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ABSTRACT

The Klipspringer kimberlites occur in the north-eastern part of the Kaapvaal craton which is
poorly represented in kimberlite and mantle studies. The kimberlites have been dated at
148+4 Ma and the current study presents the geochemical characteristics of their diamonds,
diamond inclusion minerals and mantle macrocrysts/bimineralic nodules.

The Klipspringer lithosphere is dominated by eclogite and lherzolite with
harzburgite and dunite present to a lesser extent. Group I eclogite which shows affinity to
diamondiferous eclogite is more common than Group II eclogite. The eclogites display a
range in equilibration temperatures of 960-1090 °C and a fairly “cool” geotherm of 37-39
mW/m?® has been inferred. The Iherzolites display a range in equilibration temperatures of
890-1070 °C and they originate from depths corresponding to pressures of 35-60 kbars.
Garnet megacrysts are unusually poor in Ti (Ti0,=0.2-0.5) at fairly high Cr (Cr,O3 up to ~
3 wt.%) and Mg-numbers (up to ~ 90) and they may represent an early garnet phase in a
fractionating megacryst parental magma.

34 diamonds investigated for silicate/oxide inclusions aré eclogitic/grospyditic, 3 are
harzburgitic and 2 are websteritic. Three compositionally diverse eclogitic/grospyditic
inclusion groups are present: A grospydite paragenesis (garnet: 12.6-22.5 wt.% CaO, 5.44-
12.0 wt.% MgO; clinopyroxene: 16.2-19.2 wt.% ALO;), a rutile-kyanite eclogite
paragenesis (garnet: 3.17-13.4 wt.% CaO, 8.78-19.1 wt.% MgO) and a “Fe-rich” eclogite
paragenesis (garnet: 8.92-14.8 wt.% Ca0, 16.4-21.2 wt.% FeO). Each paragenesis internally
displays magmatic fractionation compositional trends while a direct petrogenetic
relationship between any of the groups is precluded. Hypothetical bulk rock compositions
re-calculated from diamond inclusion compositions mirror the ranges of these elements
observed in modern mid-ocean ridge crustal cumulates. Further, the bulk-rock compositions
suggest that the inferred cumulate protoliths were related through magmatic fractionation.
The grospydite clinopyroxene inclusions carry 2-18 mole% pseudojadeite. The
pseudojadeite content is determined by the amount of fractionation of a partial melt of an
anorthosite-type protolith. Fe-Mg partitioning between garnet and clinopyroxene inclusions
indicate formation temperatures of 1152-1233 °C and 1200-1278 °C at 50 kbars and 60
kbars respectively. This suggests that the diamonds formed during thermal perturbation of
the mantle which is consistent with the “small-scale” chemical disequilibrium displayed by

multiple inclusions from individual diamonds.




While the peridotitic and websteritic diamonds are deficient in N, the bulk of the diamonds
are “regular” type I diamonds with 500-1300 ppm N. Two main N aggregation diamond
groups which represent two different diamond formation events are present: A Low-T group
and a High-T group with time-averaged mantle residence temperatures (at 2.5 Ga mantle
residence) of 1075-1090 °C and 1150-1180 °C respectively. A higher H content in the
former diamonds correlates with a comparatively lower platelet peak evolution. The High-T
diamonds are commonly brown-pink in colour and they frequently display lamination lines
which indicate that they were plastically deformed. Some diamonds have High-T type cores
and Low-T type rims and each one of the three eclogitic/grospyditic diamond parageneses is
represented in both the N aggregation groups. This shows that the High-T diamonds and
Low-T diamonds were spatially related in the mantle, that the former predate the latter and
that the inclusions in the Low-T diamonds acquired their compositions from the host rock
of the High-T diamonds. Cathodoluminescence images of Low-T diamond plates reveal a
poorly developed internal octahedral structure and alternating zones of luminescent (type I)
and non-lﬁminescent (type II) diamond. The zones correlate with elevated and depleted
levels of hydrogen. These characteristics suggest formation in an open environment from
fluids highly supersaturated in C.

Sulfide diamond inclusions are much more common than silicate inclusions. 42
sulfide bearing diamonds all carry low-Ni (< 5 wt.% NiO) eclogitic sulfides. The sulfides
display similar mineralogy (poipentcp) and a narrow range in 838 of —1.8 to +2.4 which is
similar to the chondritic §°*S. Re/Os ratios of sulfides from Low-T diamonds are indicative
of a basaltic source. Re-Os systematics of the sulfides give an age of 2.5+0.3 Ga and an
initial '¥’0s/'®80s of 0.19+0.09 which is compatible with a basaltic source which had an
elevated Re/Os ratio compared to the primitive mantle for a maximum of ~200 Ma but it

also overlaps with the primitive mantle.

Multiple silicate inclusions from individual High-T diamonds display compositional trends
which are concordant with the magmatic fractionation trends displayed by other inclusions.
This may be suggestive of an igneous origin for the High-T diamonds. The Low-T
diamonds are proposed to have formed during the break-up of the Vaalbara supercontinent
at ~ 2.7 Ga at approximately the time of formation of the Ventersdorp lavas and a major re-
activation of the Thabazimbi-Murchinson Lineament (TML). The TML may have acted as a
path-way for sub-lithospheric S and C saturated fluids which carried the (:Jt#N and H for the




diamonds and the S, Os and the bulk of the Fe and Ni for the sulfide inclusions. This event
likely raised the local geotherm and the Low-T diamonds formed during a thermal
perturbation of the mantle as indicated by the elevated temperature of formation recorded
by their silicate inclusions. The silicate inclusions in the Low-T diamonds do not display
evolved compositions compared to the silicate inclusions in the High-T diamonds as would
be expected if the former formed from a partial melt of the High-T diamond host-rock.
Rather, the Low-T diamonds formed from re-crystallisation of minerals in the
eclogitic/grospyditic protoliths. The heating event with shear-stress induced from the
reactivation of the TML may have caused the plastic deformation of the High-T diamonds.
The similarity in time-averaged mantle residence temperatures for the Low-T diamonds and
the temperature of the deep lithosphere at ~ 150 Ma implies that a “cool” mantle existed
already at the Archaean/Proterozoic boundary and that thermal relaxation back to a steady-

state geotherm followed shortly after diamond formation.

The high diamond grade of the kimberlites confirms that dykes may be economically viable
diamond deposits. The present study shows the importance of targeting large-scale tectonic
structures in diamond exploration as well as the importance of prospecting for eclogitic

diamonds locally.
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1. INTRODUCTION

1.1 Diamonds and the cratonic lithosphere

Since Richardson et al. (1984) obtained mid-Archaean ages for syngenetic garnet diamond
inclusions from late Cretaceous kimberlites, it has been generally accepted that most
diamonds are exotic rather than cognate with respect to their kimberlite or lamproite host.
Except for rare occurrences of asthenospheric diamonds (see Chapter 7 for references), the
primary environments for diamond formation and residence are the different lithologies of
the cratonic lithosphere. Since diamonds are stable only at pressures in excess of ~ 50 kbars
(Kennedy and Kennedy, 1976) at geothermal conditions found in cratons, mid-Archaean
diamonds indicate the existence of an ancient lithosphere. Recently, Re-Os ages of both
peridotites and eclogites originating from the deep lithosphere have confirmed that a
lithosphere substantially thicker than the Proterozoic lithosphere was present beneath the
Kaapvaal craton already in the Archaean (Carlson et al., 1999; Menzies et al., 1998).

Geothermobarometry on mantle xenoliths hosted by late Cretaceous kimberlites is
indicative of a petrological and thermal boundary between the lithosphere and the
asthenosphere at a depth of ~ 170-190 km (Boyd and Gurney, 1986). The lithosphere was
probably fairly cool already in the Archaean as suggested by equilibration temperatures for
presumed Archaean peridoﬁtic diamond inclusions which commonly are between 900 °C
and 1100 °C (Boyd et al., 1985), similar to those of late Cretaceous peridotite xenoliths
(Finnerty and Boyd, 1984). Pressures and temperatures of equilibration for these late
Cretaceous xenoliths correspond well to a present-day conductive thermal profile for the
Kaapvaal lithosphere based on a surface heat flow of ~ 40 mW/m> (e.g. Pollack and
Chapman, 1977; Jones, in press).

Conductive model geotherms for the Kaapvaal craton terminate against adiabatic
temperatures at depths of ~ 250-400 km depending on the preferred model (Jones, in press)
which is suggestive of a considerably deeper thermal base of the lithosphere compared to
indications from mantle xenoliths. This is supported by seismic data which indicates the
existence of a cool and stable lithosphere with conductive heat transfer down to at least 200
km (James et al., 1997) and perhaps down to 400 km (Jordan, 1978).

Studies of mineral inclusions in diamond have recognised two predominant

parageneses which are mineralogically and chemically akin to peridotite and eclogite



respectively (see Section 7.1.2) which are the main constituent rock types of the cratonic
lithosphere. Most ages for syngenetic diamond mineral inclusions obtained through studies
of radiogenic isotopes range between ~ 1 Ga and ~3.5 Ga (see Chapter 7 for references).
Amongst other things this demonstrates that the inclusions were prevented from
equilibrating chemically with the surrounding environment by the chemically inert diamond
host. Thus, the diamonds and their mineral inclusions may provide information about
ancient geochemical environments in the mantle and processes of diamond formation.
Elevated calculated temperatures of equilibration in several diamond inclusion
studies have suggested that some peridotitic and eclogitic diamonds have formed during
thermal perturbation of the lithosphere (Griffin et al., 1988, 1992, 1993; Sobolev et al.,
1997). Further, integrated studies of cathodoluminescence images, nitrogen aggregation
state and mineral inclusions of diamonds are suggestive of diamond growth in response to
decreasing temperature following a heating event (Bulanova and Milledge, 1995; Taylor
and Milledge, 1995; Taylor et al., 1995). However, the source material and mechanism of
formation of diamonds and their inclusions has been the subject of much debate and
generally accepted models have yet to emerge. Different proposed ideas for the formation of

peridotitic and eclogitic diamonds are presented separately below.
1.1.1 Theories of peridotitic diamond formation

