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ABSTRACT

The Rietfontein kimberlite is an off-craton kimberlite pipe, located west of the Kaapvaal Craton
at26.75°S, 20.04 °E and hosts a range of xenocryst lithologies, including peridotite, eclogite and
a suite of megacryst minerals. This study focuses on a suite of eclogite xenoliths, which were
subject to a detailed petrographical and geochemical study, aimed at their characterisation and
comparison to eclogites from on-craton and other off-craton localities. Garnet, clinopyroxene,
accessory and secondary minerals were analysed for major element compositions using electron
microprobe techniques and garnet and clinopyroxene trace element compositions were
determined by Laser Ablation Inductively-Coupled-Plasma Mass Spectrometry (LA-ICP-MS)
techniques. Oxygen isotopic compositions of five garnet samples were obtained using laser

flourination techniques, followed by analysis by gas source mass spectrometry.

Three petrographically distinct eclogite groups can be identified viz. bimineralic, opx-bearing
and kyanite eclogites. The kyanite eclogites are markedly fresher than the bimineralic and opx-
bearing eclogites and contain fewer accessory and secondary minerals. Many of the bimineralic
and opx-bearing eclogites are highly altered, with orthopyroxene generally showing more
alteration than garnet or clinopyroxene. Triple junctions in many samples indicate good
equilibration. Accessory minerals in the eclogites include sulphides, ilmenite and rutile, whereas
micas and amphiboles are common secondary minerals. The accessory minerals occur mostly
interstitially, whereas the secondary minerals most commonly form alteration rims around the
primary minerals. One sample shows an excellent example of garnet exsolution from
clinopyroxene. Texturally, both Group I and Group II eclogites can be identified, although
Group II eclogites dominate the suite. The modal proportions of garnet:clinopyroxene in the
samples vary from 70:30 to 30:70, with an average ratio of 49:51, although small sample sizes
and large degrees of alteration often made estimates of modal proportions erroneous. Kyanite

and orthopyroxene both reach a maximum of 20 volume %.

The kyanite eclogites are geochemically distinct from the remaining eclogites with regards to
both major and trace element compositions. Garnets from the kyanite eclogites are richer in Ca
and are Cr-depleted relative to garnets from the bimineralic and opx-bearing eclogites, which
tend to be more magnesian. Clinopyroxenes from the kyanite eclogites are more sodic, with

higher Al,O, and lower MgO contents than the bimineralic and opx-bearing eclogites. The
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higher Na,O and lower MgO contents in clinopyroxenes from the kyanite eclogites result in
these eclogites being classified as Group B eclogites, whereas the bimineralic and opx-bearing
eclogites classify as Group A and Group B eclogites. Low Na,O, and K,O,,, concentrations
mean that the majority of the Rietfontein eclogites are also Group II eclogites. All primary
minerals are homogeneous, indicating compositional equilibrium within the samples. Garnets
from both the bimineralic and opx-bearing eclogites show smoothly varying REE patterns and
are relatively depleted in LREE, whereas clinopyroxenes show enrichment in LREE. Garnets
and clinopyroxenes from the kyanite eclogites have distinctly different patterns. Garnets exhibit
apositive Euanomaly and clinopyroxenes have an overall convex upwards REE pattern and both
are extremely depleted in LREE. Garnets from the kyanite eclogites have Sr, Sm and Nd
contents greater than the bimineralic and opx-bearing eclogites, whereas clinopyroxenes from
the kyanite eclogites have lower REE, Sc and Y abundances than the remaining eclogites.
Partitioning of trace elements between clinopyroxene and garnet in the Rietfontein eclogites is
shown to be primarily dependent on the Ca content of garnet, with the more Ca-rich garnets
having greatest REE concentrations. Whole-rock compositions of the eclogites have been
reconstructed from mineral compositions and are largely basaltic. The kyanite eclogites are
richer in Na and Al than the bimineralic and opx-bearing eclogites, which are more magnesian.
The kyanite eclogites exhibit compositional similarities to oceanic gabbros and most of the
eclogites show strong similarities to boninites. The kyanite eclogites show distinctly different
whole-rock REE patterns, with strong LREE depletion and positive Eu anomalies. The
bimineralic and opx-bearing eclogites exhibit a range of patterns, mostly flat or showing a
regular transition from relative LREE enrichment to relative HREE depletion. Oxygen isotope
compositions of garnets from the Rietfontein eclogites range from 5.16-6.84%o., which fall within

mantle defined 6'°0 values and provide no clear evidence of a crustal precursor.

The major element compositions of garnet, clinopyroxene and, in the case of the opx-bearing
eclogites, orthopyroxene, were used to calculate equilibration pressures and temperatures of the
Rietfontein eclogites. The results indicate derivation from mantle depths, with temperatures of
733-1000°C (Krogh, 1988) and pressures of 24-39kb (Brey & Kohler, 1990) having been
estimated. This large range in equilibration pressures and temperatures represents a significant
range in mantle stratigraphy and the higher average equilibration temperatures of the kyanite
eclogites provide evidence for derivation of these eclogites from greater depths than that of the

bimineralic and opx-bearing eclogites. Geotherms constructed from the temperature and
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pressure estimates of the opx-bearing eclogites yield heat flow approximations of 41-44mW.m~,

most similar to geotherms for established on-craton areas.

The unambiguous differences in composition and equilibration conditions between the kyanite
eclogites and the bimineralic/opx-bearing eclogites indicate that the Rietfontein eclogites
represent samples from two distinct ecldgite bodies situated at depth. A model is proposed
whereby all three groups of eclogites originate as unrelated remnants of oceanic crustal material,
with one body represented by the kyanite eclogites, the other by the bimineralic and opx-bearing
eclogites. Subduction of plagioclase-rich, basaltic oceanic crust to eclogite facies depths would
yield eclogites with compositional characteristics similar to those of the Rietfontein kyanite
eclogites, viz. positive Eu anomalies and Na- and Al-rich whole rock compositions. In contrast,
subduction, hydrothermal alteration and metamorphism to eclogite of an oceanic crustal section
consisting of basalt, gabbro and boninite is suggested to be the source of the Rietfontein
bimineralic and orthopyroxene-bearing eclogites. Underplating of the continental lithosphere
by these unrelated eclogite bodies would then allow the Rietfontein kimberlite to separately

sample each eclogite body as it ascended towards the surface.
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1. INTRODUCTION

1.1 Mantle samples

Crustal rocks, comprising igneous, sedimentary and metamorphic rocks, are commonly exposed
on the Earth’s surface, often in situ. The upper mantle is defined as the segment below the crust,
extending to depths of 660 km (Haggerty, 1995), and examples of mantle derived samples are
rarely, if ever, exposed in situ. For this reason, mantle xenoliths, together with other mantle
derived rocks, have long been a source of interest in geological studies. Harte & Hawkesworth
(1989) identified four major mantle domains, namely oceanic mantle lithosphere, continental
mantle lithosphere, convecting upper mantle and convecting lower mantle. Each domain may
provide material for magmatic rocks, thus providing us with samples of the upper mantle. The
convecting upper mantle comes to the surface at mid-ocean ridges (Harte & Hawkesworth, 1989)
and is thus sampled in the form of mid-ocean ridge basalts (MORB). Subduction of oceanic
lithosphere may result in this material accreting to the continental mantle lithosphere (Harte &
Hawkesworth, 1989). Oceanic and continental lithosphere can thus be intimately associated with

each other and are both sampled at the surface of the Earth.

Xenoliths represent fragments of country rock adjacent to magmatic intrusions. These fragments
are broken off and incorporated into the magma as it forces itself upwards through the mantle
and crust. Mantle xenoliths in kimberlites and alkali basalts, together with ophiolite complexes,
alpine peridotites and sea floor fault blocks, provide geologists with natural occurrences of upper
mantle rock types (Harte, 1983). Four main groups of mantle-derived xenoliths have been
recognised (Harte, 1983), namely peridotites and pyroxenites; eclogites; megacrysts or discrete
nodules; and glimmerites and MARID-suite (Mica-Amphibole-Rutile-Iimenite-Diopside)
xenoliths. Alkali basalts commonly contain xenoliths of high pressure partial melts (websterites,
wehrlites and pyroxenites but excluding eclogites), whereas peridotites, eclogites and dunites
are more common in kimberlites (Haggerty, 1995). Whereas kimberlites can occur in both on-
and off-craton settings, alkali basalts are mostly restricted to non-cratonic continental localities

(McDonough, 1994).
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1.2 The xenolith record in South Africa

South Africa has a large number of known kimberlite occurrences, both on and off the Kaapvaal
Craton (Dawson, 1989). As a result of these abundant kimberlite occurrences, mantle-derived
xenoliths are well sampled in southern Africa. Peridotite is the dominant xenolith observed at
most southern African kimberlite localities (Gurney et al., 1991). These peridotite xenoliths are
diverse, comprising granular and sheared varieties and various types of metasomatised peridotite
(Harte, 1983). Modal metasomatism is common in many South African peridotites and
pyroxenites, and may affect mineralogy and composition in the xenoliths. Eclogites are also
known to be widely distributed throughout South Africa (Rickwood et al., 1969) and pyroxenites
are best represented at Matsoku, where most are coarse grained, but some are occasionally
deformed and metasomatised (Gurney et al., 1991). Although megacrysts are common in a
number of Southern African kimberlites, such as Monastery, Frank Smith, Kimberley, Orapa and
Jagersfontein (Gurney et al., 1991), Cr-rich megacrysts are rare. A number of MARID xenoliths
have also been recorded from the Kimberley kimberlite pipes (Erlank et al., 1987). Many South
African kimberlite pipes are diamondiferous, and these diamonds are occasionally xenolith
hosted. Diamonds, when enclosed in xenoliths, are predominantly found within eclogites and
peridotites (Kirkley ef al., 1991), with eclogite the most common xenolith host, and garnet

harzburgite the most common peridotitic host (Gurney, 1989).

Whereas many southern African kimberlites are located within the confines of the Kaapvaal
Craton (approximately 770 - Gurney et al., 1991), and have been intensively studied, many off-
craton kimberlites have been noted, which also frequently contain mantle derived xenoliths.
Studies of off-craton peridotites (Mitchell, 1984) have indicated that such mantle derived
xenoliths originate, on average, at shallower depths than those from on-craton kimberlites of the
Kaapvaal Craton. The greater depth of origin for high temperature peridotites within the craton
margins, as opposed to those from outside the craton, suggests a deeper lithosphere in cratonic
regions (MacGregor, 1975; Boyd & Gurney, 1986). Some differences can be noted between on-
and off-craton peridotites, such as a higher enstatite Al content in orthopyroxene from off-craton
garnet peridotites, when compared to on-craton peridotites (Gurney & Harte, 1980). Pearson et
al. (1994) note that off-craton peridotites from Namibia have higher average diopside contents
and lower Mg#’s than on-craton peridotites from Siberia. One of the most notable differences

between on- and off-craton kimberlite localities, and their xenoliths, is the essential confinement
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of diamondiferous kimberlites to the Kaapvaal Craton (Gurney, 1990). The barren nature of off-
craton kimberlites is considered to be a consequence of derivation from shallower depths than
on-craton kimberlites (Nixon, 1980). Heat flow is lowest in Archaean cratons, such as the
Kaapvaal Craton, and increases away from the craton in the surrounding Proterozoic mobile
belts (Nyblade and Pollack, 1993). One possible explanation for heat flow differences is the
reduced lithospheric thickness below off-craton areas (Boyd & Gurney, 1986), which means that
the asthenosphere is closer to the surface than it is beneath the craton. The position of
Rietfontein in an off-craton mobile belt could suggest a shallower kimberlitic origin (considering

previous studies), and a higher heat flow could be expected in the region.

1.3 Eclogite in the mantle

What is an eclogite?

