined during various periods since then. The Newlands
kimberlite, dated at 114Ma (Smith ef al, 1985a), has intruded through a Tertiary Kalahari Group
calcrete veneer, Karoo dolerites and shales, and Ventersdorp lavas, underlain by Archean basement.

A2.2 Off-craton kimberlites

Brandewynskuil kimberiite

Brandewynskuil kimberlite is situated 20km southwest of the town of Vosburg in the Northern Cape
Province. Fresh kimberlite was not found when the kimberlite was visited in the course of this study
(30°37'S, 22%41°E), but evidence for the presence of kimberiite, in the form of numerous crustal
xenoliths, a pit and kimberlite grass, were all found together. Two kimberlite pipes measuring 180 x
120m and 90 x 130m as well as a dyke have been recorded for this kimberiite (Robey, 1981). The
kimbedite has intruded through Ecca Group shales and sandstones underiain by the Proterozoic
Namaqua-Natal beit (Schmitz & Bowing, 2004) and Is located in an area surrounded by numerous
Karoo dolerite dykes.
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Eendekuil kimberlite

The Eendekuil kimberlite (32°15'S, 20°59°F) Is situated just west of the Riet River on the farm
Eendekuil, approximately 40km northeast of the town of Sutherland in the Northern Cape Province. A
french, pit, borehole and dumps of crushed kimberlite were observed whan the kimberlite was visited
during this study and within the pit, the weathered yellow ground of a 1.5m wide kimberlite dyke was
clearly visible. The Eendekuil kimberlite, dated at 110Ma (Allsopp, Unpubl. in Skinner, 1989), is also
the youngest known group i kimberlite occurrence in southern Africa. The kimberlite has intruded
through the Beaufort Group shales underlain by the Proterozoic Namagqua-Natal belt.

Marit kimberiite

The Markt kimberlite is located northwest of the town Vosburg. The kimberlite occurrence consists of
two pipes as well as a blow associated with the intersection of two fissures. (Robey, 19881) The
kimberlite has been dated at 117Ma (Smith of &/, 1994) and has intruded through Ecca shales and
sandstones as well as through Proterozoic rocks of the Namaqua-Natal belt (Schmitz & Bowring,
2004).

A.3  Transitional kimberlites

A31 On-craton kimberlites

Leicester kimberlite

Leicester kimbedite pipe is situated southwest of the town of Windsorton in the MNorthern Cape
Province. Mining of the Leicester kimberlite commenced in 1896 and has been intermittent since then,
The pear shapsed pipe measuras 300 x 200m across (J.J. Gumey, pers. comm., 2003) and has been
dated at 92Ma by Davis (1978). The kimberlite has intruded through Archean crystalline basement and
at its surface exposure, is surrounded by Dwyka tillite.

Wimbledon kimberlite

Wimbledon kimberlite (28°49'S, 24°43'E) occurs 15km south of the town of Kimberley in the Northern
Cape Province. The existence of the Wimbledon kimberlite appears to have been known of for many
years and was mined in the late 19" century as the Spytfontein mine {(Wagner, 1914). Wimbledon
kimberlite consists of two pipes (Morris, 2001} and recent workings In a dolerite quarry uncovered a
newer pipe, Fresh hypabyssal kimberlite was sampled when the pipe was visited during this study,
from a pile of kimberlite adjacent to the main pipa. No previous published geochemical analyses or
dates of the kimberlite appear to exist. Wimbledon kimberlite has intruded through Dwyka shale and
Karoo dolerite underiain by Archean basement.

A3.2 Off-craton kimberlites

Droogfontein kimberlite

Droogfontein kimberlite is located southwest of the town of Loxton in the Northern Cape Province.
Although little is known of the details of the kimberlite dyke, the Droogfontein kimberlite does appear
on Wagner's (1914) map of kimberlites in South Africa. According to Smith et al. (1984), the older
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174Ma Rb-Sr age of the kimberlite is considered more reliable than its U-Pb age of 100-150Ma. The
kimberlite has intruded through Beaufort Group shales and sandstones and Proterozoic rocks of the
Namaqua-Natal belt.