Peridotitic diamonds can be sub-divided into harzburgitic and lherzolitic diamonds of which
the former are more abundant on a world-wide scale (Meyer, 1987; Gurney, 1989). Calcium
depleted harzburgite may represent the residue after komatiitic melt extraction during the
Archaean (Boyd and Gumey, 1982) and has often been suggested as a protolith for
harzburgitic diamonds (e.g. Gurney et al, 1985). A sub-solidus metamorphic or
metasomatic origin for harzburgitic diamonds was first suggested by Boyd and Finnerty
(1980) based on derived diamond inclusion equilibration temperatures that were lower than
the C-H-O solidus of ultramafic rocks. Based on trace element compositions of sub-calcic
harzburgitic diamond inclusion garnets, both Shimizu and Richardson (1987) and Stachel
and Harris (1997) preclude that the garnets formed in chemical equilibrium with any known
silicate or carbonate magma. The former authors advocate sub-solidus metasomatism of
residual harzburgite that predated diamond formation to account for the concurrent
depletion in magmaphile elements and enrichment in LREE and elevated Cr contents of the

garnet inclusions. In contrast, Stachel and Harris (1997) do not distinguish between the



LREE enrichment and the diamond formation event. They suggest that the peridotitic
solidus is lowered by the introduction of a CHy-enriched melt or fluid with diamonds
precipitating from low volume partial melts through oxidation of CH,. |

In contrast to studies mentioned above, Schulze (1986) proposed subducted, Ca
depleted serpentinite as a protolith for both harzburgitic and less common lherzolitic
diamonds, the latter being formed if some diopside “survived” the serpentinization. This
was questioned by Kesson and Ringwood (1989) mainly on the basis that Cr/(Cr+Al) ratios
of serpentinite are too low (due to comparatively high Al contents) to be compatible with
this ratio in peridotitic diamond inclusions. Similar to Shimizu and Richardson (1987), the
authors proposed a refractory harzburgite (or dunite) as a protolith for harzburgitic
diamonds. However, contrary to the mentioned studies they argue for an igneous origin of
harzburgitic diamonds from hydrous partial melts from subducted oceanic crust which
carried dissolved carbonate and ascended into overlying refractory peridotite. The melts
would have evolved towards equilibrium through precipitation of crystalline phases and
hybridisation with peridotitic minerals with diamond formation through reduction of
carbonate rather than oxidation of CH4 Kesson and Ringwood (1987) arguev that
precipitation of garnets from the resultant hybrid fluid could account for the LREE
enrichment observed by Shimizu and Richardson (1987).

Haggerty (1986) emphasised the lithosphere-asthenosphere boundary as a region of
not only contrasting densities and temperatures but also contrasting redox conditions and
shows that both oxidation of CH, and reduction of CO, entering the lithosphere may readily
occur. He suggests that carbon precipitates through gaseous cracking at the lithosphere-
asthenosphere boundary with concurrent vapour fractionation of O-H. Alternatively,
comparatively incompatible carbon is relegated to a refractory residue during partial
melting of the mantle and dissociation of CH4 or CO,. Contrary to most ideas presented
above, Haggerty (1986) proposed a solid-state metamorphic growth in a closed environment
for harzburgitic diamonds. It must here be emphasised that neither Haggerty (1986) nor
Schulze (1986) debates the intriguing trace element chemistry displayed by harzburgitic
diamond inclusions.

Stachel and Harris (1997) also showed that contrary to the case of harzburgitic
diamond inclusions, REE patterns for lherzolitic inclusions are compatible with equilibrium
crystallisation with a kimberlite/lamproite or a carbonatite magma. An igneous origin for
lherzolitic diamonds has also been suggested on the basis of elevated diamond inclusion

equilibration temperatures compared to the C-H-O peridotite solidus (Griffin et al., 1992).



1.1.2 Theories of eclogitic diamond formation

Equilibration temperatures for non-touching eclogitic diamond inclusions are generally
higher than those of peridotitic inclusions and range up to ~ 1400-1500 °C (e.g. Sobolev et
al., 1983; Griffin et al., 1988). While melt experiments on eclogites at pressures in excess of
50 kbars are absent, many of the derived temperatures are above the C-H-O solidus of
harzburgite at 50 kbars (~ 1300 °C; Wyllie, 1989) and almost all are higher than the C-H-O
solidus of lherzolite at 50 kbars (~ 1100 °C; Wyllie, 1987). This may be indicative of an
igneous origin for eclogitic diamonds as previously suggested (e.g. Boyd and Gurney,
1986).

Haggerty (1986) proposed that eclogite from the upper part of the lithosphere gets
concentrated at the base of the lithosphere due to gravitational sinking and at temperatures
exceeding the Fe-Ni-Cu monosulfide solution fluidus of 1100 °C (Craig and Kullerud,
1969), an immiscible sulfide fluid would form. A presumed large concentration of sulfides
in the lithosphere may have maintained a relatively reduced environment required for
diamonds to form and the preferred partition of carbon into a sulfide fluid would yield
carbon saturation and diamond precipitation. In this way, Haggerty (1986) suggests that
diamonds nucleate and initially grow in a sulfide fluid with subsequent continued solid-state
metamorphic growth.

The Haggerty (1986) model conflicts with an increasing amount of evidence for an
origin of eclogites through underplating onto the lithosphere of subducted oceanic crust.
The chemical composition and highly fractionated oxygen isotopes of eclogites may
indicate that they represent metamorphic fragments of oceanic lithosphere and/or oceanic
crust (perhaps hydrothermally altered) with or without associated sediments (e.g.
Helmstaedt and Doig, 1975; Jagoutz et al., 1984; MacGregor and Manton, 1986; Jacob et
al., 1994). Alternatively, subducted oceanic crust may be remelted (Hofmann and White,
1982; Ringwood, 1982) or melt incongruently (Ireland et al., 1994; Rudnick, 1995) and be
subsequently underplated onto the lithosphere. Based on major and trace element
compositions, an origin of eclogite from subducted Archaean island-arc type basalts has
been suggested (Jacob and Foley, 1998).

As summarised in a review by Kirkley et al. (1991), many eclogitic diamonds are
depleted in BC suggestive of an input from organic carbon. An organic source has also
been proposed from the observed concurrent depletion in 3C and enrichment in "°N in

diamonds from unknown and eclogitic parageneses (Boyd and Pillinger, 1994; van Heerden



et al., 1995). Large positive and negative fractionation of sulphur isotopes from diamond
inclusion sulfides may also be indicative of an organic source and perhaps even
hydrothermally altered mid-ocean ridge basalt (Eldridge et al., 1991). Although Cartigny et
al. (1998a, 1998b) suggest that high temperature fractionation of carbon and nitrogen
isotopes can occur in the mantle, stable isotope data for diamonds and diamond inclusions
to a large extent support an origin of eclogites from subducted material.

Kesson and Ringwood (1989) argue for an igneous origin of eclogitic diamonds in a
subducting oceanic crust at depths between 150 and 400 km. The authors propose that water
from dehydration of serpentinite in the subducted lithosphere ascends into the overlying
crust and initiates melting of eclogite. The diamonds would crystallise in incipient partial
melts in a closed-system crystal-fluid fractionation process which would explain the slightly
more fertile chemical composition of eclogitic diamond inclusions compared to their
xenolith counterparts as observed by Sobolev et al. (1983). Further, Kesson and Ringwood
(1989) suggest that this process could account for the wide range in temperatures recorded
for Orapa diamond inclusions and the concurrent decrease in Mg number and Cr,O; and
increase in Na,O with falling temperature (Gurney et al., 1984a). Kesson and Ringwood
(1989) reported that no fluids can coexist with eclogite at commonly reported equilibration
temperatures for eclogitic inclusions. The diamonds and their inclusions more likely
precipitate from a melt.

Griffin et al. (1988) reported on extremely high concentrations of Pb, U, Rb, and K
in eclogitic garet and clinopyroxene diamond inclusions. Contrary to ideas presented
above, the authors proposed that eclogitic diamonds precipitate during an open-system
fluid-flux through an eclogite protolith (as previously suggested by Gurney et al., 1984a) to
account for the enrichment in the aforementioned elements particularly in the
clinopyroxene. Deines and Harris (1995) also invoke introduction of fluids into a protolith
and proposed that diamonds form from reaction between CO, and CH, with C and H;O as
the end products. The released water would lower the solidus and induce melting of the host
rock. In this way, elements like C, S, N and H may dominantly be derived from the fluid

while silica compatible elements may be derived from the wall-rock.
1.2 Background and aims of the study

From the above, it is apparent that further studies on the origin of diamonds are warranted.

While many studies on one aspect or another of diamonds and diamond inclusions have




yielded important information, they often leave room for much speculation. For this reason,
multi-disciplinary studies on diamonds from single localities and particularly on single
diamonds (e.g. Bulanova, 1995) is important.

For this study, kimberlite and mantle samples have been made available from a
previously unrepresented part of the Kaapvaal craton east of Potgietersrus in the Northern
Province, South Africa. To date, exploration and mining have been concentrated on three
kimberlites from which kimberlite, mantle macrocrysts and diamond samples have been
recovered. The current study has been focused on the chemical compositions of the diamonds
and their syngenetic mineral inclusions in an attempt to elucidate their origin in terms of source
material and mechanism of formation.

Compositions of silicate, sulfide and oxide diamond inclusions have been measured by
~ electron microprobe. This allowed for the identification and interpretation of different diamond
growth environments. Eclogitic bulk-rock compositions have been estimated from diamond
inclusion compositions in an attempt to place constraints on protoliths for the inclusions and
diamond formation temperatures have been estimated indirectly from non-touching garet and
clinopyroxene inclusions.

Infrared absorption characteristics of the diamonds were determined primarily to
identify different diamond populations and to obtain information on their time-averaged
temperatures of mantle residence from nitrogen contents and aggregation state. This study was
aided by a time constraint on the mantle residence of the diamonds obtained from Rb-Sr dating
of two of the kimberlites. Infra-red absorption analysis was also undertaken in conjunction
with cathodoluminescence images of polished diamond plates which allowed for an integrated
study of diamond growth zones (with implications for growth mechanisms) and nitrogen and
hydrogen contents.

All diamonds studied for mineral inclusions and infra-red absorption characteristics
have been described in detail in terms of physical characteristics (i.e. colour, crystal form,
deformation structures etc.) and infra-red absorption analysis was performed on most
diamonds with mineral inclusions. This has made possible an integrated study of these
characteristics, particularly involving mineral inclusions and infrared absorption
characteristics.

Re-Os isotope analysis of syngenetic sulfide diamond inclusions has been undertaken
to put age constraints on the inclusions and indirectly on the diamond formation event. Re-Os
abundance and Os isotope characteristics also allowed for inferences on the origin of the

sulfides. Sulfide diamond inclusions were also analysed for sulphur isotope compositions



which have been compared with different possible sulphur reservoirs to further constrain the
origin of the sulfides.