The term “eclogite” was first applied to a metamorphic rock found in Bavaria, consisting of
green omphacite and pink pyrope, by Hatiy (1822). The discovery of eclogites as inclusions
in kimberlites resulted in notable differences being observed between the metamorphic
eclogites and kimberlitic eclogites, and it was suggested that the term “griquaites” be applied
to the kimberlitic eclogites (Beck, 1899). This term was never really globally accepted
(Dawson, 1980), and currently, eclogite as a petrographic rock name is restricted to rocks of
broadly basaltic composition which lack primary plagioclase and have a predominant (>70
volume %) assemblage of garnet and jadeite-bearing clinopyroxene (Carswell, 1990).
Numerous other anhydrous minerals have been observed as accessory minerals in eclogites,
with quartz, kyanite, orthopyroxene and rutile being among the most common. Eclogites can
be found in a number of geological settings, from high-pressure, high-temperature xenolith
inclusions in kimberlites and other alkali magmas, to metamorphic eclogites found in

gneissic terrains or alpine-type metamorphic rocks (Carswell et al., 1965).

It has already been mentioned that coarse peridotite is the most frequently recorded mantle
xenolith retrieved from kimberlite pipes. However, at select southern African kimberlite
localities, eclogites are seen to dominate the xenolith suite. Such localities include Roberts
Victor, Newlands and Bellsbank. Rietfontein is an off-craton kimberlite possessing a significant
proportion of eclogite xenoliths. Despite the dominance of eclogites at Roberts Victor, the upper
mantle at this locality, as represented by the kimberlite concentrate, is 85 volume % garnet

peridotite, and the amount of eclogite in the upper 200km of subcontinental upper mantle is
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estimated to be <1 volume % overall (Schulze, 1989). Previous estimates of the eclogite
component at Roberts Victor ranged from 80% (MacGregor & Carter, 1970) to more than 98%
(Hatton, 1978). The overall greater proportion of peridotite has led to the conclusion that
peridotite is the most important, and volumetrically the greatest upper mantle constituent, but
locally significant concentrations of eclogite do occur (Schulze, 1989). An eclogite dominated
xenolith suite may result from structural weakening and subsequent disaggregation of peridotite

xenoliths after metasomatism.

Abundant eclogite xenoliths have been noted in kimberlites off the Kaapvaal Craton, and along
the craton margins (eg. Robey, 1981; Pearson et al., 1995). A number of differences can be
noted between on- and off-craton eclogite xenoliths. Robey (1981) believed the off-craton
eclogites of the Central Cape Province to be fragments of Namaqua-Natal metamorphic rocks,
and consequently proposed a crustal origin. Eclogites from off-craton localities are commonly
associated with mafic garnet granulites, which are generally uncommon in on-craton kimberlites
(Griffin et al., 1979). Off-craton eclogites have been observed to be finer-grained and more
granuloblastic than on-craton eclogites and the equilibration pressures of 10-23 kb (Robey, 1981)
are much lower than those for many on-craton eclogites, where the presence of diamond can
indicate minimum equilibration pressures of 45 kb (Gurney et al., 1991). Equilibration
temperatures for off-craton eclogites from the Cape Province were found to overlap completely
with equilibration temperatures from on-craton eclogites (Pearson et al., 1995), with most

temperatures being greater than 930°C.

The proposed origin of eclogites as metamorphosed subducted oceanic crust (eg. Helmstaedt
& Doig, 1975; MacGregor & Manton, 1986), together with the presentation of data (Ireland ef
al., 1994) suggesting a link between eclogites derived from the deep lithosphere of an Archaean
craton (greater than 150 km) and the crustal rocks (most notably tonalites, trondhjemites and
granodiorites) of that craton, provides direct evidence of crust-mantle interactions and makes
eclogite an important indicator of such relationships. The occurrence of deep subduction
processes during the Archaean has been indicated by eclogites of mid-Archaean age that appear
to be high-pressure melting residues of subducted oceanic crust (Pearson et al.,, 1994).
MacGregor (1975) believes that the Cretaceous lithosphere is thickest below Kimberley and

thins to the east and west, a theory which was subsequently agreed upon by a number of authors,
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including Boyd & Gurney (1986), who suggest a cratonic lithospheric thickness of 150-200km.

Whereas the cratonic lithosphere is peridotite-rich, eclogite plays an important role in its
structure, and age relationships between eclogites and peridotites suggest that the pre-existing
peridotitic keel of the Kaapvaal Craton may have been periodically underplated by
diamondiferous eclogite (Gurney, 1990). Processes resulting in the growth of continental
lithosphere are uncertain, but the addition of new mantle material and recycling of crustal
material back into the mantle can all contribute to the growth and modification of the lower

cratonic lithosphere (Harte & Hawkesworth, 1989).

1.4 Project aims and relevance of the Rietfontein eclogite suite

Eclogite studies over the years have concentrated mainly on the better known on-craton eclogite
suites, and, to a certain extent, off-craton eclogites have been neglected. As a result, far more
is known about the lithospheric structure, crust-mantle interactions and the nature of the mantle
under cratonic areas. Rietfontein is an off-craton kimberlite locality with a well represented
xenolith suite. A comprehensive study of such an off-craton suite can substantially improve our
knowledge of crust-mantle interactions, and the structure and nature of the lithosphere in these

lesser studied areas. The aims of this study of the Rietfontein eclogites are thus as follows:

. to petrographically characterise the Rietfontein eclogite suite,

. to investigate the major and trace element compositions of the eclogites,

. to compositionally characterise petrographic groupings within the eclogite suite,
. to compare the Rietfontein eclogites to other off- and on-craton eclogites, and to

note any similarities or differences,
. to determine the temperatures (and, where possible) pressures of equilibration of

the Rietfontein eclogites,

. to investigate the thermal structure of the lithosphere surrounding Rietfontein,
. to reconstruct, and characterise the whole-rock compositions of the eclogite suite,
. to record the oxygen isotope characteristics of the eclogites,

. to determine whether the eclogites are crustal or mantle derived, and

. to determine which petrogenetic model best fits the characteristics expressed by

the Rietfontein eclogites.
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2. THE RIETFONTEIN KIMBERLITE

2.1 The Rietfontein kimberlite and associated xenoliths

Rietfontein is an off-craton locality, situated west of the Kaapvaal Craton. Its occurrence was
first noted in 1913 (Wagner, 1914) and it is located close to the present day Namibia-South
Africa border, at 26.75°S, 20.04°E (Figure 2.1). The pipe was initially believed to be
diamondiferous (Gurney et al., 1971), but this impression was later found to be incorrect
(Dawson, 1989) and the pipe is, in fact, barren. The non-diamondiferous nature of this off-
craton kimberlite is consistent with the confinement of most diamondiferous kimberlites to
cratonic regions (Gurney, 1990). The Rietfontein kimberlite pipe has a surface area of
approximately 2 hectares and a kimberlite dyke, extending almost 1.5km in a north-easterly
direction, is associated with the pipe. U-Pb dating of zircons derived from the Rietfontein

kimberlite yielded an age of 71.9 Ma, whereas a repeat analysis yielded an age of 71.1 Ma

(Davis, 1977).

Rietfontein o Cw -

NIl

Cape Town «/
k‘lﬁ T

Figure 2.1 Locality of the Rietfontein kimberlite, relative to the Kaapvaal

Craton (outlined).
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The Rietfontein kimberlite

The Rietfontein kimberlite consists of macrocrysts and country rock xenoliths set in a fine-
grained, phlogopite-bearing matrix. Olivine is the most abundant macrocryst but chrome-
diopside, enstatite, phlogopite and garnet are also visible. These macrocrysts reach a maximum
size of approximately 3 mm, and are mostly rounded. The olivine macrocrysts are highly
fractured, with serpentinised rims, although occasionally entire grains have been serpentinised.
Oxide minerals are sparsely scattered throughout the fine-grained groundmass. Phlogopite is
common within the groundmass but is not abundant enough to classify the kimberlite as a Group
IT variety. The kimberlite is thus a Group I kimberlite, after the classification of Smith (1983),

having initially been described as a “basaltic” (non-micaceous) kimberlite (Gurney et al., 1971).

Eclogites, including orthopyroxene-bearing and kyanite eclogites, are common xenoliths found
within the Rietfontein kimberlite, but peridotites and pyroxenites are also present. The xenolith
suite is thus diverse, covering a large range of mantle lithologies. Kyanite, garnet, pyroxenes,
ilmenite, rutile, olivine, zircon and pyrite occur in the heavy mineral concentrate (Gurney et al.,
1971). Very few studies have been carried out on the Rietfontein kimberlite. Petrographic and
major element characteristics of kyanite eclogites from the xenolith suite were recorded by
Gurney et al. (1971) and the hydroxyl and major element composition of garnets from

Rietfontein eclogites were analysed by Bell & Rossman (1992).

2.2 Tectonic setting

Crustal evolution in southern Africa has been complex, and can be traced back to approximately
3.8Ga (Tankard et al., 1982). A number of crustal evolutionary stages are represented by
southern African geology and these form a well-defined sequence of events. A brief overview
of these stages yields the following basic history. A period of Archaean crustal development
gave rise to a number of crystalline massifs, namely the Kaapvaal, Limpopo and Zimbabwe
provinces. During the early Proterozoic this basement was buried beneath mostly sedimentary
cover, broken by basic magma intrusions forming the Bushveld Igneous Complex and the Great
Dyke. In the southern and western parts of the subcontinent a number of Proterozoic orogens
had their basement and supracrustal cover tectonically reworked. Accumulation of geosynclinal
deposits and emplacement of granitoid intrusions by partial melting of older crust also occurred
during this period. Aborted rifting and continental sedimentation mark the Paleozoic Gondwana

Era and eventual Mesozoic fragmentation of Gondwana was preceded by continental rift
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volcanism, together with the injection of kimberlites, carbonatites and other alkaline intrusions.
Sedimentation during this period was limited to the subcontinental margins and depressed

interior regions (Tankard et al., 1982).

The Kaapvaal Craton forms the nucleus of South African geology and was established over a
period of approximately 1Ga (3.7-2.6Ga; de Wit et al., 1992). Early continental nuclei, from
which the Kaapvaal Craton could have developed, may have originated through regional intra-
oceanic obduction, giving rise to stacking, tectonic loading and subsidence of the hydrated
oceanic thrust stacks (de Wit ef al., 1992). Basement rocks within the Kaapvaal Craton consist
of granitoids and gneisses (both massive and folded), together with deformed relicts of basic and
ultrabasic volcanic and sedimentary sequences (Tankard et al., 1982). Crustal amalgamation
within the craton at 3.2Ga (de Wit et al., 1992) was followed by the accumulation of the
epicontinental Pongola Supergroup - evidence of cratonisation within the Kaapvaal Province
(Tankard et al., 1982). A wide orogenic belt formed along the northern margin of the craton as
a result of northwards thrusting during an extended period of tectonic accretion of oceanic and

continental fragments (de Wit et al., 1992).

Proterozoic mobile belts bound the Kaapvaal Craton to the south and west. Intense orogenic
activity in the southern and western parts of the subcontinent gave rise to these Proterozoic
mobile belts (Tankard et al., 1982). The Namaqua-Natal belt is one such belt, bounding the
Kaapvaal Craton to the west and south (Figure 2.2). The Namaqua (western) part of this belt
can be divided into three parts, namely the Gordonia, Richtersveld and Bushmanland
Subprovinces (Hartnady et al., 1985), which are thought to have accreted to the African
continent as a unit approximately 1400-1200Ma ago (Joubert, 1986). This mobile belt extends
around into Namibia, where no Archaean continental crust has yet been identified (Reid et al.,
1997), resulting in the description of such areas as “off-craton”. The Namaqua Province may
represent the deeply eroded infrastructure in the over-riding plate of a cordilleran-type
orogeny incorporating the successively accreted Gordonia and Bushmanland Subprovinces
(Stowe, 1986). The north-eastern contact zone between the Namaqua belt and the Rehoboth
Subprovince is known as the “Namaqua Front” and was activated at a late stage as a zone of
transcurrent shearing, granite intrusion and uplift (Stowe, 1983). The Richtersveld Subprovince

is suggested to have formed between 2.0-1.9Ga as an island-arc complex that was later
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Figure 2.2 Tectonic provinces and subprovinces (S.P.) of southern Africa (after Hartnady
et al., 1985). The Rietfontein kimberlite (R.K.) is seen to be located within the Rehoboth
Subprovince, west of the Kaapvaal Craton.

mobilized at depth along an active continental margin (Hartnady et al., 1985). The Gordonia
Subprovince was initially a zone of convergent thrusting and folding, followed by
metamorphism and retrograde shearing at around 1.2Ga and 1.1Garespectively (Hartnady et al.,

1985). These subprovinces were later fused to the Kaapvaal provinces by cratonization.