Melton Wold kimberiite

Melton Wold kimberlite (31°30'S, 22°45°E) is situated west of the town of Victoria West in the Northern
Cape Province. The kidney shaped pipe is associated with a northerly striking main fissure (Robey,
1981). Much of the kimberiite is now weathered yellow ground, but late stage hypabyssal dykes that
cross-cut the kimberlite were observed when the kimberlite was visited. Accompanying fissures were
also identified by bush lineations in the surrounding countryside and kimberlite sample MLW 4,
represents one of these fissures. The kimberlite has been dated 144Ma by Smith ef al. (1994) and
intrudes through the Beaufort Group and Proterozoic Namagua-Natal belt.

Silvery Home kimberlite

The Silvery Home kimberlite located at 31°34'S, 22°16°E and visited in the course of this study occurs
10km southwest of the town of Loxton in the Northern Cape Province. The Silvery Home kimberlite
described by Robey (1981) is a northward striking dyke with blows developed at either end and occurs
on the Silvery Home farm. The kimberlite visited and sampled in this study however, occurs on the
neighbouring Nuwelande homestead, but since both petrographic varieties of kimberlite reported by
Robey (1981) were present on the Nuwelande farm, it was concluded that this was likely a
continuation of the Silvery Home kimberlite. At this locality a trench within the dyke, borehole, and
dumps were present. Fresh black, aphanitic kimberlite as well as weathered phlogopite diopside
kimberlite was found in the trench. The dyke is approximately 5m wide and a bush lineation marked
the strike of the dyke that when traversed, revealed some brecciated country rock contacts. The
kimberlite has intruded through Beaufort Group country rock underlain by the Namaqua-Natal mobile
belt.



















































APPENDIX C
SAMPLE PREPARATION

Once the freshest pieces of hypabyssal kimberlite from the various localities had been selected, all
samples were prepared for geochemical analysis at the Department of Geological Sciences,
University of Cape Town (UCT). Firstly, weathered surfaces of kimberlite, as well as any other large
foreign fragments were removed using a hydraulic splitter before the sample was split into sizes
suitable for passing through a jaw crusher. The jaw crush chips were then individually hand picked,
with careful attention being paid to selecting kimberlite fragments free from weathering, crustal and
mantle xenoliths, megacrysts and calcite veining. The 30-40g clean samples were then powdered for
1 minute using a carbon steel Sieb swing mill.

C.1  X-ray fluorescence (XRF) major element analysis

Approximately 2g of sample from each kimberlite was weighed out into clean porcelain crucibles and
the weight carefully recorded. The crucibles were left to dry overnight in an oven at 110°C and
reweighed the following day. The proportion of H,O" present in the kimberlite samples was calculated
by the mass difference of the two recorded measurements. The samples were then roasted overnight
at 850°C, followed by reweighing the next day in order to determine the percentage loss on ignition
(LO).

In order to prepare the fusion discs for XRF analysis, 0.7g of the roasted kimberlite sample was
accurately weighed out with 8g of lithium tetraborate-lithium metaborate Sigma X-ray flux. The fusion
discs were then prepared in the Pt-Au crucibles of the Claisse fluxy™ and stored in a dessicator prior

to analysis.

C.2 X-ray fluorescence (XRF) trace element analysis

Powder briquettes were prepared using 6g of kimberlite sample and 6 drops of the binding agent,
“Mowiol*. The briquettes were made under a 10 ton press with boric acid as a backing. Powder
briquettes were then placed in a vacuum chamber for 20-25 minutes to ensure their stability under low
pressure and stored in a dessicator prior to XRF analysis. Droogfontein kimberlite samples K79/3 and
K19/5 were particularly small in size and consequently, only 2g powder briqueties were made for

these samples.
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C.3 Inductively coupled plasma - mass spectrometry (ICP-MS) trace element