The lithospheric lithologies have been characferised through major element analysis of
gamet macrocrysts and bimineralic garnet/clinopyroxene nodules. Equilibration temperatures
have been estimated for bimineralic nodules and a geothermal gradient for the lithosphere has
been proposed.

Implications from the different analyses undertaken are discussed individually at the
end of each chapter. In chapter 10, the results are integrated and a proposed age for the
diamonds and implications for their origin are discussed on a local scale (the immediate
diamond formation environment) and regional scale. The thermal evolution of the lithosphere
as deduced from the geothermometry of diamond inclusions and bimineralic nodules, nitrogen
aggregation state of the diamonds and some of their physical properties is discussed. Further,

some implications for diamond exploration resulting from the current study are presented.

2. GEOLOGICAL SETTING

2.1 Regional framework

The oldest parts of the Kaapvaal craton consist of granite-greenstone terrains which range
from 3.1 Ga to 3.7 Ga in age (de Wit et al., 1992). Already around 3.2-3.3 Ga this ancient
crust was underlain by a lithospheric keel at least 150 km thick (Richardson et al., 1984).
The Kaapvaal craton is unconformably covered by 2.1-2.7 Ga volcanosedimentary
sequences indicating that the craton was stable prior to 2.7 Ga (Brandl and de Wit, 1997).
The craton has been subdivided into 2 number of discrete domains which display different
types of tectonic contacts (de Wit et al., 1992). In the western parts of the craton, major
terrain boundaries strike NNE-SSW while in the eastern parts terrain boundaries trending
ENE-WSW predominate. Whether the sub-terrains are allochthonous or represent
tectonically disrupted parts of a former coherent geological province is not clear.

The Klipspringer kimberlites are located south of the southern margin of the
Limpopo mobile belt in the north-eastern parts of the Kaapvaal craton (Figure 2.1). The
kimberlites intrude the Thabazimbi-Murchinson Lineament (TML) which is one of the
major ENE-WSW striking terrain boundaries on the craton. The TML forms the northern

margin of the basin in which the Archaean-Proterozoic Transvaal sequence was deposited.

It is also the northern limit for the extension of the ~ 180 Ma old Karroo volcanics. Further,






| at ~ 2 Ga indicating that the TML probably influenced the emplacement of the Bushveld
complex. .

Seismic anisotropy data has shown that the lithosphere beneath the TML contains an
east-west fast polarisation direction in contrast to the NE-SW direction generally observed
for the Kaapvaal craton (Vinnik et al., 1995). This may suggest that formation and/or
reactivation of the TML recorded in the crustal rocks can be extrapolated down to

lithospheric depths.
2.2 Geological setting and diamond grade of the kimberlites

The studied kimberlites are parts of a kimberlite field consisting of dykes and small pipes.
To date, more than ten exploration targets have been identified through drilling and
indicator mineral soil anomalies. The kimberlite cluster occurs just north of the northern
extent of the Karroo volcanics and the underlying Bushveld complex. Four of the
kimberlites, the Main Fissure, the Sugarbird Fissure, Sugarbird Blow and the Marsfontein
pipe are included in the present study.

The Main and Sugarbird Fissures intrude the Malmani dolomites of the Transvaal
sequence, which was deposited onto the basement in the early Proterozoic. Both kimberlites
are en-echelon dykes, which strike parallel to the TML and the Sugarbird Fissure is' located
about 750 metres north of the Main Fissure. The Main Fissure has been traced through
drilling and indicator mineral soil anomalies for more than seven kilometres and the
Sugarbird Fissure exceeds four kilometres in length. The Main and Sugarbird fissures have
an average width of 1.1 and 1.3 metres respectively. A small pipe, the Sugarbird Blow, is
located on the Sugarbird Fissure and it measures about 35m x 40m at surface. The
Marsfontein kimberlite is located about 10 kilometres east of the two fissures. It intrudes the
Meinhardskraal basement granite and it measures about 40m x 90m at surface.

To date, the Main Fissure, Sugarbird Blow and the Marsfontein kimberlites have
been mined to different extents. The Main Fissure has an in situ grade of about 0.7 carats
per tonne kimberlite and a 1997 sale realised a diamond price of US$ 126 per carat. The
initial diamond grade for the Sugarbird Blow exceeded 1 carats per tonne and the diamonds
were valued at US$ 85 per carat. Marsfontein is exceptional on a world-wide scale from its
combination of high grade and high quality diamonds. The grade has been estimated to be

about 3 carats per tonne and at a 1998 sales the diamonds were valued at about 160 USS$ per

carat.




3. RB-SR INVESTIGATION OF THE MAIN FISSURE AND SUGARBIRD BLOW
L
KIMBERLITES

3.1 Purposes of the investigation

Rb-Sr isotope analysis of the Main Fissure and Sugarbird Fissure kimberlites has been
undertaken while the Marsfontein kimberlite has not been similarly studied due to the lack
of suitable samples. Previous Rb-Sr datings with poor precision indicate a Jurassic-Triassic
age for the Sugarbird Fissure and in contrast an early Proterozoic age for the Main Fissure
(Southernera internal report, 1996). If these indications were correct, an opportunity would
exist to study lithospheric mantle brought up by kimberlite at widely different times from
two juxtaposed localities. This would allow a study of the evolution of the mantle from
early Proterozoic to Cenozoic times at one locality. Rb-Sr analysis was undertaken in an
attempt to verify the emplacement ages of the kimberlites.

Knowledge of the age of the kimberlites is also important in the interpretation of the
nitrogen aggregation data on the diamonds. The nitrogen aggregation state in a diamond is
dependent on the mantle residence time of the diamond and the temperature(s) at which the
diamond resided in the mantle (Section 6.1). Time is not as sensitive a parameter as
temperature but to be able to better interpret nitrogen aggregation data, it is of importance to
know whether the diamonds resided in the mantle for millions or billions of years. For this
reason it is necessary to know whether the diamonds (of which some have been dated at
~2.5 Ga, Chapter 9) were brought up by the kimberlites in early Proterozoic or Cenozoic

times.
3.2 Principles and problems of the method

The analytical method is described in Appendix 1. The method is based on analysis of
kimberlitic phlogopite concentrates and whole-rock samples. Two different types of
kimberlite (termed Group I and Group II) have been identified on the basis of Sr and Nd
isotope compositions and major and minor element abundance (Smith, 1983; Smith et al,,
1985a). Group II kimberlites generally carry abundant phlogopite in contrast to Group I
kimberlite, which makes the former group particularly suitable for Rb-Sr dating.
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Since the Sr content in mica is more variable than the Rb content, a phlogopite isochron is
based on mica concentrates with different intrinsic Sr contents, which translates into
different *’Rb/**Sr ratios. Thus, preparation of phlogopite concentrates of different grain
size, morphology and colour is attempted to strive for a large spread in *’Rb/*Sr ratios.
Euhedral micas are preferred in the sense that they are cognate with respect to the
kimberlite. However, euhedral micas are often very small in size and difficult to clean
which makes it difficult to obtain pure mica concentrates. Further, euhedral micas are
commonly poikilitic with inclusions of other kimberlite groundmass minerals. This does not
give rise to a spurious age if the different minerals were in isotopic equilibrium at the time
of crystallisation but introduces a dilution effect since the inclusions are very low in Rb.
This would result in model ages that are heavily dependent on a correctly assumed initial
87Sr/%6Sr ratio. Macrocrystic micas are easier to date since they are larger and clean
separates are more easily obtained. Further, they are generally lower in common Sr and
consequently have higher Rb/Sr and ¥’Sr/**Sr ratios (Smith et al., 1985b) which yields a
better defined isochron or model ages less dependent on the assumed initial 87Sr/%Sr ratio.
However, the origin of macrocrystic phlogopite is enigmatic and they may not necessarily
have been in isotopic equilibrium with the kimberlite at the time of crystallisation.

Allsopp and Barrett (1975) reported isochron ages of 11418 Ma for large phlogopite
nodules, 83+4 Ma for kimberlitic micas and 84+4 Ma for peridotitic nodule micas from the
Wesselton kimberlite. The first mentioned age was believed to be anomalously old. This led
the authors to suggest that radiogenic Sr might be partially retained in the samples even at
mantle temperatures if the phlogopite existed in the form of large masses so that the
distance from the interior of the mass to a suitable Sr sink would be too great for
equilibrium to be accomplished. The radiogenic Sr is then only partially re-equilibrated in
the kimberlite.

The Sanddrift kimberlite was dated at 125 Ma by Smith et al. (1994). Peridotite
xenoliths from this locality carry phlogopite, which is similar in appearance to the general
mica population and give model ages of about 2250 Ma. When two mica concentrates
believed to be contaminated by xenolith mica were incorporated in the regression, an age of
138+8 Ma was obtained. The authors suggested a shallow origin for the xenolith mica with
a long residence time below blocking temperature of phlogopite to account for the model
age 2250 Ma. As shown by Smith et al. (1985b), this problem is present as well for
groundmass mica. These authors dated the New Elands kimberlite at 126 Ma using
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groundmass phlogopite concentrates. When two concentrates likely to contain small
amounts of unequilibrated crustal mica were incorporated in the regression, an anomalously
old age of 140 Ma was obtained. From the examples above it is obvious that introduction of
small amounts of foreign, unequilibrated mica can give rise to anomalously old ages even if
present only in minor amounts in the mica concentrates.

Smith et al. (1985b) emphasise the importance of homogeneous mica concentrates to
avoid combination of micas with different initial 8’St/*%Sr ratios and the use of mica
chemistry to aid in assessing the results. The authors obtained poorly constrained ages for
Roberts Victor and Rietfontein kimberlites, which also showed highly variable phlogopite
compositions.

Alteration of kimberlitic micas through deuteric or weathering processes is common.
Deuteric alteration does not necessarily result in spurious ages if it occurs in a closed
kimberlitic system. On the other hand, weathering induced chloritization and/or
serpentinization of the micas typically result in Rb loss (Smith, 1983) and consequently
result in spurious old ages. Incipient alteration is not easily recognised but Smith (1983)
found a marked colour change in weakly altered mica after leaching in hydrochloric acid
(see next section). Despite the possibility of Rb loss during alteration, Brown et al. (1989)
presented a high quality isochron age of 121+2 Ma for the Mangawane kimberlite based on
a wide range of fresh to altered phlogopites (see further next section).