The Kheis Subprovince is located directly west of the Kaapvaal Craton (Figure 2.2). The
northern extension of this subprovince is not known, due to burial beneath Kalahari and Karoo
cover (Stowe, 1986). It developed in a 2.0Ga quartzite-phyllite and amphibolite sequence, and
is a thin-skinned fold and thrust belt (Hartnady ef al., 1985), which was joined to the Kaapvaal
Craton approximately 1900Ma ago (Stowe, 1983). The Kheis Subprovince is underlain by
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continental basement on the east side and may have been the margin of a large orogenic belt
which evolved between 2100-1360Ma ago (Stowe, 1983). Excessive thrusting within the Kheis
Subprovince has produced a tectono-stratigraphic succession consisting of five major thrust
sheets (Hartnady et al., 1985). Directly west of the Kheis Subprovince is the Rehoboth
Subprovince. Very little is known about this subprovince as it is almost entirely covered by
relatively undeformed cover sequences (Hartnady et al., 1985). As a result, the basement
composition of this area is unknown. It may consist of early Proterozoic material or could be
a deep sedimentary basin into which thick strata (8km) of Nama Group sediments were
deposited (C.W.Stowe, personal communication). It is within this puzzling, off-craton area that

the Rietfontein kimberlite is located (Figure 2.2).

2.3 Regional geology

As mentioned in Section 2.2, the Rietfontein kimberlite is intruded through rocks and
supracrustal cover comprising the Rehoboth Subprovince. Whilst little is known about the
basement rocks in this area, including their origin or ages, outcrops of Nama Group and Karoo
sediments are visible. Outcrops of Dwyka tillite, a glacial diamictite deposited between 300-
350Ma, occur and over much of the Karoo basin this Dwyka rests unconformably on rocks of
early Paleozoic to Precambrian age (Tankard et al., 1982). Sedimentation of the Ecca and
Beaufort Groups of the Karoo sediments was dominated by fluvial and shoal-water deltaic
environments (Tankard et al., 1982). Beneath the Karoo sediments, lie sediments of the Nama
Group. These strata cover an extensive area in the southern and central portions of Namibia and
adjacent areas of South Africa and formed at the end of a major geotectonic cycle (Germs,
1983). The Nama Group consists of a mostly marine, carbonate and siliciclastic lower part
(Kuibis and Schwarzrand Subgroups) and a fluvial upper part (the Fish River Subgroup) (Germs,
1983). Nama Group sediments are older than 510Ma, and were deposited in a broad basin
fringed in the north and west by the Damara and Gariep geosynclines during the last stages of
orogeny (Tankard et al., 1982). Nama sediments generally lic unconformably over crystalline
Kalahari basement, although they may rest conformably or paraconformably on the uppermost
Gariep strata (Tankard et al., 1982). These two groups of sediments are the only two groups
outcropping in the Rehoboth Subprovince in the vicinity of the Rietfontein kimberlite and, as

a result, it is impossible to predict the basement rock composition in the area.
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3. PETROGRAPHY

3.1 Introduction

Forty-six eclogite xenoliths collected from the Rietfontein kimberlite have been examined in this
study. Most samples were between 1 and Scm in diameter but two, CMA 1 and JIG 2104, were
approximately 6 and 10cm in diameter respectively. The larger samples are all rounded and
spheroid in shape, whereas the smaller samples exhibit more angular and irregular shapes. This
is most likely due to the fact that these smaller eclogites are not complete samples, but represent
fragments that have broken off larger samples. On the basis of petrography, three types of

Rietfontein eclogites have been identified, namely:

. bimineralic eclogites
. kyanite eclogites
. orthopyroxene-bearing eclogites (i.e. websterites).

Whereas olivine-bearing mantle xenoliths have been comprehensively classified on a textural
basis (eg. Harte, 1977), only one scheme exists for the textural classification of eclogites, and
descriptions of eclogites refer mainly to relative grain sizes within a sample, for example
“equigranular”. Over the years a number of classification schemes have been developed and
used to identify different groups of eclogites. One of these is based purely on textural features -
that of MacGregor & Carter (1970). Following this scheme, Group I eclogites contain coarse-
grained, subhedral to rounded garnets set in a matrix of anhedral to interstitial clinopyroxene.
Group Il eclogites contain irregular, anhedral garnet and clinopyroxene grains that together have
a tightly interlocking fabric. Group I garnets are cloudy relative to Group II garnets which are
generally clear and unaltered. Group II clinopyroxenes tend to be significantly less altered than
those of Group I eclogites. Other textural eclogite descriptions include “cumulate” eclogites,
which correspond to MacGregor and Carter’s (1970) Group I eclogites, whereas an interlocking
fabric relates to Group II eclogites (Dawson, 1980). Group II eclogites are also accepted as
having a metamorphic granoblastic texture, where straight grain boundaries and triple junctions
are common. To compensate for a lack of textural eclogite classifications, authors often describe
textures in their own unique manner, for example, Griffin e al. (1990) describe eclogites from

the Eastern Margin of the Australian Craton as having a “fish-net” texture.
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Textural variations within eclogites can be recognised on the basis of (a) fabric differences due
to the presence or absence of mineral banding, (b) differences in the proportions and colours of
the primary minerals garnet and clinopyroxene, (c) textural variations as a result of metasomatic
alteration and (d) the presence of distinctive accessory minerals such as kyanite and diamond
(Dawson, 1980; Dawson & Carswell, 1990). Layering is common in eclogite xenoliths and may
take the form of mineral layering (such as interbanding of bimineralic eclogite and kyanite
eclogite) or textural layering, where, for example “cumulate-textured” eclogite may grade into
eclogite with an interlocking fabric (Lappin & Dawson, 1975). A large number of accessory
minerals have been observed in eclogites and may be used to characterise eclogite groups. They
include quartz and its high-pressure polymorph coesite, plagioclase, sanidine, orthopyroxene,
olivine, amphibole, kyanite, sillimanite, corundum, phlogopite, rutile, ilmenite, sulphides

(commonly pyrrhotite and pyrite), diamond and graphite (Dawson, 1980).

A number of difficulties arose when attempting to apply the MacGregor & Carter (1970)
classification scheme to the Rietfontein eclogites. The first problem was that many of the
samples are too small, and the grains sometimes too large for one to obtain an objective view of
the texture. The second problem relates to the alteration observed in many samples, which often
resulted in distortion of grain boundaries, hence making classification according to the
MacGregor & Carter (1970) classification difficult. These same problems also made
approximations of modal proportions difficult. Where possible then, the Rietfontein eclogites
were classified according to the MacGregor & Carter (1970) scheme and modal proportions were
visually estimated as volume percentages (Table 3.1). A general discussion of the salient
features of the Rietfontein eclogites follows, whereas detailed descriptions for individual

samples can be found in Appendix II.

3.2 Petrographic descriptions

3.2.1. Bimineralic eclogites

The bimineralic eclogites contain garnet and clinopyroxene as the primary mineral
phases, and account for the majority (76%) of eclogite samples recovered from Rietfontein. Just
over half (54%) the bimineralic eclogites can be classified as Group II eclogites but following

the discussion in the introduction, the Rietfontein eclogites will be grouped on the basis of their
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Table 3.1 Modal proportions (volume %) of the major and accessory minerals of the Rietfontein

eclogites. Proportions determined visually to the nearest 5 %, point counting was not undertaken.
Where possible, groups have been assigned according to the scheme of MacGregor & Carter (1970).

Group | Garnet Cpx Opx Kyanite Ilmenite Rutile Sulphides Amphibole
JJG 105 I 60 40 <<1
Rtfn 48-2 I 50 50
Rtfn 55-1 I 60 40
Rtfn 55-2 I 80 20
CMA7 I 50 50 <<
CMA 9 1 70 30 <<]
JJG 2104 I 20 60 20
PC3 11 60 40 <<1
PC5.2/2 I 40 60
PC12 II 30 70
Rtfn 31-2 I 50 50
Rtfn 31-3 I 45 55 <<1 <<1
Rtfn 43-1 I 60 40 <<1 <<1
Rtfn 43-9 I 40 60
Rtfn 48-1 II 55 45 <<
Rtfn 54-1 1I 60 30 10
Rtfn 54-2 I 30 60 10 <<l
Rtfn 54-3 II 45 45 10
Rtfn 54-4 II 30 60 10 <<1 <<1
Rtfn 55-4 I 30 70
Rtfn 56-1 I 58 37 5
Rtfn 57-1 II 50 50
Rtfn 57-2 I 40 60
Rtfn 57-3 Il 50 50 <<1
CMA 1 I 30 70 <1
CMA?2 II 40 60 <<1
CMA3 II 30 50 20
CMA 6 11 35 65
CMAS8 II 50 50 <<1
CMA 12 II 45 45 10
CMA13 II 35 60 5 <<]
CMA 15 I 40 60 <<1
CMA 17 11 70 30
CMA 18 11 60 40
PC1 70 30
PC5.2/1 65 35 <<l
Rtfn 31-1 45 55 <<1 <<1
Rtfn 43-10 45 55
Rtfn 43-7 40 60 <<l
Rtfn 55-3 50 50
CMA 4 40 60
CMAS 50 50
CMA 10 50 50 <<] <<]
CMA 11 60 35 5
CMA 14 40 60 <<1 <<1
CMA 16 50 50 <<1
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primary mineralogy. The garnet:clinopyroxene modal proportions in these samples ranges from
30:70 to 80:20, with an average ratio of 50:50. Some of the samples consist of almost entirely
garnet, or in one case, clinopyroxene, with only a few discrete grains of clinopyroxene or garnet
respectively. These samples are all small (approximately 1-1.5c¢m in diameter) so it is possible
that they are merely fragments of larger specimens, and thus not representative of the modal
proportions as a whole. Garnets in the bimineralic eclogites show varying colours, from orange,
to a darker brown-orange through to purple. Clinopyroxenes occur in various shades of green,
from light green to a darker emerald green. Garnets show a large range in size, from 1mm grains
to the largest grains which reach approximately 1.5¢m in diameter. Clinopyroxenes tend to be
smaller than the garnet grains, varying in diameter from 0.5mm - 1cm. Whereas some samples
are equigranular, others show bimodal grain size groupings (Plate 3.1). Fine grained alteration
material (mostly micas and amphiboles) is common along the grain boundaries and fractures
within the mineral grains. Replacement of garnet and pyroxenes by metasomatic mica and
amphibole is a common feature in eclogites (Dawson & Carswell, 1990) and is seen to have
occurred in some of the bimineralic Rietfontein eclogites. Garnet and clinopyroxene occur both
as fresh and altered (cloudy) grains, however, in any given sample the garnet generally has a
fresher appearance than the clinopyroxene. Kelyphite rims around garnets are visible in some
samples, and some clinopyroxenes show “spongy” rims, which are composed of very fine
grained, disseminated material, probably clinopyroxene (Plate 3.2). These spongy rims follow
the outline of the clinopyroxene grains and fresh clinopyroxene cores grade progressively into

the altered rims.