analysis
Solutions of kimberlite samples were prepared by dissolving 50mg of sample in 4mi of a 4:1 mixture of
HF and HNQ,. Sealed Teflon beakers containing the samples were left on a hot plate for 3 days to
ensure maximum dissolution of the samples. Dried down samples were treated with 2mi of
concentrated HNO; and allowed to evaporate to dryness again. This second step was repeated. After
adding 4mil of stock solution (10ppb Re, Rh, In and Bi as internal standards in 5% HNO;) to the dried
down samples, the samples were placed in an ultrasonic bath for 1 hour, Finally, the samples were
prepared for ICP-MS analysis by 1000 times dilution with the stock solution. One drop of HF was also
added to ensure that Ta remained in solution for the duration of the analysis. Samples were then
diluted another 10 times to accommodate the very high absolute concentration of certain incompatible

frace elements in the kimberlites.

C.4 Thermal ionisation mass spectrometry (TIMS) isotope analysis

The first step in the preparation of kimberlite samples for Sr and Nd isotope analysis was to dissolve
100mg of each kimberlite sample in 4mi of a 4:1 mixture of HF and HNO; in sealed Teflon beakers for
2 days over a hotplate. After dissolution, the samples were dried down. A few millilitres of 6.2M HCI
were then used to rinse the beakers of any remaining HNO; before the samples were evaporated to
dryness again. This process was repeated a second time. The samples were then transferred into
centrifuge tubes and made up into 1ml solutions with 2.5M HCI and centrifuged for approximately 15
minutes to separate any undissolved material from the solutions.

0.5ml of each sample solution was loaded onto standard primary cation exchange columns following
the method and specifications of Hart and Brooks (1877) and Zindler (1980), that allows the Sr and
REE fractions to be collected separately. The primary columns consisted of Dowex AG 50WX-8 (200-
400 mesh) resin, were 19cm in height and 0.5cm in diamster. Once the samples had been loaded
onto the columns, they were washed with three aliquots of 1ml 2.5M HCI, a further 23ml 2.5M HCI,
followed by 8.5ml 2.5M HCI of which the last fraction containing the Sr was collected. The acid
concentration was then changed to 6.2M HCI and the columns washed with 6ml of this acid, before
6mi aliquots that contained the REE fractions were collected. A few millilitres of HNO,; was added to
aach Sr fraction to convert the aliquot to a nitrate and the solution then left to dry down on a hot plate.
Primary columns were cleaned with two doses of 6.2M HCI followed by backwashing and equilibration
with 2.5M HCI.

Once the REE sample aliquots had dried down, samples were dissolved in 0.25ml of 0.25M HCI and
ioaded onto the REE separation columns. This secondary column consisted of a round bottom flask
with a built-in polyethylene fibre frit at the base of the column and supersil quartz tubing attached to
the flask (Zindler, 1980). The column itself was filled with a mixture of Teflon powder and HDEHP,
capped with 0.5cm of Dowex AG1-X8 (200-400 mesh) resin (Zindler, 1980). Once the samples were
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loaded onto the columns, they were washed with 3 aliquots of 0.25mi 0.256M HC, a further 1mi 0.25M
HCI, followed by 3.5ml 0.25M HCI, of which the last fraction containing the Nd was collected. The Nd
fraction was then dried down. Columns were cleaned with 30mi 6.2M HCI and equilibrated with 15ml
0.25M HCI.

The 8r and Nd fractions were then loaded onto single Ta and double Re/Ta degassed filaments,
respectively, for thermal ionisation mass spectrometry (TIMS). The Sr fraction was loaded with a 1pl
aliquot of HNO; and HiPO4, whereas the Nd fraction, with HCl and H;PO,,

C.5 Reagant quality and beaker cleaning

All samples prepared within the radiogenic isotope facility at UCT, utilised stringently clean Teflon
beakers as well as distilled reagents for sample dissolution and column chemistry. Beakers were
cleansed over a 7 day period involving several stages with Decon wash, HNO;, HC! and aqua regia
and rinsed after each step with Milli-Q water. HCI was distilled with a quartz still, whereas the two
bottle process (infrared lamp and cold flask) was used for purifying HF and HNO;. Similarly, Teflon
beakers for ICP-MS analysis were cleaned over a number of days with Milli-Q water and concentrated
HNO; before being oven dried.