As pointed out by Allsopp et al. (1989), to avoid problems of isotopically
unequilibrated micas and altered micas, sampling of hypabyssal facies kimberlite rather
than diatreme facies should be strived for since the latter is more susceptible to weathering

and carries more abundant crustal mica.
3.2.1 The leaching technique

The phlogopite grains are commonly “contaminated” by kimberlitic and/or exotic
carbonate. Thus, a phlogopite isochron is in part a mixing line between the different
phlogopite concentrates and a carbonate end member. Kimberlitic carbonate typically has
very high Sr contents (2000-9000 ppm) and low 87S1/%%Sr ratios (<0.7050) (Brookins, 1967).
If the carbonate contaminant was kimberlitic and thus in equilibrium with the mica it would
not give rise to spurious ages. However, the lower measured 87Sr/%Sr and ®Rb/*Sr yields a

model age more dependent on the assumed initial ratio or a less well defined isochron age.
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If the carbonate contaminant is of exotic origin it will induce a geological error and give rise
to scatter around the regression line.

The leaching method was developed by H.L Allsopp and colleges at the Bernard
Price Institute (e.g. Smith, 1983; Allsopp et al,, 1989) to get around the problems of
carbonate contamination and it involves leaching of the micas in 1-2 M hydrochloric acid
for about ten minutes prior to dissolution. Leaching reduces the amount of kimberlitic and
exotic carbonate attached to the grains with the effect of increasing 87Rb/*°Sr ratios and
minimising geological error from exotic carbonate. The leaching technique has been shown
to drastically decrease the Sr concentration while the intrinsic Rb content and Sr isotope

composition of the phlogopite are not affected (Brown et al., 1989).
3.3 Kimberlite petrography and sample description

Main and Sugarbird Fissures have been extensively drilled and core to a depth of 80 metres
was available for kimberlite sampling. All samples were collected from hypabyssal facies
kimberlite and they were very fresh, free of carbonate veins and xenoliths.

The two dykes are very similar petrographically and they display mostly Group II
characteristics. They are macrocrystic kimberlites and subhedral to anhedral macrocrystic
olivine often makes up 40-50 modal % of the rock. Phlogopite is very abundant and occurs as
anhedral macrocrysts up to a few millimetres in size and as 0.05-1 mm euhedral to subhedral
phenocrysts. The dykes are petrographically intermediate between Group I and II kimberlites
in that they carry relatively abundant and coarse-grained euhedral perovskite and opaque
minerals. The groundmass is dominated by very fine-grained serpentine and calcite while fine-
grained apatite and laths of diopside occur subordinately.

Two phlogopite concentrates from the Main Fissure and three from Sugarbird Fissure
were prepared for analysis. The micas were very fresh, light brown in colour and no
discoloration indicative of alteration was observed either before or after leaching in
hydrochloric acid. Crustal micas are generally dark brown in colour due to their relatively high
Fe content and such micas were avoided during preparation of the concentrates. Main Fissure
concentrates (KJW13/2 and KJW13/3) consist of coarse grained euhedral phenocrysts and
subhedral to anhedral macrocrysts respectively. Sugarbird samples (KIW9/2, KJW11/1 and
KJW11/2) consist of different size fractions of macrocrysts. Phlogopites in sample KJW11/1
are subhedral while sample KJW9/2 consists of anhedral grains and KJW11/2 consists of very

large macrocrysts that broke into smaller pieces during crushing of the sample. Sample
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KJW11/1 was split into two samples of which one (KJW11/1-L) was leached in hydrochloric
acid while KJW11/1-N was left unleached in an attempt to investigate the Sr isotope
composition of the leached Sr. One whole-rock sample from each dyke was analysed in an
attempt to better constrain the initial *’Sr/**Sr ratio. The whole-rock samples were very “fresh”
and showed only very little sign of alteration in the form of incipient serpentinization of

olivine.
3.4 Emplacement age and Rb-Sr isotope systematics

Rb and Sr concentrations and isotope ratios are given in Table 3.1. Excluding Sr in sample
KJW11/2, Rb and Sr contents of the mica (~ 400-500 ppm and ~ 40-100 ppm respectively) are
in the expected range for kimberlitic phlogopite. Leaching of sample KIW11/2 left the Rb
concentration virtually unchanged while the Sr content was reduced from 1330 ppm to 428
ppm (compare samples KJIW11/2-N and KJW11/2-L). A Sr concentration of 428 ppm in
KJW11/2-L is still anomalously high for macrocrystic phlogopite and it is suspected that some

carbonate remained attached to the mica after leaching.

Table 3.1 Rb-Sr isotope data for Main Fissure and Sugarbird Fissure whole-rock samples and phlogopite

concentrates.
Rb(ppm) Sr(ppm) Rb/®Sr  ®'S1/%Sr+2a,

KJW9/WR 94.8 1213 0.226 0.70754+2
KJW13/WR 59.1 1516 0.113 0.70738+2
KJWO/2-L 469 47.54 28.73 0.76690+2
KJW11/1-L 447 97.51 13.31 0.73568+2
KJW11/2-N 462 1330 1.007 0.70936+2
KJW11/2-L 474 428.4 3.206 0.71398+2
KJW13/2-L 414 42.79 28.18 0.76795+2
KJW13/3-L 449 42.86 30.53 0.77030+2

The samples are shown in an isochron diagram in Figure 3.1 together with a regression line
which is based on all samples. The samples are strongly correlated in the isochron diagram,
which suggests that the phlogopite concentrates are free of unequilibrated old crustal or mantle
mica. A phlogopite isochron is in part a mixing line bétween different phlogopite concentrates
and a carbonate end-member and the age obtained is of geological significance only if both
end-members were parts of the same isotopic system. Since the unleached sample KIW11/2-N
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(which has not been “cleaned” from the carbonate contaminant) plots on the regression line,
the carbonate contaminant had an initial Sr isotope composition similar to the phlogopite. This
indicates that the leached Sr was in isotopic equilibrium with the Sr of the phlogopites at the
time of crystallisation. Further, the whole-rock samples plot on the regression line, indicating
that the kimberlite groundmass, in which calcite is the principle host for Sr, had the same initial
%7S1/*Sr ratio as the phlogopite. Thus it is believed that an age of geological significance may
be obtained from the data.

078 . . —

077} Age: 147.743.8 Ma KWz

Initial 87Sr/868r; 0.707310.0010 KIWG/2-L
0761  MSWD:23
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87RbBEST
Figure 3.1 Rb-Sr isochron diagram for Main Fissure and Sugarbird Fissure whole-rock samples and

phlogopite concentrates. Errors on the age and the initial Sr isotope composition are at the 95 % confidence

interval. Analytical errors do not exceed the size of the markers.

The data were regressed according to York (1969) and the scatter around the regression line
is assumed to be due to analytical error and a normally distributed error in the initial
87Sr/%6Sr. When all samples are included in the regression, an age of 148+4 Ma and an
initial ¥’Sr/%Sr ratio of 0.7073+0.0010 are obtained. This regression yields an errorchron
with a MSWD of 23. The fit of the regression line may be drastically improved if samples
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KJW11/1, KIW13/2 and the two whole-rock samples are excluded from the regression. This
treatment would give a four-point isochron age of 146+1 Ma with an initial ¥’Sr/*Sr of
0.7073+0.000034 and a MSWD of 1.7. However, since the Sr isotope composition of the
dolomite country rock is not known, the minor scatter in the isochron diagram cannot be
evaluated and there is no obvious reason for any of the samples to be excluded. Further, the
age and initial ®’Sr/*%Sr obtained when any samples are excluded are not significantly

different from the results when all data are included in the regression.
3.5 Discussion and Conclusions

Since the dating is based on micas from both the Main Fissure and the Sugarbird Fissure, it
can be concluded that the two dykes formed contemporaneously around 150 Ma ago. The
initial ’Sr/*Sr of the phlogopites (and the kimberlites) is similar to the range of 0.7075-0.710
characteristic of Group II kimberlites (Smith, 1983) and confirms the petrographical
classification of the dykes as Group II kimberlites. The age is within error of ages obtained for
Swartruggens kimberlite dykes (147+4 Ma, Allsopp and Barrett, 1975; 150+3 Ma, Allsopp and
Kramers, 1977). The initial 3’St/*Sr ratio of the Swartruggens dykes has not been well
constrained but is indicative of Group II kimberlites (Allsopp and Barrett, 1975; Smith et al.,
1985b) which is consistent with the petrographical character of the dykes (Klump, 1995).
Thus, from the present study, a more-wide spread Group II kimberlite emplacement event may
be inferred at around 150 Ma.

The concordant age of the two dykes proves previous age determinations to be wrong
and precludes a study of the evolution of the lithospheric mantle over two billion years.
Further, the age of the dykes constrains the mantle residence time of dated diamonds (Chapter
9) to about 2.5 Ga.
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4. CONCENTRATE GARNETS AND GARNET-CLINOPYROXENE NODULES

4.1 Sampling and nature of the sample

Large, multi-grain mantle xenoliths have not been encountered in the Klipspringer
kimberlites. Therefore the underlying mantle has been characterised through concentrate
garnet macrocrysts and bimineralic garnet-clinopyroxene nodules.

Garnet macrocrysts were not selected randomly to yield information about the
relative abundance of different types of garnet. Instead colour was used as the main
selective criteria to make sure that all types of gamets present were covered. However,
garnet types occurring more commonly were consciously selected more often. A total of
302 garnet macrocrysts from the Main Fissure, Sugarbird Blow and Marsfontein have been
analysed.

Forty-seven lherzolite, eclogite or megacryst garnet-clinopyroxene nodules were
found and recovered for mineral analysis. The nodules were all less than 5 millimetre in the
longest dimension and all consisted of a bigger garnet with one or two smaller (generally
less than one millimetre in size) associated clinopyroxene. Lherzolitic clinopyroxene was
generally slightly coarser than eclogitic and megacrystic clinopyroxene. Three of the
lherzolitic nodules (BM1, BM2 and BM3) also carried unidentified opaque minerals
associated with the clinopyroxene and one lherzolitic nodule (BM4) carried mica believed
to be phlogopite from its dark brown colour. The garnets were largely fresh with an
alteration (kelyphyte?) rim. Grains with visibly altered clinopyroxene were not analysed and
electron microprobe analyses yielding a total of <99 wt.% or >101 wt.% are not included in

the results.