Clinopyroxene commonly exhibits strain in the form of undulose extinction, and triple junctions
are common in samples containing cumulus clinopyroxene. The minerals commonly show
extensive fracturing and embayed grains are not unusual. Both curved and straight grain
boundaries occur. Veins containing rounded vesicles of carbonate material are observable in
many samples. Similar veins have been attributed to decompression melting during rapid ascent
within the kimberlite (Dawson & Carswell, 1990). Garnets in four eclogites contain microscopic

inclusions of rutile needles, which are randomly orientated (Plate 3.3).
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Petrography

Accessory minerals in the Rietfontein bimineralic eclogites include sulphides (pyrite and
chalcopyrite), rutile and ilmenite, whereas secondary minerals comprise phlogopite and
amphibole (actinolite, edenite and hornblende). Most of the eclogites contain at least one
accessory mineral, and very few are fresh enough to contain no secondary minerals. The
amphiboles occur as fine grained, irregular laths and subhedral grains with a pleiochroic green
colour (Plate 3.2), although a few larger, continuous plates are occasionally observed. The
phlogopite and amphibole both occur in the form of fine grained, disseminated plates, rimming
garnet and pyroxene grains. Such phlogopite rims surrounding garets have been described as
secondary (Carswell, 1970) and may have a number of origins. MacGregor & Manton (1986)
believe that such secondary phases are an integral part of the eclogite bulk chemistry, whereas
others (eg. Caporuscio & Smyth, 1987) believe that they were introduced by external
metasomatising fluids. Jerde et al. (1993a) believe secondary phases such as serpentine,
phlogopite, ilmenite and amphibole to be alteration products of high pressure-temperature
assemblages. Whereas phlogopite and amphibole are secondary minerals, it is difficult to say
whether the oxide and sulphide minerals are primary or secondary, due to their common
occurrence in areas of alteration. Rutile and ilmenite most commonly take the form of interstitial
blebs, and sulphides also occur interstitially, although a few inclusions within garnet were
observed. The sulphides are often heterogeneous, showing distinctly different core and rim
compositions, and even different compositions within the core itself (Plate 3.4 ). Such zoning
and intergrowth of different sulphide minerals may indicate unmixing from a higher temperature
monosulphide solid solution. Many of the eclogites exhibit alteration to varying degrees, and
much of this appears to be a direct result of entrainment within the kimberlite, with minerals
such as calcite, serpentine, micas, chlorite, and brucite developing as a consequence of this
interaction. These minerals appear mostly in large patches, and occasionally in veins, between
the garnet and clinopyroxene grains and exhibit a texture very similar to that shown by

kimberlites.

One sample shows the unusual textural feature of garnet exsolution within clinopyroxene (Plate
3.5). These exsolution lamellae are approximately 0.25 to 0.5mm in diameter and reach lengths
of 1 to 1.5cm. The garnet lamellae are fresh, and up to 4 or 5 lamellae can occur in a single,

optically continuous clinopyroxene grain. Exsolution of garnet from clinopyroxene in eclogites
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Petrography
has been described by Harte & Gurney (1975), Smyth ez al. (1989) and Jerde et al. (1993) and

1s commonly attributed to cooling of a sample from near-solidus conditions to normal mantle
lithosphere temperatures (Harte & Gurney, 1975). This particular sample (CMA 1) also shows
fresh, rounded granular garnets, up to 2mm in diameter, forming an interlocking texture with the

clinopyroxene grains (Plate 3.6).

3.2.2 Kyanite eclogites

Five kyanite eclogites have been described in this study and all can be classified as Group
IT eclogites (Table 3.1). The samples are all relatively fresh, showing very little sign of
alteration relative to the bimineralic and orthopyroxene-bearing eclogites (Plate 3.7). Garnet,
clinopyroxene and kyanite are all equigranular, with an average grain diameter of 1.5 - 2mm.
Garnets are orange in colour, clinopyroxenes are pale green and kyanite shows a distinctive pale
blue colour. The kyanite grains are mostly euhedral, sometimes rounded, and simple twinning
is common. Triple junctions among the three phases are common, indicating that the minerals
are well equilibrated. Garnet grain shapes are variable, ranging from rounded, to euhedral, to
irregular, and some contain inclusions of clinopyroxene. Clinopyroxene tends to be irregularly
shaped, fractured and shows slight alteration along the rims of the grains, similar to the spongy
rims described in the bimineralic eclogites. Such altered rims are commonly attributed to
metasomatic processes (Taylor & Neal, 1989). Serpentinization is common along fractures and
both curved and straight grain boundaries occur between the primary minerals. Accessory
minerals are scarce, with only interstitial rutile (present in two samples) and pyrite (present in
one sample) having been identified. The modal abundance of kyanite in these rocks ranges

between 5 and 20 volume % (7able 3.1).

3.2.3 Orthopyroxene-bearing eclogites

Six of the Rietfontein eclogites were found to contain orthopyroxene and, due to the
relatively low modal proportions of orthopyroxene in these rocks (from less than 5% to a
maximum of 20%; Table 3.1),these eclogites are referred to as orthopyroxene-bearing eclogites,
rather than garnet websterites. A garnet websterite will consist of primary clinopyroxene and
orthopyroxene with accessory garnet. However, the Rietfontein orthopyroxene-bearing eclogites

consist of primary garnet and clinopyroxene with mostly accessory orthopyroxene. It will also
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be seen in this chapter, and in subsequent chapters, that there are neither petrological nor
compositional factors distinguishing the orthopyroxene-bearing eclogites from the bimineralic
eclogites. For these reasons, the term “orthopyroxene-bearing eclogite” has been favoured over

the term “garnet websterite”.

Although some of the orthopyroxene-bearing samples are identifiable as Group II eclogites, it
1s difficult to group others into MacGregor & Carter’s (1970) classification scheme, due mainly
to the degree of alteration. Garnet is consistently the freshest mineral and orthopyroxene the
most altered. The eclogites are medium to coarse grained, with garnet grains reaching a
maximum diameter of 1cm. Garnets show a colour range of dark orange to rose pink, whereas
clinopyroxenes are all dark to emerald green in colour. Subhedral, rounded and irregular garnet
and clinopyroxene grain shapes can be observed. Serpentinization is common along fractures
and grain boundaries. Triple junctions indicate equilibration within the samples (Plate 3.8) and
form the basis of the classification as Group II eclogites. Embayed edges are also a feature of
some of the clinopyroxenes, as is replacement of clinopyroxene by secondary minerals, such as
serpentine. Clinopyroxene in some of these orthopyroxene-bearing samples exhibit “spongy”
rims and decompression melting veins occasionally occur, as described for the bimineralic
eclogites. Orthopyroxene in most of the samples is highly altered along fractures and grain
boundaries, having been replaced by a dark reddish-brown mineral, similar in appearance to the
kelyphite rims often found around garnets, although fresh cores of orthopyroxene still remain
in most cases. This high degree of alteration makes it difficult to petrographically distinguish
the original grain outlines. Pyrite is present as an interstitial accessory mineral in one sample
and accessory rutile is the only oxide mineral observed. Fine grained, pleiochroic green
amphibole is found rimming the primary mineral grains, and in alteration veins running through

the samples.

3.3 Discussion

Despite the small sample size of most of the Rietfontein eclogites, many samples can still be
identified (on a textural basis) as Group I or Group II eclogites, based on the classification
scheme of MacGregor & Carter (1970). However, some samples were too small, or too coarse-

grained, to confidently be classified according to this scheme. Group II eclogites are the
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dominant variety at Rietfontein, accounting for 61% of the sampled suite, whereas Group I
eclogites account for 13% of the samples. The remaining 26% of the suite were not classified,
due to the small sample size, coarse grain size or degree of alteration. The compositional
classification of the eclogites as Group I or Group II eclogites, following McCandless & Gurney
(1989), will be discussed in Chapter 4. Since not all samples could be classified according to
the MacGregor & Carter (1970) scheme, the eclogites will be classified as either bimineralic,
orthopyroxene-bearing, or kyanite eclogites. All of the Rietfontein eclogite groups contain
accessory minerals, although secondary minerals such as phlogopite and amphibole are not

found in the kyanite eclogites.

Petrographically, very few differences seem to exist between on-craton and off-craton eclogites.
Textures are often very similar, and the same accessory minerals are found in both on- and off-
craton eclogites. Lower crustal eclogites from Australia (Griffin & O’Reilly, 1986) and Cape
Province off-craton eclogites (Robey, 1981; Pearson et al., 1995) are commonly associated with
granulites and garnet pyroxenites, whereas on-craton localities are dominated by mantle
peridotite samples. Other xenoliths reported from Rietfontein include peridotite and pyroxenite
(Gurney et al., 1971), suggesting that the xenolith suite is dominantly a mantle-derived suite,
similar to on-craton localities, and lacking the lower crustal xenoliths such as granulites found

in Cape Province off-craton localities.

The Rietfontein eclogites show similarities to both on- and off-craton localities. Granoblastic
grain boundaries and triple junctions are common in lower crustal eclogites from Australia
(Griffin & O’Reilly, 1986) and South African on-craton localities such as Bellsbank (Taylor &
Neal, 1989). None of the Rietfontein eclogites show any sign of foliation or layering however,
despite these features commonly being observed in eclogites (Dawson, 1980; Dawson &
Carswell, 1990). Again, this may be a direct consequence of the small sample sizes. Spongy
reaction rims around clinopyroxene grains are commonly reported from off-craton (Robey, 1981;
Pearson et al., 1995) and on-craton (Taylor & Neal, 1989; Beard et al., 1996; Snyder et al.,
1997) eclogites and are commonly attributed to metasomatism, as are the frequently observed
rims of secondary mica and amphibole around garnet grains (Taylor & Neal, 1989). Pearson et

al. (1995) report aggregates of exsolved clinopyroxene from Cape Province off-craton eclogites,
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which is not reported in the literature for on-craton eclogites. Corundum has been found in
eclogites from a number of on-craton localities (Ater ez al., 1984; Taylor & Neal, 1989; Viljoen,

1994) but is not observed in the Rietfontein eclogites.

Some textural differences can be observed between the Rietfontein eclogites and other off-craton
localities. Kyanite in the Rietfontein kyanite eclogites always forms an interlocking textural
arrangement with the garnet and clinopyroxene. Robey (1981) describes kyanite from the Cape
Province eclogites as inclusions in garnet and clinopyroxene, acicular intergrowths with quartz,
and as needle-like laths defining a foliation. Orthopyroxene from the Rietfontein eclogites is
often altered, and is clearly different to the relict orthopyroxene and “wormy” trails of
orthopyroxene found within clinopyroxene from other off-craton eclogites, such as the Cape
Province suite (Robey, 1981). Pearson et al. (1995) describe mineral banding, randomly
oriented kyanite tablets and symplectite-like re-growths on clinopyroxene in eclogites from off-
craton localities (eg. Kalkput, Lovedale, Abrahamskraal and Pampoenpoort) around the
Kaapvaal Craton. The secondary amphibole reported in Cape Province eclogites by Robey
(1981) is interpreted to be of a retrograde origin during hydration of the rocks prior to
entrainment by the kimberlite. This type of amphibole is also observed in the Rietfontein

eclogites and is interpreted to have formed due to similar metasomatic processes.

The Rietfontein eclogites show textures indicative of equilibrated rocks. Triple junctions are
identifiable in many of the samples, together with straight grain boundaries. These triple
junctions can be observed in all three groups of eclogite, viz bimineralic, orthopyroxene and
kyanite eclogites. Triple junctions are representative of a metamorphic recrystallisation texture,
and the granoblastic polygonal textures represent a close approach to textural equilibrium
(Yardley et al., 1990). Replacement textures are not exhibited by the Rietfontein eclogites and
the described textures, together with homogeneous mineral grains, suggest that the xenolith suite

is well equilibrated.
The kyanite eclogites are the freshest group of eclogites found at Rietfontein. This contradicts

observations by Dawson (1980), who notes that an almost characteristic feature of kyanite

eclogites is their high degree of alteration. Whereas the bimineralic and orthopyroxene eclogites
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show varied degrees of alteration, and often contain secondary minerals such as phlogopite and
amphibole, the kyanite eclogites only contain rutile and, in one instance, pyrite as accessory
minerals. Spongy clinopyroxene rims which are present in some of the bimineralic and
orthopyroxene eclogites are also absent in the kyanite eclogites. Taylor & Neal (1989) attribute
these spongy margins to the reaction of primary clinopyroxene with a metasomatic fluid, and
amphibole and phlogopite are inferred to form by metasomatic fluid percolating through the
eclogites and reacting with the primary minerals. The lack of these minerals and textures in the
kyanite eclogites, suggests that these eclogites did not undergo the same metasomatic event to
which the bimineralic and orthopyroxene eclogites were subjected. This may mean that the
kyanite eclogites were derived from a different part of the mantle than the other eclogites, or

were incorporated at a different time.

The presence of kyanite as a primary mineral in some of the eclogites hints at a very different
precursor to the kyanite eclogites than the precursors to the bimineralic and orthopyroxene
eclogites. The presence of large amounts of kyanite (up to 20 volume % in one case) in the
Rietfontein kyanite eclogites suggests that the protolith rocks must have been particularly rich
in aluminium. Jerde et al. (1993b) suggest that kyanite eclogites may represent protoliths that
contained abundant plagioclase, which on an increase in pressure would have formed kyanite,
in addition to aluminous pyroxene. The clinopyroxene of the Rietfontein kyanite eclogites is
indeed Al-rich, more so than that of the bimineralic eclogites (see Chapter 4, Section 4.2.2),
suggesting that the idea of a plagioclase-rich precursor to the kyanite eclogites may be applicable
to the Rietfontein suite. Jerde et al. (1993b) argue further that during the course of exsolution,
the Ca-Tschermakite portion of the pyroxene formed the garnet and some primary kyanite may
have been consumed by this late-crystallising garnet. No exsolution features are visible in the

suite of kyanite eclogites from this study, suggesting full equilibration within the rocks.