C.6 Incomplete sample dissolution

Certain minerals are particularly notorious for not dissolving using standard HF/HNO; dissolution
procedures and especially so in kimberlites (e.g. Potts, 1987). Right from the beginning of this study
the problem of dissolving refractory minerals such as iimenite, chromite and zircon and obtaining
uncompromised trace element analyses was addressed. An alternative method was explored that
involved dissolution of the sample by fusion with a lithium tetraborate flux, prior to solution ICP-MS
analysis. This alternative technique has previously been described by various authors such as; Yu et
al. (2001), Bagai (2000), Pyke (2000), Totland et al. (1992) and Potts (1987).

The method that was tested here used 0.3g of sample and 1.8g dry Claisse Scientific Corporation
Li;B4O7 flux. The sample was fused in a Pt-Au crucible over a Meker burner at 1200°C for 20 minutes
and then poured onto a graphite block and allowed to cool. The glass disc was smashed into chips, of
which 50mg of chips were then dissolved in 4ml of a 5% HNO; internal standard solution and Tefion
beakers containing the sample, were placed in an ultrasonic bath for 1 hour. The solution was made
up to 50ml following the procedures described in section C.3 and then analysed by the ICP-MS

standard routine.
A variety of rock types including kimberlite, basalt, gabbro and granite were used in order to determine

the efficiency of the dissolution procedure. It is evident that the Uintjiesberg kimberlite trace element
data shows better agreement between routine solution ICP-MS and fusion method ICP-MS, than the
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Bushveld gabbro trace element analyses (Figure C.1). One of the particular problems encountered
with the fusion method was that the total procedural blanks were considerably higher than those
obtained for traditional solution ICP-MS using acid digestion (Table C.1; Yu et al., 2001; Totland et a/.,
1992). Total procedural blanks for the fusion method have particularly high La concentrations (913-
10834ppb) that may have partly been due to contamination from the Johnson and Matthey Spectra
flux used many years ago in the XRF sample preparation laboratory.
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Figure C.1: Incompatible trace element concentrations of kimberlite (Uintjlesberg kimberlite) and gabbro
(Bushveld igneous Complex) samples analysed by solution ICP-MS with fusion digestion, normalised to routine
solution ICP-MS analyses (with acid digestion).
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Figure C.2; Comparison of XRF and routine solutlon ICP-MS trace element analyses for Zr and Nb.

It was decided that conventional solution ICP-MS analysis would be chosen as the favoured method
for trace element analysis, due to the considerable time that would be required to fine tune the fusion
method, obtain a suitably pure flux and decontaminate the XRF sample preparation laboratory. In
order to ensure maximum dissolution of the refractory minerals via acid digestion, it was decided to
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leave the samples on a hot plate for 3 days instead of the 2 days used routinely at UCT. Comparison
of the elements analysed by standard solution ICP-MS and XRF (Figure C.2), llustrates that the
correlation between methods is generally good, except for some kimberlite samples with high Nb and
Zr abundances, where ICP-MS analyses appear to have underestimated concentrations.
Consequently, XRF Nb and Zr analyses (where present) were used in preference to the ICP-MS data

for these two elements.

Table C.1: Total procedural blank (TPB) concentrations for
routine solution ICP-MS with acid digestion, in contrast to
solution ICP-MS with fusion digestion. Total procedural
blanks are given for two different lithium tetraborate fluxes.