4.2 Chemical compositions of garnet macrocrysts

Electron microprobe analysis was performed as described in Appendix 2 with reference to
Appendix 5. Chemical compositions of garnet macrocrysts from the Main Fissure,
Sugarbird Blow and Marsfontein are given in Appendix 2.1, 2.2 and 2.3 respectively. All
mineral compositions are presented as oxides rather than cations to allow for an easy

comparison to the data in the literature.
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As can be seen in Figure 4.1, low-Cr gamets (<2 wt.% Cr,0;) predominate in all three
kimberlites. Almost equally common are Ca-rich garnets ranging up to about 7 wt.% Cr,03
which define a trend commonly observed for lherzolitic garnets that have equilibrated at a
pressure of about 50 kbars (Gurney and Zweistra, 1995). Low-Ca, high-Cr garnets which
are compositionally akin to gamets in harzburgite xenoliths (e.g. from the Premier mine;
Danchin and Boyd, 1976) carry up to about 8.5 wt.% Cr,O; and are present at all localities
to a subordinate degree. The Marsfontein sample differs from the Main Fissure and
Sugarbird Blow samples in that it carries sub-calcic gamets which trend towards a
chromium content of about 1.5 wt.% Cr,O3 with decreasing calcium reminiscent of a dunitic
trend as defined by Grutter (1998).

Garnets carrying more than 2 wt.% Cr,O; are shown in chromium-titanium diagrams
in Figure 4.2. High-Cr harzburgitic and lherzolitic garnets generally carry less than about
0.15 wt.% TiO, and dunitic garnets from Marsfontein display less than 0.05 wt.% TiO,.
Lherzolitic garnets with about 3-5 wt.% Cr;0; trend towards increasing TiO; up to about
0.5 wt.% TiO,. At all three localities, some garnets occur which carry less than 3 wt.%
Cr,0; and between 0.25 and 0.6 wt.% TiO,. These garnets deviate somewhat from the
general lherzolitic trends (clearest displayed in the Main Fissure sample) and may belong to
a megacryst suite presented below.

Several studies have shown that megacrysts have crystallised from a differentiating
magma and may be petrogenetically related to their host kimberlite (e.g. Gumey et al.,
1979a; Moore et al., 1992; Bell et al., 1995; Smith et al., 1995). Megacrysts occur in both
Group I and Group II kimberlites but they differ somewhat in composition. Garnet
megacrysts from Group II kimberlites generally trend towards higher Cr,O3 (up to ~ 5
wt.%), higher Mg-number (up to ~ 91) and lower TiO, (down to ~ 0.4 wt.%) (Moore and
Gurney, 1991; Bell et al., 1995) compared to those from Group I kimberlites (e.g. Gurney et
al., 1979a). From now on in this study, the generally adopted term Cr-poor megacrysts
represents garnet megacrysts from Group I kimberlites while “Group II megacrysts™ is used

for garnet megacrysts from Group II kimberlites.
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Figure 4.1 Chromium vs. calcium for concentrate garnets shown separately for the three localities. Solid line
defines a lherzolitic trend at 50 kbars pressure (Gurney and Zweistra, 1995). Note the trend towards dunitic
compositions (low-Ca and low-Cr; Grutter, 1998) displayed by some Marsfontein garnets.
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Figure 4.2 Chromium vs. titanium for concentrate garnets carrying more than 2 wt.% Cr,0s.
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The bulk of the Cr-poor garnets (<2 wt.% Cr,03) range from about 65 to 90 in Mg-number
(Figure 4.3). Data from the Kimberlite Research Group data base (University of Cape
Town) shows that Cr-poor megacrysts and Group II megacrysts from world-wide localities
very seldom display Mg-numbers below 75 while Mg-numbers for eclogitic garnets
commonly range down to about 40. This suggests that some of the Klipspringer garnet
macrocrysts with Mg-numbers below 75 can be assigned to an eclogitic paragenesis. At
higher Mg-numbers it is however difficult to distinguish between eclogitic, megacrystic and
even lherzolitic garnets. Most low-Cr garnets range from about 0.2 to 0.5 wt.% TiO, (Figure
4.4). In this range of TiO,, eclogitic gamets from world-wide localities very rarely exceed
0.25 wt.% Cr;0; and megacrystic garnets seldom carry less than 0.25 wt.% Cr,0;
(Kimberlite Research Group data base, University of Cape Town). Further, Cr-poor
megacrysts generally carry between 0.5 and 1.5 wt.% TiO, while most Group II megacrysts
display a restricted range of 0.5-0.8 TiO, with some compositions extending down to about
0.2 wt.% TiO, (Kimberlite Research data base, University of Cape Town). This suggests
that many Klipspringer low-Cr garnets with more than 0.25 wt.% Cr,0O3 and Ti0,=0.2-0.5
wt.% represent Ti-poor varieties of Group II megacrysts that extend up to about 3 wt.%
Cr,03 as mentioned in the end of the last paragraph. Considering that Group II megacrysts
may carry up to 5 wt.% Cr,0; (see above) it may be that some lherzolite garnets have been
wrongly classified and perhaps should be assigned to the megacryst paragenesis.

MacGregor and Carter (1970) first recognised the occurrence of two different types
of eclogite (termed Group I and Group II) largely based on textural characteristics.
McCandless and Gurney (1989) showed that garnet and clinopyroxene in Group I eclogites
are generally enriched in Na,0 and KO respectively compared to these minerals in Group
II kimberlites. They correlated the mineral composition of Group I eclogites with
equilibration pressures similar to what is required for diamond genesis.

Figure 4.5 shows Ti0,-Na,O relationships for Klipspringer low-Cr gamets. Inserted
in the diagrams is a division line at 0.09 wt.% Na,O separating between Group I and Group
II eclogitic garnets (McCandless and Gurney, 1989). Today a value of 0.07 wt.% Na,O may
be more commonly used in diamond exploration to discriminate between “diamond
indicator” gamets and garnets which have equilibrated at comparatively lower pressures
(Gurney and Zweistra, 1995). A division line between eclogitic and Cr-poor megacrystic
gamets and an approximate limit of the extension of Group II megacrysts to lower TiO; are

also shown in Figure 4.5. The two latter discriminations are based on data from the
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Figure 4.3 Chromium vs. Mg-number for low-Cr (< 2 wt.%. Cr,05) concentrate garnets.
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Kimberlite Research Group data base (University of Cape Town). The data suggest that
both Group I and Group II eclogitic garnet is present at all three localities and that the
former is more common than the latter in the Main Fissure and Sugarbird Blow while they
are equally common in the Marsfontein kimberlite. In the compositional area of about 0.05
to 0.12 wt.% Na,O it is difficult to assign garnets carrying more than 0.2 wt.% TiO; to one
or other paragenesis. However, most of these gamets are believed to belong to the Ti-poor
Group II megacryst paragenesis mentioned above since they display higher Cr;O3; than

expected for eclogitic garnets at these levels of TiO, as mentioned above.
4.3 Chemical compositions of garnet and clinopyroxene from bimineralic nodules

Chemical compositions for garnet and clinopyroxene from bimineralic nodules are found in
Appendix 2.4a and 2.4b respectively. Bimineralic nodules have been divided into four
groups based on the compositions of the garnets and clinopyroxenes. Two peridotitic
varieties are present. Lherzolite I consists of six nodules with garnets which display a
therzolitic trend similar to that displayed by many garnet macrocrysts. A single nodule
represents Lherzolite II with a gamnet carrying about 9 wt.% Cr;0; which deviates from the
Lherzolite I trend with a lower calcium content of about 4.5 wt.% CaO (Figure 4.6a). Mg-
numbers for the peridotitic garnets range from 82 to 86 (Figure 4.6b) and they carry about
0.1 wt.% TiO, except for one Lherzolite I garnet which deviates from the rest with about
- 0.35 wt.% TiO; (Figure 4.6c¢).
Nodules with gamets carrying less than 3 wt.% Cr;O; have been divided into an
- eclogitic and a megacrystic paragenesis similar to the garnet macrocrysts. This grouping
may not be completely accurate. However, while eclogitic garnets may occur in the
megacryst group, the eclogitic group is not believed to contain any megacrystic gamnets.
Eclogitic and megacrystic garnets display a similar range of about 3.5-4.5 wt.% CaO while
the laﬁer generally is higher in Cr,0O; (Figure 4.6a). Most megacrystic garnets have Mg-
numbers above 76 and the ones with Mg-number lower than 76 are too high in chromium to
be of an eclogitic origin (Figure 4.6b). All garnets displaying Mg-numbers below 74 and
Cr,0; below 0.5 wt.% have been assigned to the eclogitic paragenesis since these
compositions are extremely unusual for megacrysts.

Two eclogitic garnets (from nodules BM51 and BMS59) carry about 2 wt.% Cr,0s
and display Mg-numbers of about 84 (Figure 4.6b). These garnets are believed to be Group
11 eclogitic garnets rather than megacrysts due to their very low TiO, contents (Figure 4.6¢).
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The gamnet from sample BM11 displays higher CaO, lower Mg#(grt) and lower TiO; than
all other eclogitic garnets (Figures 4.6a, b and ¢) and trends towards kyanite eclogite garnets
in composition.

Ti0,-Na,O compositions for garets with less than 3 wt.% Cr,O; are shown in
Figure 4.6d. It can be seen that most garnets assigned to the megacryst paragenesis are
similar in composition to Cr-poor megacrysts world-wide while some extend to lower TiO,
similar to Group II megacrysts from world-wide localities. Further some eclogitic garnets
carry more than 0.09 wt.% Na,O indicative of Group I eclogites while the two Ti-poor
eclogitic garnets carry 0.04-0.05 wt.% Na,O indicative of Group II garnets. The gamnet from
sample BM11 described above carries more than 0.13 wt.% Na;O.

The two peridotitic groups are easily recognised in the clinopyroxene compositions.
Lherzolite I clinopyroxenes display a Ca-number of about 46 and carry about 3 wt.% Cr,0;3
while the one Lherzolite II clinopyroxene is distinctively higher in chromium (Cr,03~6.5
wt.%) and displays a lower Ca-number of about 41 (Figure 4.7a). Further, Lherzolite I
clinopyroxenes contain about 2.5-3 wt.% Na,O compared to about 5 wt.% Na;O for the
Lherzolite II clinopyroxene (Figure 4.7b). The peridotitic clinopyroxenes are all low in
potassium (K,0~0.01-0.02 wt.%) (Figure 4.7c). FeO contents are similar for all peridotitic
clinopyroxene (FeO=~1.5-2 wt.%) while Lherzolite I is slightly lower in magnesium
compared to Lherzolite II (Figure 4.7c).