Clues to the origin of the Rietfontein eclogites may be obtained from the textures and
petrography of the eclogites. Some of the Rietfontein eclogites (those tentatively identified as
Group I eclogites) exhibit igneous, cumulus textures. The large rounded garnets are set in a
matrix of interstitial clinopyroxene and such eclogites were interpreted by MacGregor & Carter

(1970) to be sets of crystals that formed as a result of fractional crystallisation in a high pressure
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magma chamber. The second eclogite texture identified in the Rietfontein eclogites, the
granoblastic texture with straight grain boundaries and triple junctions, is more compatible with
a metamorphic origin for the rocks and MacGregor & Carter (1970) suggest that these eclogites
formed during the fractional crystallisation of sets of liquids. Further studies have however led
to other interpretations of the eclogite group textures. MacGregor & Manton (1986) propose a
subduction theory for the development of both Group I and Group II eclogites, suggesting that
Group I eclogites are derived from a series of cumulate oceanic crust gabbros, whilst Group I1
eclogites represent subducted altered basalts. Hatton & Gurney (1987) show that Group I
Roberts Victor eclogites are a chemically and texturally related suite of rocks and interpret the
formation of this group as a result of igneous processes within a single body. They also agree
with the subduction theory of MacGregor & Manton (1986), stating that the metamorphic
textures in Group II eclogites may be indicative of metamorphosed oceanic basalts. Smyth et
al. (1989) and Caporuscio & Smyth (1990) believe that bimineralic eclogites and grospydites
are related through the continuous fractionation of a single evolving magma, and that the

eclogites represent the clinopyroxene cumulate portion of the melt system.

When considering the textures of the Rietfontein eclogites in the context of descriptions by
others, it seems that there may be a number of possible origins of these eclogites. The coarse
grained, cumulus textured eclogites (all bimineralic eclogites) may be the result of fractional
crystallisation and accumulation within a magma chamber, whilst the finer grained eclogites
exhibiting the granoblastic, metamorphic textures may be representative of metamorphosed

subducted crust material.

The garnet exsolution texture exhibited by sample CMA 1 provides further information with
regard to mantle processes in the Rietfontein area at the time of eclogite formation. Processes
causing exsolution bear directly on the pressure-temperature paths and tectonic histories of
samples (Jerde et al., 1993). Garnet exsolution within eclogites is common, having been
reported from a number of localities, both on-craton (Roberts Victor - Harte & Gurney, 1975;
Belisbank - Shervais et al., 1988; Smyth ez al., 1989; Colorado - Ater et al., 1984 and Kaalvallei
- Viljoen, 1994) and off-craton (Cape Province - Pearson et al, 1995). Exsolution of

orthopyroxene from clinopyroxene has also been reported from Bellsbank (Shervais et al., 1988
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and Taylor & Neal, 1989), but no orthopyroxene exsolution is visible in the Rietfontein

eclogites.

Harte & Gurney (1975) studied an eclogite from Roberts Victor showing three sets of garnet
lamellae exsolved from clinopyroxene and attributed the textural features to slow cooling at
depth from near-solidus conditions (1400°C and 34-28kb) towards normal mantle lithosphere
temperatures. Sautter & Harte (1988) re-examined in greater detail the xenolith described by
Harte & Gurney (1975), to obtain information on the exsolution microtextures and diffusion
gradients. They concur with Harte & Gurney (1975) that the exsolution is as a result of cooling
from high temperatures. Lappin (1978) and Smyth et al. (1984) both cite exsolution phenomena
in clinopyroxene to suggest that more calcic eclogites may have recrystallised from near solidus
temperatures at pressures in excess of 3 GPa. Smyth et al. (1989) use garnet exsolution from
clinopyroxene as an indication of a high pressure igneous origin for the Bellsbank eclogites.
Jerde et al. (1993b) agree that any process involving an increase in pressure or a decrease in
temperature may result in the exsolution of garnet from pyroxene. The re-equilibration of
aluminous pyroxene from higher temperatures has been suggested by Pearson et al. (1995) to
account for the exsolution of garnet in eclogites from the Kaapvaal Craton margin. Taking
previous studies into account, sample CMA 1 illustrates that at some stage during their
geological history, the Rietfontein eclogites experienced significant cooling at depth, possibly
in conjunction with a pressure increase, resulting in exsolution of garnet from aluminous
clinopyroxene. The absence of exsolution in all the other eclogites again suggests that there may

be more than one suite of eclogites represented at Rietfontein, with differing geological histories.

Thus, to summarise, the textures exhibited by the Rietfontein eclogites suggest that there may
be more than one origin for this suite. The cumulus textured rocks may be the result of fractional
crystallisation in a magma chamber, whilst the granoblastic eclogites may represented subducted,
metamorphic crustal fragments. The kyanite eclogites indicate the presence of a protolith that
originally contained plagioclase, and the presence of secondary minerals, such as phlogopite and
amphibole, illustrates that the Rietfontein eclogites experienced some form of metasomatism,
or alteration by the kimberlite. Metasomatism, should this be the cause of the secondary

minerals, probably occurred before entrainment of the xenoliths. Undulose extinction in the
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pyroxenes of many samples indicates that the eclogites were subjected to strain at some stage
during their geological history. Samples not showing evidence of strain, but instead containing
triple junctions, have been recrystallised and annealed, resulting in the metamorphic granoblastic
texture which is observed. The garnet exsolution lamellae present in one sample suggests
cooling of the sample towards mantle lithosphere temperatures. The lack of diamond in the
Rietfontein eclogites may mean that the samples were not derived from depths within the
diamond stability field and the absence of graphite suggests that the area may have been

depleted in carbon.
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4.1 Introduction

Eclogites are found in a number of geological settings, as noted by Coleman e al. (1965), who
devised one of the first classification schemes for massif eclogites, proposing three groups, (A,
B and C) based on different modes of occurrence of eclogites: Group A eclogites occur as
xenoliths in kimberlite pipes, basalts, or layers within ultramafic rocks, Group B eclogites are
found as lenses in high-grade migmatitic gneiss terranes and Group C eclogites occur as bands
or lenses within alpine-type metamorphic rocks. Although this scheme was based on the
geological setting of the eclogites, Coleman et al. (1965) found that each group had distinctive
garnet and clinopyroxene compositions, with the pyrope content of garnet decreasing from Group
Ato Group C, and the jadeite content increasing from Group A to Group C. These compositional
differences in different garnets and clinopyroxenes were noted by Dawson & Stephens (1975) and
Stephens & Dawson (1977) respectively. Classifications were based on the TiO,, ALO;, Cr,0,,
FeO, MgO, CaO and Na,O contents of the minerals. A compositional continuum can be observed
from deep-red high-pyrope garnets, through pyrope-almandines, to garnets with higher Ca
contents, which are orange to yellow in colour in peraluminous eclogites and grospydites

(Dawson & Carswell, 1990).

For many years, the favoured origin for high-pressure eclogitic rocks was that of cumulates,
formed by fractionation of mantle magmas (eg. O’Hara & Yoder, 1967, MacGregor & Carter,
1970; Hatton, 1978). A second origin, that of metamorphosed, subducted oceanic crust, was
suggested by Helmstaedt & Doig (1975), after a petrographical and compositional study of
eclogites from the Colorado Plateau showed that they were similar to Franciscan eclogites. High
Na contents in these eclogites are believed to strongly imply an oceanic crustal origin.
MacGregor & Manton (1986) reached a similar conclusion with regard to eclogite petrogenesis
after investigating the major element mineral compositions and oxygen isotope compositions of
Roberts Victor eclogites. Debate still centres around a mantle cumulate/subducted oceanic crust
origin, and Hatton & Gurney (1987) used CaO, and Na,O,,, and correlations within these
discriminants, to interpret the formation of Group I and Group II Roberts Victor eclogites as the

result of igneous processes within a single body. Smyth ez al. (1989) believe major element
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compositional continuity between different eclogite groups to be indicative of a crystal

fractionation origin.

The Group I and Group II petrographic classification of the Roberts Victor eclogites (MacGregor
& Carter, 1970) formed the basis of a geochemical study by McCandless & Gurney (1989). This
study used Na,O, and K,O,, to compositionally distinguish Group I and Group II eclogites, and

it was shown that Group I eclogites have an average K,O,, value of > 0.08 wt% and Na,O,, >

px
0.09 wt%, whereas Group II garnet and clinopyroxenes have Na,O and K,O concentrations below
these levels. Diamondiferous eclogites show Na,O,, and K,0,,, contents similar to those of
Group I eclogites, suggesting that Group I eclogites formed under conditions similar to those

required for diamond genesis (McCandless & Gurney, 1989).

Further studies on the major element compositions of kimberlite-hosted eclogites have yielded the
separation of eclogites into three groups, viz Group A, B & C (Taylor & Neal, 1989). These
groups are distinct, and different to the A, B & C grouping of Coleman ef al. (1965).
Compositional differences between the three groups are clear, with Group A eclogites containing
Mg- and Cr-rich garnets, and clinopyroxenes with a low jadeite (expressed in terms of Na)
content. Fe-rich garnets and clinopyroxenes of intermediate jadeite composition constitute Group
B, whilst Group C eclogites have the most Ca-rich (grossular) garnets and clinopyroxenes with
the highest jadeite component (Jerde et al., 1993a). Group A eclogites are generally believed to
have an origin as mantle camulates (Smyth ez al., 1989; Taylor & Neal, 1989; Neal et al., 1990),
but the origin of Group B and Group C eclogites is still being debated, with origins as both mantle
cumulates (Smyth ef al., 1989) and metamorphosed oceanic crust (Helmstaedt & Doig, 1975,
MacGregor & Manton, 1986; Taylor & Neal, 1989; Jerde ef al., 1993a) being suggested.
Although much evidence for the origin of eclogites is drawn from trace and rare earth element
geochemistry, and oxygen isotopes, basic classification schemes rely heavily on mineral major

element compositions.

4.2 Aims
With three petrographic groups within the Rietfontein eclogites already having been identified

(Chapter 3), it is necessary to compositionally classify these groups, and to determine the major
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element compositional differences between them. One of the main aims of this dissertation is to
compare the Rietfontein eclogites to other off-craton and on-craton eclogites. Griffin ef al.
(1990) were unable to distinguish between clinopyroxenes from garnet granulites and those from
eclogites, based on the jadeite versus Tschermak contents of the clinopyroxenes, but differences
between the Rietfontein eclogites and other settings may be apparent. Knowledge of the major
element mineral composition of the Rietfontein eclogites will allow classification of the eclogites
according to pre-existing schemes, and, as such, a direct comparison with other eclogites. From
these schemes, suggestions can be made as to the nature of the eclogite protolith. It is also
essential to determine whether the Rietfontein eclogites are crust or mantle derived. Garnet
granulites are crustal rocks (Griffin & O’Reilly, 1986, Griffin & O’Reilly, 1987, Pearson ef al.,
1995), and if the pyroxenes contained in these rocks are similar to those in mantle eclogites, it
may be difficult to classify the Rietfontein eclogites as being crust or mantle-derived, based solely

on the major element chemistry.