Method Routine ICP-MS Fusion ICP-MS
Flux "Pure” Flux "Ultrapure” Flux
TPB n=8 {ppb) TPE n=3 (ppb) TPEB n=2 {pph)
Sc 76.7 6950 9379
Ni 42.2 12205 6348
Rb 213 107 306
&r 183 422 287
Y 8.65 151 90
Zr 97.1 569 312
Nb 81.9 275 53
Ba 279 987 1367
La 4.34 913 10834
Ce 6.24 196 100
Pr 2.69 20.8 13.9
Nd 10.7 410 293
Sm 3.79 22.1 17.9
Eu 1.95 2.95 212
Gd 4.51 92.1 18.6
Th 1.03 2.61 2.13
Dy 3.93 14.0 11.2
Ho 0.98 1.95 1.88
Er 3.10 4.88 3.48
Tm 1.00 0.80 1.33
Yh 2.96 4.79 2.68
Lu 1.03 0.65 0.98
Hf 6.68 9.08 7.82
Ta 104 nd.* 374
Pb 364 1184 1279
Th 4.45 6.39 4.08
u 1.16 434 215

*n.d. = Not detected



APPENDIX D
ANALYTICAL TECHNIQUES

D.1  X-ray fluorescence spectrometry (XRF)

Concentrations of the major elements and selected trace elements (Nb, Zr, Co, Cr, Ni, V) in kimberlite
samples have been determined by XRF spectrometry. Analyses were run on a Philips X'Unique
wavelength dispersive spectrometer housed at the University of Cape Town (UCT) and using a low
dilution fusion technique. Major slements were analysed using a Mo/Sc x-ray tube, trace elements Co,
Cr, Ni and V using a Au tube and high field strength elements Nb and Zr, with a Rh tube. Comparisons
between analysed XRF concentrations and recommended values for certified international rock
standards (BHVO-1, SARM 48; Govindaraju, 1994) for major (Table D.1) and trace (Table D.2)
elements generally show no significant differences. The lower limits of detection for XRF major
element analyses are also given for reference (Table D.1), especially since some kimberlites have
very low Na,O concentrations (LLD for Na,O is 0.004 wt%). Two-sigma errors for trace element
concentrations are less than 1.5ppm for Zr, Nb and Co and less than 3.5ppm for Cr, Ni and V (Table
D.2). Ni and Cr data determined on fusion discs have been preferentially used to data obtained on
pressed powder briquettes, since analyses from the latter appear to overestimate Ni and Cr contents
(Figure D.1), an analytical artefact likely caused by matrix effects and lack of suitable high Ni and Cr

standards.

Table D.1: Average major element concentrations obtained by XRF
analysis for the international rock standard BHVO-1, in comparison to
the recommended values reported by Govindaraju (1994). The
percentage relative error (%RE) reported, is a measure of the
accuracy. The lower limit of detection for XRF analysis is also given.

BHVO-1 UCT BHVO-1
Recomm. (wt%) {wi%) % RE LLD {ppm)

SiO, 49.94 49.84 0.57 185
TiO, 2.71 270 1.72 72
AlLOs 13.80 13.67 1.86 350
Fe,0s 11.40 12.14 1.04 20
MnO 0.17 0.17 6.57 20
MgO 7.23 7.40 1.80 220
Ca0 11.40 11.70 2.59 14
Na;0 226 2.30 3.14 40
K0 0.52 0.54 1.58 10
P20s 0.27 0.29 2.14 38
50, - - 2.70 12
NiO 0.02 0.02 2.51 30
Cra0; 0.04 0.05 4.38 46
Total 99.76 100.81 - -
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Table D.2: Comparison of elemental concentrations bstween recommended
values (Govindaraju, 1994) and values determined in this study, for
international rock standards BHVC-1 and SARM 48, The 2-sigma error, lower
limit of detection (LLD), as well as the root mean square parameter (RMS), a
measure of the goodness of the regression, are also reported for each element,

Recomm, UCT Std 2-sigma
Standard Std (ppm) {ppm) RMS  error (ppm) LLD (ppm)
Zr SARM 48 300 293 0.00054 142 1.63
Nb SARM 48 202 213 0.00015 0.96 1.10
Co BHVO-1 45 42 0.00054 1.26 144
Cr BHVO-1 289 284 0.00964 2.46 2.82
Ni BHVO-1 121 107 0.00692 3.46 3.97
v BHVO-1 317 322 0.00070 2.20 2.53
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Figure D.1. Comparison of Ni and Cr concentrations of kimbaerlite samples on fusion discs and powder briquettes.