Eclogitic and megacrystic clinopyroxene carry less than 1.5 wt.% Cr,O; and span a
range in Ca-number from about 38 to 47 (Figure 4.7a). Similar to the gamets, the
megacrystic clinopyroxenes are generally higher in chromium than the eclogitic
clinopyroxenes. The eclogitic clinopyroxenes trend towards higher Al and Na contents
(Figure 4.7b) indicative of a higher jadeite content. Most low-Cr clinopyroxenes display
potassium levels below 0.04 wt.% K,O while some trend up to above 0.10 wt.% K;O
(Figure 4.7c). McCandless and Gurney (1989) proposed a value of 0.08 wt.% K;O in
omphacite to distinguish between Group I and Group II eclogites, the former being higher
in K,0. While the clinopyroxene from two of the nodules classified as Group I eclogites
based on the gamet chemistry carry more than 0.08 wt.% KO, the other four display low
levels of less than 0.04 wt.% K,O. Similar to the garnet, the clinopyroxene from nodule
BM11 deviates compositionally from the bulk of the eclogitic clinopyroxenes to higher
AléO3, Na,0, K;0, Ca-number but lower MgO (Figures 4.7a, b, ¢ and d). This supports the
idea that nodule BM11 represents a paragenesis akin to kyanite eclogite. The two
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clinopyroxenes from BM51 and BM59 (which were classified as Group II eclogites based
on their garnet compositions) are lower in Al,O3, Na;O and FeO but higher in MgO than the
rest of the eclogites. Further, they display low levels of about 0.02 wt.% K,O.

4.4 Geothermometry on bimineralic nodules

While no reactions involving garnet and clinopyroxene result in a sufficient volume change
to yield information on pressure of equilibration, several garnet-clinopyroxene
geothermometers have been derived experimentally (Raheim and Green, 1974; Mori and
Green, 1978; Ellis and Green, 1979; Ganguly, 1979; Saxena, 1979; Krogh, 1988; Pattison
and Newton, 1989; Ai, 1994; Berman, 1995). The basis for garnet-clinopyroxene
geothermometry is the temperature dependence of the Fe**-Mg cation exchange between
the two minerals. A cation exchange reaction involves little change in volume compared to
change in e;ltropy and thus the reaction is more sensitive to temperature than pressure.

Four commonly used geothermometers (Ellis and Green, 1979; Krogh, 1988; Ai,
1994 and Berman, 1995) have been applied to the Klipspringer eclogite and lherzolite
nodules. Ganguly (1979) has not been used since it should only be applied when
clinopyroxenes display Xc, (molar proportion of Ca present in the octahedrally co-ordinated
site in the garnet) between 0.40 and 0.45 and many Klipspringer clinopyroxene display
Xcs<0.40. The Pattison and Newton (1989) geothermometer has not been used since
Berman (1995) is a re-evaluated version of the Pattison and Newton (1989) data. The
different calibrations have been investigated and the derived temperatures have been

compared in order to assess the results.
4.4.1 Comparison of different geothermometers

The relation between the Fe?* and Mg contents of garnet and clinopyroxene is commonly
expressed as Ky, which is the distribution coefficient for Fe** and Mg partitioning between
the two minerals; Ks=(Fe/Mg)*"/(Fe/Mg)*™. Ellis and Green (1979) performed experiments
on basaltic compositions and compositions within the system CaO-MgO-FeO-Al0;3-SiO;
in the range 24-30 kbars and 750-1300 °C. They showed that K4 is strongly dependent on
the concentration of Ca in both gamet and clinopyroxene due to non-ideal Ca-Mg
substitution and they treated the dependence of InK4 on Xc, as rectilinear. However, the

Ellis and Green (1979) data is indicative of a curvilinear rather than a rectilinear
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relationship between InK4 and Xc, (Figure 3 in Ellis and Green, 1979). As mentioned by the
authors, InKy is not solely dependent on the Ca content of garnet but the Xc, term in their
geothermometer represents the net effect of the influence of different solid solutions on
InKj.

As discussed by Krogh (1988), the substitution of Ca into the octahedrally co-
ordinated sites in garnet will lead to an expansion of these sites due to the large size of Ca**
compared to Fe’* and Mg?*. This may possibly distort the structure with the generation of
non-equidimensional octahedrally co-ordinated sites as a consequence and the smaller Fe**
and Mg?* ions may begin to occupy sub-sites within the expanded octahedrally co-ordinated
sites. Since Mg?* is smaller than Fe?*, it is expected to more readily enter these sub-sites up
to an extreme Ca content where Fe and Mg will occupy the sub-sites randomly. This theory
would support a curvilinear rather than rectilinear relationship between InKyand Xc,. Krogh
(1988) used the experimental data of Raheim and Green (1974), Mori and Green (1978) and
Ellis and Green (1979) and derived a geothermometer by treating the relation between InKq4
and Xc, as such. Applying the derived geothermometer to eclogites from the Tromso nappe
complex in the Scandinavian Caledonides, Krogh (1988) concluded that InKy is not
dependent on the Mg-number of the garnet [Mg#(grt)] or the Na content of the pyroxene
(within the experimental range: Mg#(grt)=0.17-0.55 and Na<0.44 atoms per formula unit).

Xca ranges from about 0.1 to 0.5 in the data sets used by Ellis and Green (1979) and
Krogh (1988). A consequence of treating the relation between InK4 and Xc, as curvilinear
rather than rectilinear will be slightly lower InKy at the high and low ends of the Xc, range
while the reversed is true in the mid-range of Xc,,

Ai (1994) investigated a large set of previously published experimental data (see Ai,
1994 for references) covering a range of 10-60 kbars and 600-1500 °C. Similar to Krogh
(1988), Ai (1994) found no relationship between calculated temperatures and Na content of
clinopyroxene while contrary to Krogh (1988), Ai (1994) demonstrated a negative
relationship between InKq and Mg#(grt). Ai (1994), similar to Krogh (1988), applied a
curvilinear relationship between InKy and Xc, and invoked a linear dependence of InK4 on
Mg#(grt). However, a close investigation of Ai’s (1994) presentation of the relationship
between InKy and Mg#(grt) (Figure 1 in Ai, 1994) reveals that for Mg#(grt)>75-80, there is
a strong negative linear correlation between InK4 and Mg#(grt) for experimental data at
different temperatures. However, for Mg#(grt)<75-80 the data scatter widely and indicate a
less negative (if any) correlation between InK4 and Mg#(grt).
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The experimentally derived geothermometer of Pattison and Newton (1989) yields
distinctly lower temperatures than many other geothermometers (Table 6 in Pattison and
Newton, 1989) and the derived thermodynamic data is indicative of strong non-ideality in
either or both garnet and clinopyroxene solid solutions. Berman et al. (1995) re-evaluated
the data of Pattison and Newton (1989) which was derived at 15 and 29 kbars in a
temperature range of | 800-1200 °C. Xc, ranged from 0.2 to 0.5 in the garnet product.
Berman et al. (1995) evaluated and incorporated new experimental uncertainties in the
derivation of thermodynamic parameters and estimated temperatures with the new
formulation were 70-200 °C higher than those of Pattison and Newton (1989) and more
consistent with other estimations. Similar to Ai (1994), Berman et al. (1995) found that InK4
and Mg#(grt) are negatively correlated.

Only very limited experimental data exist for Na-rich compositions to evaluate the
effect of the jadeite content of clinopyroxene upon InKy. Ellis and Green (1979) found that
Na contents up to about 30 mole % jadeite in the clinopyroxene product did not seem to
affect the K4. As mentioned above, Krogh (1988) and Ai (1994) (both of which partly based
their geothermometers on the Ellis and Green (1979) data) report that K4 seems not to be
influenced by the jadeite content. Koons (1984) suggests that at high jadeite contents (and
consequently low Fe2++Mg contents in the M1 site), Fe?* may show preference for the M2
site in the enstatite-jadeite substitution. However, this effect was not apparent for

clinopyroxene with less than 70 mole % jadeite.
4.4.2 Temperature estimations for eclogites and lherzolites

All Klipspringer clinopyroxenes contain less than 70 mole % jadeite and the non-ideality in
the Fe**-Mg substitution in clinopyroxene induced by Na is therefore believed to be
negligible in the present study. The possible presence of ferric iron is a source of error since
the electron micro-probe cannot distinguish between divalent and trivalent iron. However,
the sub-cratonic lithosphere is fairly reduced (Haggerty, 1986) and cationic totals close to
four (based on six oxygen per formula unit) rather than higher than four suggest that ferric
iron is not present in the clinopyroxene in amounts that would affect the temperature
estimations. From now on the terms EG, KR, Al and BER will be used for the Ellis and
Green (1979), Krogh (1988), Ai ( 1994) and Berman (1§95) geothermometers.
Temperatures estimated at 40, 50 and 60 kbars are given in Table 4.1 together with

K4, InK4, Xca and Mg#(grt).
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Table 4.1 Estimated temperatures (°C) for Klipspringer gamnet-clinopyroxene nodules.