4.3 Methods

The major element compositions of garnet, clinopyroxene and accessory minerals from the
Rietfontein eclogites were determined at the University of Cape Town using the Cameca-
Camebax electron microprobe. Details of this analytical technique, together with the detection
limits and precision can be found in Appendix I. Major element chemistry of the minerals
observed in the Rietfontein eclogites will be presented and discussed in this chapter. Tables of
individual analyses can be found in Appendix II, whilst representative analyses of the primary
minerals are provided in Tables 4. 1-4.4. In each sample, at least two grains of each of the primary
minerals were analysed, and each grain was analysed at least twice, with core and rim analyses
being obtained where possible. Fe** contents were calculated for ilmenite using the method of
Droop (1987). This method uses an equation derived using stoichiometric criteria, and the
number of Fe** ions per X oxygens in the mineral formula F, is given by F = 2X(1-T/S), where
T is the ideal number of cations per formula unit, and S is the observed cation total per X oxygens

calculated assuming all iron to be Fe*".
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4.4 Mineral Chemistry

4.4.1 Garnet

Representative analyses of garnets from the Rietfontein eclogites are reported in Table
4.1, whereas the full data set may be found in Appendix II. The Rietfontein garnets show large
variations in Ca (= 100Ca/[Ca+Mg+Fe]), Mg (= 100Mg/[Ca+Mg+Fe]) and, to a lesser extent,
variation in Fe (=100Fe/[Ca+Mg+tFe]), as illustrated in Figure 4.1. Most of the garnets from the
bimineralic and orthopyroxene-bearing eclogites are pyrope, having Mg values of 50-75. Only
one eclogite, kyanite eclogite JJG 2104, contains garnet with greater than 50% grossular
component. Garnets from the three sample groups exhibit similar proportions of almandine, and
in the kyanite eclogites, this proportion is similar to the proportion of pyrope. A visual
comparison of the end-member components of the Rietfontein eclogitic garnets with garnets from
on- and off-craton eclogites (Figure 4.1) is inconclusive. There is much overlap between off-
craton eclogites, represented by the Cape Province off-craton suite, and on-craton eclogites,
represented by the Roberts Victor eclogites. All garnets from the Rietfontein eclogites fall within
the Roberts Victor field, with a number falling within the off-craton field. Figure 4.2 illustrates
the end-member compositions of the Rietfontein eclogitic garnets relative to garnets from the
Kaalvallei (Viljoen, 1995) eclogites, and Rietfontein garnets analysed by Bell & Rossman (1992).
Similar compositions were obtained by Bell & Rossman (1992) for the bimineralic,
orthopyroxene-bearing and kyanite eclogites as were obtained in this study. Many of the
Rietfontein garnets fall into the area of overlap between Group I and Group II Kaalvallei garnets,
whereas a number of the more grossular-rich bimineralic and orthopyroxene-bearing eclogites fall
within the Group I field. The Rietfontein kyanite eclogites do not seem to have any compositional

similarities with either the Group I or Group II garnets from Kaalvallei.

MgO and CaO show the largest inter-sample variation (6.35 - 20.82 wt%, and 3.64 - 19.42 wt%
respectively) in the Rietfontein eclogites, whereas FeO shows less variability (7.11 - 16.26 wt%).
Garnets from the kyanite eclogites have the highest CaO contents, and the lowest MgO contents.
Three bimineralic eclogites contain garnets that are substantially different to garnets from the
other bimineralic eclogites. The CaO and MgO contents of these garnets are similar to those
observed in garnets from the kyanite eclogites. Although no kyanite has been observed in these

samples, it is possible that the small sample sizes are not representative of the sample as a whole,
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Figure 4.1 Ca-Mg-Fe ternary diagram for garnets from the
Rietfontein eclogites. Data for the off-craton field from Robey
(1981); Roberts Victor data from Hatton (1978); MacGregor &
Manton (1986); Ongley et al. (1987); McCandless & Gurney
(1989); Bell & Rossman (1992).
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Figure 4.2 Ca-Mg-Fe ternary diagram for the Rietfontein
garnets, showing the compositions relative to the Rietfontein
garnets of Bell & Rossman (1992) and Kaalvallei (Viljoen,
1994).
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and kyanite may have been observed had larger sample sizes been available. In all aspects of their
chemistry, these three bimineralic eclogites (Rtfn 55.3, CMA 4 & CMA 17) show similarities to
the kyanite eclogites. For this reason, these samples have been grouped with the kyanite eclogites
in the variation diagrams, and throughout the text, references to the kyanite eclogites will include

these samples, unless they are referred to individually as the “High Na-Al eclogites”.

The Rietfontein garnets are relatively homogeneous, and no distinct zoning, or core-rim variations
can be observed. Most differences within grains occur in Al,O,, FeO, MgO and CaO and are less
than 0.5 wt% absolute, although rare variations of up to 2 wt% relative (CaO, MgO and FeQ)
within a grain have been observed. These appear to be random heterogeneities, and not zoning
patterns, as there is no constant pattern across the core-rim-core of the grain. There are no
differences in the major element chemistry between the exsolved garet lamellae and the granular
garnets of sample CMA 1, both are Mg-rich (pyrope), with approximately equal proportions of
Fe and Ca.

Figures 4.3a & b illustrate that the main difference between garnets of the kyanite eclogites and
other garnets lies in the concentrations of Mg and Ca, whereas minor elements such as Mn and
Ti occur in very similar concentrations. Garnets from the orthopyroxene-bearing eclogites do not
show any significant differences in major element chemistry to the bimineralic eclogites. Two
garnets show Ti abundances elevated above those of the other garnets (Figure 4.3b). A
comparative plot of the TiO,-Cr,0O; abundances of the rutile-bearing and rutile-free eclogites is
inconclusive (Figure 4.4). Rutile in the Rietfontein eclogites is seen to contain varying amounts
of TiO, and Cr,0,, although the presence of rutile seems to have no bearing on the garnet
compositions. The highest TiO, contents in Rietfontein garnets (Figure 4.4) belong to rutile-free
eclogites, and garnets from both rutile-bearing, and rutile-free eclogites have similar TiO, and

Cr,0, abundances.

Na,O contents of the Rietfontein eclogites are very low, with only 3 samples containing more than
0.09 wt% Na,O. Thus, combined with the K,O contents of the clinopyroxenes (Section 4.2.2),
the Rietfontein eclogites can be classified as Group II eclogites after McCandless & Gurney
(1989) (Figure 4.5). Two of the high Na garnets are bimineralic eclogites, whereas the third is
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Figure 4.3 MgO vs MnO (a), and TiO, vs CaO (b) for garnets from the Rietfontein eclogites. Minor
elements such as Mn and Ti are similar for all groups, but distinct differences can be seen in Mg and
Ca compositions.
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Figure 4.4 TiO, and Cr,0; contents of garnets from rutile-
bearing and rutile-free Rietfontein eclogites.
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Figure 4.5 Na,0,, vs K,0,, (both wt%s) for the Rietfontein
eclogites. Following the classification of McCandless &
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from a high Na-Al eclogite (CMA 17). CMA 17 is the only eclogite with elevated Na contents

to contain elevated Ti contents (Figure 4.6). Na is known to have a positive correlation with Ti
in garnet (Reid e al., 1976), and diamondiferous eclogites contain garnets enriched in Na,O (Reid
et al., 1976; McCandless & Gurney, 1989). Higher TiO, contents could thus be used to imply

a greater pressure of formation, within the garnet stability field.

0.02
} ¢ Bimineralic eclogites
i * ® Opx-bearing eclogites
\ A Kyanite eclogites
i High Na-Al eclogites
0.015 |
| .
i .
. |
2001

0.015

Ti

Figure 4.6 Atomic Na vs Ti for garnets from the Rietfontein eclogites.
A broad linear correlation between the two can be observed, it is not
however as well constrained as that of Reid et al. (1976).

Most of the garnets (approximately 70%) have low (<0.5 wt%) Cr,0;contents. However, some
of the eclogites contain garnets with higher Cr,O, contents: these garnets seem to reflect more
of a peridotitic chemical signature (Snyder et al., 1997). A comparison of the Rietfontein
eclogitic garnets with peridotitic garnets is illustrated in Figure 4.7. Garnets from the kyanite
eclogites contain the lowest Cr/(Cr+Al) ratios, whereas some of the bimineralic eclogites tend
towards higher ratios. Garnets from peridotites exhibit much higher Cr/(Cr+Al) ratios, although

garnets with lower values overlap the range of values exhibited by some of the Rietfontein
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Figure 4.7 Cr/(Cr+Al) vs Mg# for garnets from the Rietfontein
eclogites, compared to abundances exhibited by peridotitic garnets.
Peridotite data from Lawless (1978); Smith (1981); Moore (1986);
Waters (1987); Hill (1989); Hops (1989), Nowicki (1990).

bimineralic eclogites.

4.4.2 Pyroxenes

Selected representative analyses of clinopyroxenes from the Rietfontein eclogites are
presented in Table 4.2, whereas the full data set can be found in Appendix II. Clinopyroxenes
from the Rietfontein eclogites show less Ca-Mg-Fe variation than the garnets (Figure 4.8). The
clinopyroxenes plot within a tightly constrained field, and the compositions of clinopyroxene from
the bimineralic, orthopyroxene-bearing and kyanite eclogites are not vastly different with regard
to Ca, Mg and Fe. Kyanite eclogites have a slightly higher proportion of Ca, and a slightly lower
proportion of Mg than the bimineralic and orthopyroxene-bearing eclogites, whereas the
proportion of Fe in all three groups is identical. On a simple Ca-Mg-Fe plot, the clinopyroxenes
fall within the diopside and augite fields as defined by Morimoto (1988), and the orthopyroxenes

are classified as enstatite. Whereas the major chemical variation in the Rietfontein garnets can be
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Figure 4.8 Ca-Mg-Fe ternary diagram for clinopyroxenes
Jfrom the Rietfontein eclogites. Data for the off-craton field
from Robey (1981); Roberts Victor data from Hatton (1978);
MacGregor & Manton (1986); Ongley et al. (1987);
McCandless & Gurney (1989), Bell & Rossman (1992).
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Figure 4.9 Classification of the Rietfontein clinopyroxenes with respect
to Na and Fe** content. Fe’* calculated using the method of Droop
(1987), diagram and fields after Morimoto (1988).
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expressed in terms of Ca and Mg, the variations in the Rietfontein clinopyroxenes are described
by the diopside = jadeite substitution, and the Ca-Mg-Fe variations are of little magnitude. This
is illustrated in Figure 4.9, where is can be seen that although the majority of the Rietfontein
eclogites (>50%) consist of Ca-Mg-Fe pyroxenes, many contain a significant omphacite
component, as is to be expected in eclogites. The kyanite eclogites all contain significant

omphacite, as do a number of bimineralic and orthopyroxene-bearing samples.

Figure 4. 10 illustrates the large variation in Na,O in the Rietfontein eclogites, from 0.8-6.3 wt%.
MgO contents in the pyroxenes vary from less than 10 % in some of the kyanite eclogites, to
greater than 15 % in most of the bimineralic eclogites (Figure 4.10). The omphacitic pyroxenes
have higher AL,O, than the pyroxenes in the bimineralic and orthopyroxene-bearing eclogites,
reaching almost 14 wt %. FeQ within the clinopyroxenes varies between 1.4 and 4.1 wt%, and
Cr,0; contents are all below 0.80 wt% (7able 4.2). Figure 4.10 illustrates that on the basis of
their clinopyroxene Na,O and MgO compositions, two eclogite groups can be identified. The first
group contains moderate to high MgO concentrations, and low to moderate Na,O levels. This
group comprises the bimineralic and orthopyroxene-bearing eclogites, and falls within the Group
A and lower Group B fields as defined by Taylor & Neal (1989). The second group comprises
the kyanite eclogites, contains low MgO concentrations and high Na,O concentrations, and also
falls within the Group B eclogite field of Taylor & Neal (1989), but closer to the Group B -
Group C boundary. K,O contents in the Rietfontein eclogites are very low, with most
concentrations below the detection limits (0.02 wt%) of the electron microprobe (7able 4.2).
This reinforces the classification of the Rietfontein eclogites as Group II eclogites according to

the scheme of McCandless & Gurney (1989) (Figure 4.5).

Clinopyroxenes from the orthopyroxene-bearing eclogites do not show any distinct chemical
differences to those of the bimineralic and kyanite eclogites, except slightly higher FeO contents.
Overall the clinopyroxenes show more intra-grain variation than the garnets. One particular
sample shows absolute differences of up to 2.5 wt% in CaO and Al,O, in different parts of a grain,
but in general, differences are less than 0.5 wt% absolute between the cores and rims of grains.
Like the garnets, these differences seem to reflect minor heterogeneities, rather than zoning

patterns.
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Figure 4.10 Na,O (wt%) vs MgO (wt%) for Rietfontein clinopyroxene.
Orapa data from Shee (1978), Deines et al. (1991); off-craton data from
Robey (1981). Group A, B & C fields are based on the composition of
the Bellsbank eclogites, defined by Taylor & Neal (1989).