Powder briquettes of Droogfontein kimberlite samples K19/3 and K719/5 made with 2g of sample
instead of 6g, could not be analysed for Nb since the sample depth did not satisfy the infinite thickness
requirement, and so ICP-MS Nb analyses have been used instead for these two kimberlite samples.

D.2 The karbonat bombe

The karbonat bombe described by Birch (1981) is a simple, inexpensive instrument consisting of a
plastic bucket inserted into a plexiglass cylinder, with a manometer attached to the lid. The kimberlite
sample was placed in the cylinder before the little bucket was filled with 5ml concentrated HCI and the
lid screwed on tightly prior to manual shaking. A reading was taken from the manometer, once the
pressure gauge had stabilised, which typically took about 2 minutes. The pressure reading was used
to determine the proportion of CaCQ; in the kimberlite by calibration against a pure 1g CaCO; sample.
The CO, concentration of the kimberlite was then calculated by simple stoichiometry and subsequently
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the H,O" concentration of the kimberlite, was determined by subtraction of the CO, concentration (%)

from the loss on ignition (%).

Typically 3-8g of kimberlite was required o obtain a suifable pressure reading and the karbonat
bombe was thoroughly washed and dried after the analysis of every sample. Calibration with pure
CaC0; was carried out after every fith sample in order to check the consistency of the bombe. New
Elands kimberlite samples NE K6 and NE K10, as well as Droogfontein kimberlite samples K18/3,
K18/5 and K19/10 had insufficient sample powder fo obtain a CO, concentration. Birch (1981)
reported precision values of 2% where CaCO,is greater than 5%, and less than 4% precision at lower
concentrations. Where there is greater than 10% CaCO; present in the sample, the accuracy is 2%
relative (Birch, 1981).

Table [0.3: Average ICP-MS total procedural blank concentrations (TPB),
as well as the average concentration and relative standard deviation (RSD)
obtained for the international rock standard B8HVO-1 in this study. The
current in-house (UCT) average for BHVO-1, as well as the recommended
values by Govindaraju (1894), with more recent recommended values for
selected elements given In parenthesis {Chazey il sf al,, 2003), are also
shown for comparison.

BHVO-1
TRB This study ucT Recormm.
ucT

n=d (pph) | (ppm) nsd % RSD (ppm) % RSD {ppm)
So 76.7 .7 2.08 30.2 3.74 31.8
M 42.2 121 0.86 17 4.65 121
Rh 21.3 5,19 2.90 9.54 3.40 11 {9.3)
Sr 183 401 2.61 400 3.10 403
¥ 8.65 23.8 1.30 24.4 2.58 27.6 {24.4)
Zr 97.1 180 1.79 172 3.56 179 {172)
N 8.9 18.5 1.74 19.0 3.91 19
Ba 279 136 0.98 130 2.22 139
La 4.34 15.0 1.30 15.0 2.24 15.8
Ce 6.24 38.3 0.98 37.7 1.68 39
Pr 2.69 542 1.49 5.23 2.38 57
Nd 10.7 25.2 1.47 24.5 1.88 75.2
Sm 3.79 6.00 1.75 5.90 2.82 6.2
Eu 1.95 1.91 1.33 2.00 2.71 2.06
Gd 4.51 604 1.1 6.02 3.35 6.4
Th 1.03 0.85 1.15 0.88 3.07 0.96
Dy 3.93 502 - 0.1 5.01 2.33 5.2
Ho 0.98 0.80 0.81 0.92 2.68 0.99
Er 3.10 2.37 1.00 2.37 2.5 2.4
Tm 1.00 0.31 1.20 0.31 2.97 0.33
Yh 2.96 1.87 1.38 1.85 2.51 2.02
Lu 1.03 0.25 0.96 0.26 2.96 0.28
Mt 6.68 4.09 0.95 4141 3.88 4.38
Ta 104 1.32 3.49 1.18 6.81 1.23
Pb 364 1.98 1.30 247 582 2.6(2.2)
Th 445 1.19 1.23 1.25 2.61 1.08 (1.22)
U 1.16 0.42 1.03 0.45 3.52 0.42
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D.3 Inductively coupled plasma - mass spectrometry (ICP-MS)