EG KR Al BER
Eclogites Kg InKy Xea Mg_,m 40 kbar 50 kbar 60 kbar 40 kbar 50 kbar 60 kbar 40 kbar 50 kbar 60 kbar 40 kbar 50 kbar 60 kbar
BMS 251 092 011 73 : 1069 1108 1146 : 986 1030 1073 : 1017 1105 1194 : 1057 1069 1077
BM10 237 086 009 78 : 1079 1118 1157 : 980 1024 1068 : 1012 1103 1194 ; 1042 1055 1064
BM11° 285 105 016 62 : 1070 1107 1144 : 1037 1078 1119 | 1059 1142 1225 i 875 895 910
BM14 285 1.05 012 69 | 1024 1061 1098 | 947 988 1029 | 969 1052 1136 | 949 966 978
BM15 262 096 009 69 : 1038 1076 1114 | 940 982 1025 : 988 1075 1161 : 1007 1022 1033
BM16 263 097 010 69 : 1047 1079 1117 i 048 990 1033 | 992 1078 1165 : 1006 1021 1031
BM17 271 100 011 73 | 1038 1076 1113 | 955 997 1038 | 947 1062 1147 | 1021 1034 1043
BM20 279 103 041 74 : 1022 1059 1096 : 933 975 1016 : 952 1036 1121 i 1004 1018 1028
BM31 225 081 008 72 | 1104 1144 1184 | 1006 1051 1097 | 1065 1159 1252 | 1020 1035 1045
BM32 229 083 009 72 : 1092 1132 1172 | 992 1036 1081 | 1049 1142 1234 : 1012 1027 1037
BM51° 290 106 011 84 | 1013 1049 1086 ; 932 972 1013 | 908 991 1073 | 990 1004 1013
BM59° 273 100 011 85 | 1040 1077 1115 | 962 1004 1046 | 943 1028 1113 | 1022 1035 1043
BM62 235 085 010 74 i 1091 1130 1170 | 1002 1046 1091 : 1044 1135 1227 : 1073 1084 1091
Lherzolites _ ' ' i

BM1 329 119 013 85 : 976 1011 1047 | 904 942 981 i 864 942 1020 : 907 924 936
BM2 299 110 017 84 i 1057 1093 1139 : 1026 1066 1106 : 972 1054 1135 : 973 987 996
BM3 371 131 013 83 | 931 965 999 | 856 893 930 | 816 890 964 | 851 869 883
BM4 303 111 015 84 : 1033 1069 1105 : 987 1026 1066 : 942 1023 1103 : 959 974 984
BM60 297 109 013 86 | 1023 1059 1096 | 961 1001 1042 i 921 1003 1084 ;| 959 973 984
BM61 323 117 014 85 | 991 1026 1061 : 926 965 1004 : 882 961 1039 i 921 937 948
BM52° 244 089 041 85 | 1092 1131 1170 : 4023 1066 1110 i 1010 1099 1189 | 997 1011 1021
®Nodule akin to kyanite eclogite

®Nodules classified as Group Il eclogites
“Lherzolite Il nodule

EG - Ellis and Green (1979)
KR - Krogh (1980)

Al - Ai (1994)

BER - Berman et al. (1995)



A pressure of 50 kbars corresponds to an approximate depth of the entrance into the
diamond stability field (Kennedy and Kennedy, 1976) for an assumed geotherm of ~ 40
mW/m®. In the following sections, temperatures estimated with the different
geothermometers at a pressure of 50 kbars are compared in order to assess the different

calibrations and thus derive reliable temperatures.

4.4.2.1 Eclogite temperatures

Using EG and KR, the eclogites display temperature ranges of 1049-1144 °C and 972-1078

°C respectively (Table 4.1). In Figure 4.8, temperatures derived for the eclogites using the
different geothermometers are compared to each other. Comparing EG and KR, the former

yields up to about 100 °C higher temperatures than the latter. The eclogitic garnets range in

Xca from 0.08 to 0.16. As mentioned above, at these low values of Xc, a high discrepancy

in temperature between EG and KR is expected due to the first order and quaﬂratic
equations respectively describing the relation between InK4 and Xc,. The linear decrease in
the EG-KR temperature difference with increasing Xc, is an effect of a less rapid increase
of InKy with increasing Xc, for EG compared to KR due to the different mathematical
treatments of the relationship between InKy and Xc,. Since the relationship between InKy
and Xc, is better expressed with a quadratic equation than a first order equation (as
discussed above), KR is believed to yield more realistic temperatures than EG for the
eclogites especially at lower Xc, where EG distinctly overestimates the true temperature.
The bulk of the eclogitic temperatures estimated using Al range between 1036 °C
and 1159 °C. The two nodules that were classified as Group II eclogites based on their
major element compositions (BM51 and BM59) deviate from the bulk of the samples
towards lower temperatures (991 °C and 1028 °C respectively), approaching KR
temperatures (Figure 4.8). BM51 and BM 59 display Mg#(grt) of 84 and 85 respectively
which are distinctly higher than the range displayed by the rest of the garnets (Mg#(grt)=62-
78). As mentioned in the previous section, a correlation between InK4 and Mg-number
based on the experimental data used by Ai (1994) seems spurious for samples with garnet
Mg#(grt)<75-80 while for Mg#(grt)>75-80, a correlation between InK4 and Mg-number is
apparent. Thus, the Al temperature range displayed by the bulk of the eclogites is believed
to be artificial while the estimations for BM51 and BM52 may approach a true temperature.
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Figure 4.8 Comparison of eclogite temperatures estimated with different geothermometers at an assumed

pressure of 50 kbars. See text for references corresponding to the used short forms for the geothermometers.

Eclogite temperatures estimated with BER range from 966 °C to 1084 °C if BM11 (which is
compositionally similar to kyanite eclogite) is excluded. These temperatures are some 50 °C
higher than those of EG and approach (and in some cases coincide with) those of KR.
BM11 yields a temperature of 895 °C using BER. This sample was classified as a Group I
eclogite and thus it is believed to originate from depths within the diamond stability field.
and the estimated temperature seems anomalously low. BM11 has a distinctly higher Xc,
than the other eclogites and it may be that the Berman et al. (1995) calibration does not
account properly for the non-ideal substitution of Ca in garnet (and clinopyroxene) at higher

Xca.
From the analysis of the different calibrations and the data, it is believed that KR

and BER yield most realistic temperatures for the eclogites (except for sample BM11),
which then display a range of ~ 960-1090 °C at 50 kbars. In the literature, KR and BER are
not commonly used in estimating equilibration temperatures for eclogite. A compilation of
temperatures for Kaapvaal eclogites estimated using EG at an assumed pressure of 50 kbars
(Gurney and Harte, 1980) displays a range of ~ 950-1450 °C. Even though EG is believed
not to be as adequate as KR and BER, the range in EG temperatures displayed by the
Klipspringer eclogites (1049-1144 °C) is indicative of fairly low equilibration temperatures

compared to many other Kaapvaal eclogites.
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Temperatures estimated with KR at assumed pressures of 40, 50 and 60 kbars are displayed
in Figure 4.9 together with lithospheric model geotherms of 35, 37 and 40 mW/m? and the
graphite/diamond phase transition (Kennedy and Kennedy, 1976). At 40 kbars, the
temperatures range across the 40 mW/m’ geotherm outside the diamond stability field. At
50 kbars, the temperatures range across the 37 mW/m?® geothenﬁ and at 60 kbars they
correspond to model geotherms of about 35-37 mW/m?. Further, at any assumed pressure
sample BM11, which is akin to kyanite eclogite, yields the highest temperature while the
Type Il eclogites (BM51 and BM52) plot at the lower end of the temperature array. The

significance of this and the observed temperature ranges is discussed in Section 4.5.
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Figure 4.9 Eclogite temperatures estimated at pressures 40, 50 and 60 kbars using the Krogh (1988)

geothermometer. Conductive model geotherms are from Pollack and Chapman (1977) and the
diamond/graphite boundary is from Kennedy and Kennedy (1976).
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4.4.2.2 Lherzolite temperatures

Temperatures estimated for the lherzolites using EG range from 965 °C to 1093 °C
compared to a range of 893-1066 °C for KR temperatures. Lherzolite I garnets generally
display slightly higher Xc, (0.13-0.17) than the eclogitic garnets. Consequently
temperatures estimated using EG and KR for the lherzolites are fairly similar to each other
but the former are still some 20-70 °C higher than the latter. This is displayed in Figure 4.10
where KR, BER and Al temperatures are compared to EG temperatures.
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Figure 4.10 Comparison of lherzolite temperatures estimated with different geothermometers at an assumed
pressure of 50 kbars. The Iherzolite II nodule displays the lowest Xc,. See text for references corresponding to

the used short forms for the geothermometers.

Contrary to the case of the eclogites, lherzolite I temperatures using Al (890-1054 °C) are
very similar to those using KR and the derived temperatures do not differ by more than 12
°C for any individual sample (Table 4.1). This is due to the higher Mg#(grt) of the
lherzolites (Mg#(grt)=83-86) in which range InKy in the experimental data used by Ai
(1994) is well correlated with the Mg-number of the garnets.

Lherzolite I temperatures estimated with BER display a range of 924-987 °C and are
slightly lower compared to estimations with KR and Al The temperature difference
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increases with increasing Xc,. The reason for this is not understood but as mentioned above,
the Berman et al. (1995) geothermometer may be inaccurate at higher Xc, because the
calibration is not accounting properly for the non-ideal substitution of Ca.

The lherzolite II sample (BM52) displays a wider range in calculated temperatures
than individual lherzolite I samples (Figure 4.10) which is due to the comparatively elevated
EG temperature for BM52. Xc, for BM52 is 0.11 and for reasons mentioned above, the EG
temperatures are spurious at this low Xc, The range of temperatures from 1011 °C to 1099
°C for BM52 obtained using the other thermometers is difficult to assess but may be
indicative of a slightly higher temperature of equilibration for BM52 compared to lherzolite
I nodules.

From the analysis of the different calibrations and the data, it is believed that KR
and Al yield most realistic temperatures for Iherzolite I nodules which then display a range
of ~ 890-1070 °C at 50 kbars with the lherzolite II nodule yielding a temperature at the
higher end of this range.

Temperatures estimated for the lherzolites at 40, 50 and 60 kbars using KR are
displayed in Figure 4.11 together with model geotherms of 35, 37 and 40 mW/m? and the
diamond/graphite phase boundary (Kennedy and Kennedy, 1976). The lherzolites span a
wider range in temperature at any assumed pressure compared to the eclogites (Figure
4.10).
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Figure 4.11 Lherzolite temperatures estimated at pressures 40, 50 and 60 kbars using the Krogh (1988)
geothermometer. Conductive model geotherms are from Pollack and Chapman (1977) and the
diamond/graphite boundary is from Kennedy and Kennedy (1976).
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4.5 Discussion and Conclusions

The major element chemistry of garnet macrocrysts shows that the Klipspringer lithosphere
consists predomiﬁantly of lherzolite and eclogite. Magmaphile element depleted harzburgite
is present to a lesser extent. The mantle sampled by the Marsfontein intrusion is different to
the mantle sampled by the Main and Sugarbird Fissures in that highly refractory dunite is
represented to a limited extent.

The chemical compositions of eclogitic garnet macrocrysts and bimineralic nodule
garnets indicate the presence of both Group I and Group II eclogite of which the former is
more common as indicated by the commonly elevated Na contents of the garnets. Elevated
Na contents of garnet are not always matched by elevated K contents of clinopyroxene as
often is the case for eclogite xenoliths (McCandless and Gurney, 1989). However,
McCandless and Gurney (1989) found that only 65 % of analysed diamondiferous eclogite
could be correctly classified as Group I eclogites based on the K;O content of
clinopyroxene. Removal of K from clinopyroxene through metasomatism or decompression
melting has been noted (Switzer and Melson, 1969; Mysen and Griffin, 1973; Reid et al.,
1976).