Orthopyroxenes within the Rietfontein eclogites are commonly altered around grain boundaries,
and along fracture zones. The orthopyroxenes are high-Mg enstatites, with Mg#’s of 82 - 89.
Al O,, Cr,0,, TiO, and Na,O contents of the orthopyroxenes are all low (7able 4.3). FeO is
variable between samples, with minimum and maximum concentrations of 7.0 and 11.76 wt%
respectively. MgO shows a similar degree of variability, with contents falling between 30.47 and
34.1 wt%. Like the garnets and clinopyroxenes, the orthopyroxenes are homogeneous, with no
compositional zoning. Comparisons of the Rietfontein eclogitic orthopyroxenes with peridotitic
orthopyroxenes are illustrated in Figure 4.11. Figure 4.1 1a compares the Al,O, abundances and
Mg#’s of the two orthopyroxene types. Orthopyroxenes from the Rietfontein eclogites have
much lower Mg#’s, and lower Al,O, contents than most of the peridotitic orthopyroxenes. CaO
and Na,O abundances in the Rietfontein orthopyroxenes also tend towards the lower

concentrations exhibited by the peridotitic orthopyroxenes (Figure 4.11b). Despite the fact that

415



Table 4.3 Major element compositions of orthopyroxenes from the Rietfontein eclogites
Mgt = 100Mg/(Mg+Fe*), Ca = 100Ca/(Ca+Mg+Fe*), Mg = 100Mg/(Ca+Mg+Fe®),
Fe = 100Fe/(Ca+Mg+Fe*), Fe* - all Fe calculated as Fe”"

Sample | PC5.2/1 R#n561 CMA3 CMAI1l CMAI12 CMAI13
Si0, 57.09 57.41 55.82 55.72 56.95 57.77
TiO, 0.06 0.04 0.06 0.06 0.09 0.07

ALO, 0.73 0.78 0.58 0.70 0.70 0.72
Cr,0; 0.02 0.05 0.04 0.04 0.00 0.10

FeO* 9.32 8.95 11.99 8.80 8.31 7.57
MnO 0.09 0.08 0.19 0.09 0.12 0.11

MgO 32.46 32.26 30.47 33.92 33.53 33.79

CaO 0.32 0.31 0.32 0.28 0.31 0.28
Na,0 0.10 0.10 0.04 0.12 0.17 0.09
K,O 0.02 0.03 0.00 0.02 0.03 0.00
Total 100.20 99.99 99,52 99.74 100.21 100.49

*** Cations calculated on the basis of 6 oxygens ***

Si 1.988 1.998 1.984 1.952 1.977 1.990
Ti 0.001 0.001 0.002 0.001 0.002 0.002
Al 0.030 0.032 0.024 0.029 0.029 0.029
Cr 0.001 0.001 0.001 0.001 0.000 0.003
Fe* 0.271 0.261 0.356 0.258 0.241 0.218
Mn 0.003 0.002 - 0.006 0.003 0.004 0.003
Mg 1.685 1.674 1.614 1.772 1.735 1.735
Ca 0.012 0.011 0.012 0.010 0.011 0.010
Na 0.007 0.007 0.003 0.008 0.012 0.006
K 0.001 0.001 0.000 0.001 0.001 0.000
Sum 3.999 3.988 4.003 4.036 4.013 3.996
Mg# 86.1 86.5 81.9 86.8 87.6 89.3
Ca 0.6 0.6 0.6 0.5 0.6 0.5

Mg 85.6 86.0 81.4 86.4 87.1 88.8
Fe 13.8 13.4 18.0 13.1 12.3 10.7
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Figure 4.11 a) Al,O; (wt%) vs Mg#, and b) Na,O vs CaO for Rietfontein orthopyroxenes, compared
orthopyroxenes from on-craton peridotites. Peridotite data from Lawless (1978); Bell (1981); Smith
(1981); Moore (1986); Waters (1987); Winterburn (1987); Hill (1989); Hops (1989).
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the Rietfontein orthopyroxenes show some similarities to peridotitic orthopyroxenes, they do form

a compositionally distinct group.

4.4.3 Accessory and secondary minerals

4.4.3.1 Kyanite and sulphides

Representative analyses of accessory minerals (kyanite, ilmenite, rutile and sulphides) and
secondary minerals (amphibole and phlogopite) are presented in Table 4.4. Kyanites from the 5
kyanite eclogites are uniform, and contain minor amounts (less than 0.2 wt%) of TiO,, Cr,0;,
FeO, MnO, MgO, CaQ and Na,O. Sulphides, many of which are altered, are a common accessory
mineral in the Rietfontein eclogites. The degree of alteration and exsolution made representative
analyses difficult to obtain (7able 4.4). Howeyver, it was possible to determine that the sulphides
were not homogeneous, as many showed visibly different cores and rims. It was also noted that
the sulphides showed significant chemical variation within the cores, so the grains are entirely
heterogeneous. Variable proportions of Fe, Cu and Ni were measured in the sulphides, illustrated
in Figure 4.12. This diagram also illustrates the amount of heterogeneity within each sulphide
grain. Minor amounts of Zn (0-0.3 wt%) and Co (0.1-1.4 wt%) are noted in the sulphides.

Figure 4.12 Fe-Ni-Cu ternary diagram for sulphide minerals in
the Rietfontein eclogites. The wide compositional spread is
obvious, as is heterogeneity within single sulphides (each
sulphide has a different marker).



Table 4.4 Representative major element analyses of accessory minerals from the Rietfontein eclogites

Kyanite Ilmenite Rutile
Sample | JJG2104 Rtfn542| CMA9 CMA15 | Rtfn 542 Rtfn48.1 Rtfn31.1
SiO, 37.15 36.49 0.01 0.00 0.03 0.01 0.01
TiO, 0.01 0.01 56.02 48.98 98.26 95.16 94.83
Al O, 62.55 62.90 0.34 0.26 1.60 0.50 0.08
Cr,0, 0.07 0.11 0.59 1.19 0.10 1.46 0.45
Fe,04 3.56 9.59
FeO 0.12 0.19 25.20 31.86 0.49 1.97 3.02
MnO 0.03 0.03 0.37 0.37 0.02 0.06 0.01
MgO 0.02 0.00 13.92 6.77 0.03 0.48 0.64
CaO 0.02 0.07 0.02 0.00 0.02 0.10 0.05
Na,O 0.01 0.00
Total 99.97 99.79 100.03 99.03 100.54 99.76 99.09
Amphibole Phlogopite
Sample | Rtfn 31.1 CMA 1 CMA2 CMA14 | Rtfn 553 Rtfn 55.3
SiO, 45.45 4331 42.77 53.21 39.08 42.09
TiO, 0.56 0.17 0.24 0.25 0.88 1.19
Al O, 11.70 1541 15.12 1.42 18.81 13.99
Cr,0, 0.25 0.37 0.41 0.08 0.03 0.20
FeO 6.11 7.50 8.92 3.86 8.54 5.56
MnO 0.05 0.16 0.20 0.08 0.01 0.00
MgO 17.23 16.15 15.57 16.34 20.43 23.86
Ca0 9.16 10.46 9.89 21.07 0.03 0.09
Na,O 4.12 3.88 4.06 1.66 L.11 0.50
K,0 1.23 0.97 0.68 0.00 8.27 9.43
F 0.43 0.50
Total 95.85 98.38 97.85 97.97 97.62 97.39
Sulphides
Sample | JJG105 JIG105 JIG105 JIG105 PCS521 PC3 Rtfn 57.3
(1-core) (1-rim) (2-core) (2-rim) (core)  (inclusion) (rim)
S 33.82 30.59 32.38 31.75 25.80 29.06 33.96
Fe 47.95 34.07 48.76 34.13 2.89 3.07 7.11
Cu 0.07 15.24 0.00 14.21 0.52 27.07 5.45
Ni 18.00 15.51 14.22 16.58 70.90 30.45 53.18
Zn 0.29 0.10 0.00 0.00 0.16 0.28 0.18
Co 0.17 0.36 0.17 0.20 0.12 1.39 0.02
Total 100.32 95.87 95.53 96.87 100.39 91.33 99.89
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4.4.3.2 Amphibole

Ampbhiboles in the Rietfontein eclogites can be identified as hornblende, actinolite and
edenite. Hornblende has variable Al,O, contents, of 9.5-17.7 wt%, and Na,O contents of 3-5
wt%. Na,O contents of actinolite are lower (1-2 wt%), and CaO contents are much higher than
in hornblende, 20-21 wt% (Table 4.3). Figure 4. 13 illustrates the compositions of the Rietfontein
accessory amphiboles, compared to amphiboles of peridotites and other off-craton eclogites. The
Rietfontein amphiboles have lower TiO, contents than the off-craton eclogitic amphiboles of
Robey (1981), and lower average Cr,0O, contents than peridotitic amphiboles (Figure 4.13a).
Figure 4.13b illustrates the unique occurrence of tremolite (low Na,O, low ALO;) in the
Rietfontein eclogites, and the higher average Na,O of the Rietfontein amphiboles when compared

to amphiboles from peridotites and the Cape Province off-craton eclogites.

4.4.3.3 Mica

The mica identified in the Rietfontein eclogites is phlogopite, with MgO contents of 20 -
24 wt% and K,O contents of approximately 9 wt%. A TiO,-Mg# diagram (Figure 4.14)
illustrates the phlogopite composition of the mineral in the Rietfontein eclogites, relative to other
phlogopite compositions. The Mg# of the Rietfontein phlogopites is lower than phlogopites from
on-craton eclogites and peridotites, and similar to that of primary phlogopites from the Cape
Province off-craton eclogites (Robey, 1981). The Rietfontein phlogopites exhibit TiO, contents
lower than the other off-craton peridotites, but similar to those of on-craton eclogites and

peridotites.

4.4.3.4 Oxide minerals

Iimenites generally exhibit high MgO (11.7 - 13.9 wt%) contents, typical of upper-mantle
derived ilmenites (Haggerty, 1991), although ilmenites in one sample have lower, more moderate
MgO (~ 6 wt%) contents. The high-Mg ilmenites compare favourably to ilmenites found in
peridotites (Figure 4.15a), whereas the low-Mg ilmenites are similar to those found in Kaalvallei
on-craton eclogites. The low MgO ilmenites also contain the highest proportion of Fe,O; (9
wt%) and FeO (~32 wt%), and the lowest TiO, contents (49 wt%). The high MgO ilmenites have
TiO, contents between 48 and 56 wt%, FeO contents of 25-32 wt%, and Fe,O, contents of 3-9

wt%. A large number of eclogites also contain accessory rutile. These rutiles contain variable
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Figure 4.13 a) Cr,0; vs TiO,, and b) Na,O vs AL, O; (all wt%) for amphiboles from the Rietfontein
eclogites, compared to amphiboles from off-craton eclogites (Robey, 1981) and peridotites (Waters,

1987; Nowicki, 1990).
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Figure 4.14 TiO, vs Mgi# for Rietfontein phlogopites, compared to

phlogopites from Roberts Victor eclogites (Carswell, 1975), off-craton

eclogites (Robey, 1981) and peridotites (Lawless, 1978, Waters, 1987;

Winterburn, 1987, Hops, 1989)
amounts of Ti0,, from 84-99 wt %. Other oxides occurring in significantly measurable amounts
include ALO; (0.08-1.5 %), Cr,0; (0.1-1.5 %), FeO (0.5-3.0 %) and MgO (up to 0.6 %). Figure
4.15b illustrates the lower average Cr,0; and higher average Al,O, contents of the Rietfontein

eclogites.