Solution ICP-MS frace element analyses were conducted at the University of Cape Town on a Perkin-
Eimer ELAN 6000 ICP-MS for the analysis of some 26 frace slements that included the REE. Artificial
multi-element standards were used for external calibration and kimberlite solutions were spiked with
internal standards. Trace element analyses were done in friplicate and each analysis consisted of 3
replicates of 20 sweeps, with typical peak counting times between 35ms and 50ms. Data was
collected using a pulse detector, except for very high intensity signals for which an analogue detected
was used instead (e.g. Sr, Zr). Repeat analyses of the international standard BHV0-1 gave a relative
standard deviation (RSD) of better than 3%, except for Ta that had a RSD of 3.5% (Table D.3). The
recommended BHVO-1 values from Govindaraju (1994), this study and the current in-house UCT
average are generally comparable. (Table D.3). Total procedural blanks were run with every batch
analysed and for the REE, blanks were generally less than 10ppb. Total procedural blanks for the
large ion lithophile elements and Pb did however, have higher concentrations (e.g. TPB for Ba is
27%pph; Table D.3).

D.4 Thermal ionisation mass spectrometry (TIMS)

Kimberlite samples were analysed for Sr and Nd isotopes on a VG Sector 7-collector TIMS at the
University of Cape Town, run in multi-dynamic mode. The routine isotope measurement procedure
consisted of the analysis of 10 blocks, each consisting of 20 isotope analyses. * Sr/*sr isotope ratios
were normalised against a **Sr/**Sr ratio of 0.1194 and "*Nd/"*Nd, against a “*Nd/"**Nd ratio of
0.721. International standard NBS 987 was run for ®’Sr/*®Sr isotope reference and the average value
obtained was 0.710280 +17 (20), that falls within error of the current UCT in-house value (0.710253).
Similarly, the average '“*Nd/"*Nd ratio measured for La Jolla was 0.511829 +10 (20) that compares
favourably with the UCT in-house ratio (0.511842). For all other measured isotope ratios two-sigma
values are less than 20 (Table 6.1; 6.2). Duplicate isotope analyses were performed for Newlands
kimberlite sample JJG 24 and the repeat * Sr/*°Sr analyses, 0.708155 and 0.708161 +11 are within

the two-sigma standard deviation of each other,

At the beginning of the Nd isotope analysis for each sample, a test was carried out in order to check
the quality of the column separation procedure. The simple test constituted measurement of the
intensity of all the Nd isotopes as well the ¥'Sm and '**Ba isotopes. It was subsequently discovered
that some kimberlite samples had a significant '%Ba peak (up to 10V) and it was therefore likely that
the '®Ba + ®0 oxide would cause isobaric interference on "®Nd. The initial solution to this isobaric
interference effect was to allow the 'Ba +'°0 oxide to bumn off the filament, utilising the good
ionisation potential of Ba and when the '*Ba isotope intensity was low enough (< 300mV),
measurement of "**Nd/"**Nd was initiated. However, this first order solution proved fallible and so the
sample preparation was repeated for those kimberlite samples that contained a significant '3Ba peak
and tended to have greater than 1000ppm Ba. A refined anaiytical technique was devised for the
kimberiite sample preparation where only those columns that showed efficient separation for Ba were
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used and the size of the REE fraction collected from the primary column was reduced from 6ml to 5mi,
in order to avoid sampling the tail of the eluted Ba peak. The repeat Nd analyses for these kimberlite
samples showed that the intensity of the "**Ba isotope was nominal and so routine "*Nd/"**Nd isotope

analysis continued,