Garnet megacrysts are common and are compositionally akin to megacrysts from
Group II kimberlites which is consistent with the classification of the Main and Sugarbird
Fissures as Group II kimberlites (Chapter 3). However, the megacrysts trend towards
unusually low Ti contents similar to those reported by Daniels and Gurney (1989) for
megacrysts from the Group II Dokolwayo kimberlite. Daniels and Gurney (1989) inferred
that the garnet megacrysts were derived from a garnet-ilmenite megacryst suite to explain
their low levels of TiO, compared to garnets from a second ilmenite-free megacryst suite
from Dokolwayo. In the Cr-poor megacryst suite (from Group I kimberlites), the on-set of
ilmenite crystallisation has been shown to occur at a garnet Mg-number of about 75 and
continued fractionation results in depletion in Ti and Cr as well as a decreasing Mg-number
of the garnets (e.g. Gurney et al., 1979a). This suggests that Dokolwayo Ti-poor megacrysts
crystallised at a late stage of magmatic fractionation. In contrast to Dokolwayo megacrysts,
Klipspringer low-Ti garnet megacrysts are characterised by high Mg-numbers (up to 90
compared to 66-73 for Dokolwayo garnet megacrysts) and high levels of Cr,O3 (perhaps
above 2 wt.% compared to <0.3 wt.% for Dokolwayo garnet megacrysts). The Cr.O;
contents of gamets even from deformed or sheared lherzolites which generally extend to

lower values than those of coarse lherzolites are seldom below 2 wt.% (e.g. Boyd and
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Nixon, 1975; Danchin, 1979). Therefore, the bulk of the garnets with Cr,03=0.25-2 wt.%
and Ti0,=0.2-0.5 wt.% are believed to be megacrysts. The high Cr,0Os, high Mg-numbers
and low TiO; of Klipspringer garnet megacrysts may indicate that they did not co-
crystallise with ilmenite but formed at an early stage before any substantial enrichment of Ti
occurred in the megacryst parental magma.

While equilibration pressures for the nodules are not known, the compositions of the
eclogites carry some information on this. As mentioned above, Group I eclogites are
believed to be akin to diamondiferous eclogite and have been proposed to originate from
depths corresponding to pressures where diamond is stable (McCandless and Gurney, 1989)
i.e. from pressures in excess of ~ 40-50 kbars depending on the local geotherm. A first
indication on the thermal state of the lithosphere in the study area is given by the
temperatures estimated for the Group I eclogites. These temperatmes correspond to a
geotherm of ~ 35-38 mW/m? at assumed of 50 and 60 kbars and the data plot within the
diamond stability field. For an assumed pressure of 40 kbars, the temperatures coincide with
a ~ 40 mW/m?’ geotherm and the data plot outside the diamond stability field. This suggests
that the local geotherm is lower than ~ 40 mW/m>.

It has been shown that the incorporation of K into clinopyroxene is pressure
dependent and requires a minimum pressure of 32 kbars (Erlank and Kushiro, 1970). While
the K content of clinopyroxene is dependent on the K content of the environment of
formation (Harlow, 1999), the elevated and lower K;O contents of the kyanite eclogite
(BM11) and the Group II eclogites (BM51 and BM59) respectively compared to the Group
I eclogites may indicate comparatively higher and lower pressures of equilibration. This
would be consistent with the kyanite eclogite yielding the highest temperatures and the
Group II eclogites plotting at the lower end of the temperature range at any assumed
pressure. Some information on the local geotherm may be derived from the inference that
the kyanite eclogite and the Group II eclogites define high and low extremes of pressures of
equilibration respectively. Assuming a geotherm of ~ 39-40 mW/m?, the kyanite eclogite
would have equilibrated at ~ 50 kbars and the Group II eclogites yield pressures of ~ 40
kbars. The Group I eclogites would have equilibrated at intermediate pressures and they plot
either close to or below the limit of the diamond stability field. This contradicts a proposed
origin of Group I eclogites from within the diamond stability field and may suggest a
highest probable geotherm of ~ 39 mW/m?. At an assumed geotherm of ~ 37 mW/m?, the
Group I eclogites plot well within the diamond stability field as do the Group II eclogites.
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This contradicts a proposed origin for Group II eclogites from outside the diamond stability
field. Thus, the current data is suggestive of geotherm of about ~ 37-39 mW/m? for the
study area.

The depth of origin for the lherzolites cannot be constrained. However, assuming
that all lherzolites equilibrated along a steady-state geotherm, the comparatively wide range
in temperature displayed by the lherzolites is suggestive of a substantial difference in
equilibration pressure between the individual lherzolite nodules (Figure 4.11). With a
lithosphere geotherm of 37-39 mW/m?, as inferred from the eclogites, the Iherzolites may
span equilibration pressures of ~35-60 kbars. They are certainly derived from both within
the diamond and the graphite stability fields. The comparatively high temperature displayed
by the lherzolite II nodule and its comparatively lower Ca content indicate that it was
derived from a deeper environment more depleted in magmaphile elements, within the

diamond stability field.
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5. PHYSICAL CHARACTERISTICS OF THE DIAMONDS

5.1 Introduction

Diamonds exhibit several physical characteristics, which can be attributed to different
processes occurring, and conditions prevailing at diamond crystallisation, subsequently
during residence in the mantle and during transport of the diamond in the kimberlite
(Robinson et al., 1989). Studies of these characteristics have revealed broad inter-cratonic
differences such as the high abundance of colourless octahedra amongst Russian diamonds
and the comparatively common occurrence of large diamonds in Southern Africa (Gurney,
1989). On an intra-cratonic scale, sub-populations have been recognised on a regional scale
as well as in adjacent kimberlites (Robinson et al., 1989).

Robinson et al. (1989) proposed a sequence of events which affect diamonds. This
includes crystallisation, residence in the upper mantle, plastic deformation, resorption and
etching, crystal breakage and further etching. While the primary crystal form and to some
extent colour are dependent on the nature of the crystallisation environment, the authors
suggest that the latter four processes take place during transport of the diamond in the
kimberlite. Thus, studies of “primary” and “secondary” physical characteristics may give
information on the mantle environment in which the diamonds were formed and their

subsequent history in the kimberlite respectively.
5.2 The nature of the sample

Physical properties of the Klipspringer diamonds have not been studied in an attempt to
characterise the diamond population(s) at a statistically significant level. Instead, physical
properties have been described for all diamonds on which mineral inclusion and/or FTIR
studies were performed with the aim of discovering possible correlations between different
characteristics. However, even though the samples are not sufficiently large for satisfying
statistical analysis of the physical properties, some distinctive features may be recognized.
The cut-off size in the diamond recovery at the Klipspringer mine is 1.7 mm. Main
Fissure diamonds labelled “1700-* were recovered from the tailings and thus are less than
1.7 mm in size while the rest of the diamonds range between 1.7 and ~3 mm in size. Main

Fissure and Sugarbird Blow diamonds were collected primarily for mineral inclusion
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studies and thus they were selected randomly in respect of physical characteristics. If the
presence of certain inclusions is correlated with any physical characteristic, then the sample
selected for the study can have a bias. Most Marsfontein diamonds were collected primarily
for FTIR studies and flat or fractured stones suitable for the technique were primarily
selected. Further, diamonds of different colours were consciously selected. Thus, the
Marsfontein sample is certainly not quantitatively representative of Marsfontein sub-

populations.
5.3 Physical characteristics

Physical characteristics of the diamonds are presented in Appendix 3.1. The terminology
used in describing the diamonds and abbreviations used in Appendix 3.1 are presented in
Appendix 3. During selection of diamonds for this study, thousands of Klipspringer
diamonds have been briefly observed. In the results below, some general observations made
during the sample collection are included although these observations are not included in

Appendix 3.1.
5.3.1 Colour

Colourless diamonds constitute 77 % of the diamonds in the Sugarbird Blow sample while
brown-pink diamonds constitute 5 % of the diamonds. Data for the Main Fissure sample
excluding the <1.7 mm fraction is similar to that of the Sugarbird Blow sample with 73 %
colourless stones and 10 % brown-pink stones. This indicates that in the size range 1.7-3
mm colourless diamonds predominate and are equally common in the Main Fissure and
Sugarbird Blow samples while brown-pink diamonds are much less common. The <1.7 mm
fraction of the Main Fissure diamonds (diamonds labelled 1700-) contained 38 % colourless
stones and 29 % brown-pink stones. This indicates that in the case of the Main Fissure
diamonds, the number of brown-pink stones increase partly at the expense of colourless
stones with decreasing diamond size.

As mentioned above, the data for Marsfontein diamonds are biased due to selective
sampling. However, from observations of Marsfontein diamonds during collection of the
sample, it can be concluded that colourless stones predominate similar to the case of the
Main Fissure and Sugarbird Blow. These results correlate well with the over-all impression

from observations made during sample collection.
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Homogeneous light green diamonds and diamonds with discrete distinctive green haloes on
the surface (observed during sample collection) occur subordinately. Green discolouration
is caused by a-particle damage of the diamond lattice and at temperatures above 600 °C, the
colour caused by radiation changes from green to brown (Vance et al., 1973). This suggests
that green colouration post-dates kimberlite eruption and the homogeneous light-green
colour observed is most likely to have been caused by U-bearing ground water. Perovskite,
which often carries substantial U, is common in the kimberlites and is likely responsible for
the discrete green haloes observed on some diamonds.

Other colours that have been observed include light-yellow, brown-yellow and off-
white. Loubser and Wright (1973) ascribed yellow colour of diamonds to N3 defects (see
Section 6.1). The three brown-yellow ‘stones all display lamination lines and their colour

may be a result of deformation of yellow diamonds.

5.3.2 Crystal form

The octahedron and the cube are the two primary crystal forms of diamond. The former is
far more common than the latter at most localities world-wide. Resorption of octahedra and
cubes by oxidising agents at elevated temperatures commences at the 4-fold axes of
octahedra and at the corners of cubes and finally results in a tetrahexahedroidal (TTH)
crystal form (Robinson, 1979). The progressive conversion of an octahedron to a THH is

shown in Figure 5.1 and the complete conversion to THH removes a minimum of 45 % of

the original octahedron.
> 99% > 95% > 85% > 75% > 65% 1-55%

Figure 5.1 Different stages of resorption of a sharp-edged octahedron to the complete conversion into a
tetrahexahedroid (from Robinson, 1979). Percent notations indicate the part of the original volume of the
octahedron that is still preserved.
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