4.5 Discussion

4.5.1 On- and off-craton eclogite comparisons

Figures 4.1 & 2 illustrate the major (Ca, Mg, Fe) compositional relations of garnets from
Rietfontein relative to off-craton and on-craton eclogites. The Rietfontein eclogites plot within
the on-craton field, although a number of bimineralic and orthopyroxene-bearing eclogites plot
within the area of overlap with the off-craton field, as defined by eclogites from the Central Cape
Province (Robey, 1981). The kyanite eclogites plot only within the on-craton (Roberts Victor)

field however, and show compositional differences to the Kaalvallei eclogitic garnets. Figures
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Figure 4.15 a) Cr,0; vs MgO for the Rietfontein ilmenites, compared to ilmenites from the
Kaalvallei eclogites (Viljoen, 1994), and peridotites. b) Cr,0;vs Al,O; for rutiles from the
Rietfontein eclogites, compared to peridotitic rutile. Peridotite data from Lawless (1978); Waters

(1987), Gurney (unpublished).
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Figure 4.16 Cr vs Ca and Fe vs Mg cation plots for the Rietfontein eclogites (c & f) compared to
data for on-craton eclogites (b & e), and off-craton eclogites (a & d). Data for off-craton eclogites
from Robey (1981); on-craton eclogite data from Orapa (Shee, 1978, Deines et al., 1991), Kaalvallei
(Viljoen, 1994), Belisbank (Caporuscio & Smyth, 1986, Taylor & Neal, 1989; Neal et al., 1990) and
Roberts Victor (Reid et al., 1976; Hatton, 1978, MacGregor & Manton, 1986, Ongley et al., 1987;
McCandless & Gurney, 1989, Bell & Rossman, 1992; Harte & Kirkley, 1997).
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4.16 a, b and c indicate differences in the Cr and Ca cations of garnets from on-craton and off-
craton localities, and Rietfontein. Off-craton garnets show very restricted, low Cr contents in
contrast to garnets from on-craton localities which show a much wider range in both Cr and Ca.
The Cr contents of many on-craton eclogites tend towards more peridotitic (higher Cr)
compositions. Garnets with the highest Cr contents contain the lowest Ca abundances. Garnets
from the Rietfontein eclogites show a distribution very similar to that exhibited by the on-craton
eclogites, with a trend of increasing Cr content at lower Ca abundances. An Fe-Mg plot for
garnets (Figure 4.16 d, e and f) again illustrates the similarities in compositional fields for on- and
off-craton eclogites. In Figure 4.16 d & f it can be seen that the off-craton and Rietfontein
bimineralic and orthopyroxene-bearing samples form broadly linear trends. The kyanite eclogites
from Rietfontein form a separate group away from this linear trend. In a similar manner, kyanite
eclogites from on-craton localities (indicated by red squares on Figure 4. 1 6e) also form a distinct,
separate group at lower Mg abundances. Fe-Mg and Cr-Ca trends in the Rietfontein garnets
show more similarities to garnets from on-craton eclogites than they do to the Cape Province off-

craton eclogites.

Figure 4.8 shows off-craton and on-craton (Roberts Victor) fields for purposes of comparison
on a Ca-Mg-Fe pyroxene plot. Clinopyroxenes from Rietfontein eclogites show major element
compositions that fall well within the Roberts Victor on-craton field, whereas the kyanite eclogites
plot within the area of overlap. The extensive overlap is also evident in Figure 4.10, where the
two fields are very similar, with the on-craton field (represented by Orapa eclogites) showing a
larger compositional diversity. Figure 4.17 illustrates Cr-Al and Na-Al comparative diagrams for
clinopyroxenes from eclogites. Al contents of clinopyroxenes show a large compositional range,
with the Rietfontein bimineralic and orthopyroxene-bearing eclogites showing values consistent
with those observed mostly in Group II on-craton eclogites. On-craton eclogites show a trend
of increasing Cr with decreasing Al content, whilst off-craton eclogites show mostly restricted Cr
contents. On a Na-Al diagram, clinopyroxenes from the Rietfontein bimineralic and
orthopyroxene-bearing eclogites show a positive linear trend along the stoichiometric line, a trend
which is also exhibited by the on-craton eclogites. At higher Na and Al contents however, the
clinopyroxenes fall away from this line, as indicated by the Rietfontein kyanite eclogites. A similar

pattern is illustrated by both Group I and Group II on-craton eclogites, although off-craton
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Figure 4.17 Cr vs Al and Na vs Al cation plots for the Rietfontein clinopyroxenes (¢ & f) compared
to data for on-craton eclogites (b & e), and off-craton eclogites (a & d). Data for off-craton
eclogites from Robey (1981); on-craton eclogite data from Orapa (Shee, 1978, Deines et al., 1991),
Kaalvallei (Viljoen, 1994), Bellsbank (Caporuscio & Smyth, 1984, Taylor & Neal, 1989; Neal et al.,
1990) and Roberts Victor (Reid et al., 1976; Hatton, 1978; MacGregor & Manton, 1986, Ongley et
al., 1987; McCandless & Gurney, 1989; Bell & Rossman, 1992; Harte & Kirkley, 1997).
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eclogites do not seem to conform to this trend. Kyanite eclogites from on-craton localities
(illustrated by open red squares in Figure 4. 17¢) deviate from the stoichiometric line, in a similar
fashion to the kyanite eclogites from Rietfontein. Off-craton eclogites show more compositional
spread than the Rietfontein eclogites, and the stoichiometric trend is not as tightly constrained,

with samples falling off the line at both low and high Na and Al values.

The comparative major element plots for garnet and clinopyroxene illustrate that in most cases,
compositional fields for on-craton and off-craton eclogites show significant overlap, although off-
craton eclogites show less variation than the on-craton eclogites. The Rietfontein eclogites show
garnet and clinopyroxene compositions that always plot within the on-craton fields, and due to
field overlap, very often within the off-craton fields. However, with regard to compositional
trends within these fields, the Rietfontein eclogites seem to bear a greater resemblance to the on-
craton eclogites than they do to the off-craton eclogites. The marked similarities to on-craton
eclogites would also imply a mantle, rather than crustal origin for the eclogites, as opposed to the

Cape Province off-craton eclogites, which are believed to be of a crustal origin (Robey, 1981).

4.5.2 Equilibrium state of the Rietfontein eclogites
Whereas garnet and clinopyroxene from the Rietfontein eclogites show no obvious zoning,
Pearson ef al. (1995) report zoning in both clinopyroxene and garnet in eclogites from the South-
West margin of the Kaapvaal craton. Many on-craton localities have eclogites with homogeneous
garnet and clinopyroxene grains (eg. Smyth & Caporuscio, 1984; Ater ef al., 1984; Sautter &
Harte, 1988; Taylor & Neal, 1989; Beard ef al., 1996; Snyder et al., 1997), although zoning has
_been observed in a few specimens from the Colorado Plateau (Ater et al., 1984) and Roberts
Victor (Lappin & Dawson, 1975; Sautter & Harte, 1988). The presence of homogeneous
minerals indicates generally well-equilibrated samples (Gurney, 1990) and Beard ef al. (1996)
suggests that compositional zoning in garnet is most likely produced by metasomatism
immediately prior, or subsequent to, incorporation into the kimberlite. The good equilibration
within eclogites from Rietfontein is indicated by homogenous grains, with samples showing very

little inter- or intra-grain variation.
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Further evidence for the degree of equilibration of the Rietfontein eclogites can be drawn from
the compositions of exsolved and granular garnet within sample CMA 1. In this sample, there are
no visible differences between the composition of the exsolved garnet lamellae and the granular
garnets, and no differences exist between clinopyroxenes containing garnet lamellae and those
without. This is in contrast to studies on exsolution lamellae from other localities. For example,
a Roberts Victor eclogite contains three types of garnet lamellae, each of which show relatively
constant compositions, but marked compositional variations occur between different garnet
lamellae and granular garnets (Harte & Gurney, 1975). Sautter & Harte (1988) found that, in this
same sample, clinopyroxene is homogeneous between the narrowest garnet lamellae, but
elsewhere the grains are zoned, showing marked variations with respect to Al,O,, SiO, and MgO.
These compositional variations suggest that each garnet lamellae or granular grain formed under
fairly constant conditions, but with variation in conditions between periods of garnet exsolution
(Harte & Gurney, 1975). The lack of variation within the Rietfontein eclogite indicates that the
exsolution lamellae have equilibrated with the other garnets, suggesting chemical exchange within
the sample. This equilibration consequently took place prior to entrainment within the kimberlite,
indicating a substantial mantle residence period for the xenolith. Should the xenolith have been
entrained shortly after the process of exsolution, diffusion gradients within the sample would have

been observed (Jerde ef al., 1993b).

4.5.3 Eclogite classification and mineral composition implications

Petrographically, the Rietfontein eclogites can tentatively be classified as Group I or
Group II eclogites, although some are difficult to classify, due to sample size and degree of
alteration (see Chapfter 3). Onthe basis of Na,0O,, and K,O,,, content, three Rietfontein eclogites
can be recognised as Group I eclogites, but petrographically do not classify as Group I eclogites.
McCandless & Gurney (1989) report that only 96% of the Roberts Victor Group 11 eclogites have
less Na,O contents less than 0.09 wt% in garnet, so the apparent petrographic-compositional
classification discrepancy in the Rietfontein eclogites is not unusual. McCandless & Gurney
(1989) found that diamondiferous eclogites and Group I eclogites have almost identical Na,O,,

and K,0_, contents, which suggests that Group I eclogites may have formed under conditions

opx

similar to those required for diamond genesis. The critical depth for diamond genests under

equilibrium conditions is approximately 150km below the surface (Gumey, 1990), thus Group I
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eclogites are inferred to form at deeper levels (higher pressures) than Group II eclogites
(McCandless & Gurney, 1989). The low Na,O, and K,O,,, contents of the Rietfontein eclogites

imply formation at shallower lithospheric depths than diamondiferous Group I eclogites.

The Rietfontein eclogites can be classified as Group A and Group B eclogites after Taylor & Neal
(1989). Group B eclogites include the kyanite and orthopyroxene-bearing eclogites, with the
bimineralic eclogites forming the bulk of the Rietfontein Group A eclogites (Figure 4.10). The
presence of pyrope garnets and low Na,O,,, in Group A eclogites are a few of the geochemical
signatures which led Shervais ef al. (1988) and Taylor & Neal (1989) to suggest an origin for
these rocks as mantle cumulates. Many of the Rietfontein Group A eclogites contain garnets and
clinopyroxenes with relatively high Cr,0, contents (> 0.4-0.5 wt%), a feature also noted by
Taylor & Neal (1989), indicating a slight peridotitic signature (Jerde ef al., 1993a). A lack of
Cr,0, in mantle minerals is uncharacteristic of minerals that have precipitated from primary or
near-primary melts (Ater ef al., 1984). By inference then, it is unlikely that the Rietfontein
eclogites, whose garnets, for the most part, have depleted Cr,O; contents, crystallised directly
from mantle magmas. The presence of kyanite in some eclogites (Chapter 3) implies the
involvement of an Al-rich protolith, and indeed the clinopyroxenes of the Rietfontein kyanite
eclogites have elevated Al,O, concentrations. High Na conterits in eclogitic pyroxenes have been
regarded as a characteristic implying derivation of eclogites from ocean floor rocks (eg.
Helmstaedt & Doig, 1975), and a number of authors (eg. MacGregor & Manton, 1986; Shervais
et al., 1988; Taylor & Neal, 1989; Neal et al., 1990) suggest that Group B and C eclogites may
respectively represent the basaltic and feldspathic cumulate portions of the oceanic crust. The
high Na-, high Al-clinopyroxenes of the Rietfontein kyanite eclogites, combined with the presence
of kyanite itself, seems to unequivocally suggest a metamorphosed oceanic crustal origin for this
group of eclogites. Further discussion of petrogenetic models, and origins of the Rietfontein
eclogites will be dealt with once trace element compositions (and hence whole rock compositions)

and oxygen isotopes have been considered.
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Abbreviations used throughout this chapter are as follows:
CFMAS - Ca0O-FeO-MgO0-AL0,-Si0,

FMAS - FeO-MgO-Al,0,-Si0,

CMAS - CaO-MgO-AL0;-Si0,

CMS - CaO-Mg0-8Si0,

MAS - Mg0O-Al,0,-Si0,

X, - Ca/(CatMgtFe)

Mg# - Mg/(Mg+Fe)

5.1 Introduction

Mineral assemblages have compositional variables that are sensitive to changes in the pressure and
temperature of their geological setting (Boyd, 1973). Experimental calibration of these
compositional responses to pressure and temperature provide geothermometers and
geobarometers which can be applied to natural rock samples to determine pressures and
temperatures of origin of these samples. In this chapter, thermobarometric methods are applied
to the Rietfontein eclogites to determine from what depth these eclogites originate - are they crust
or mantle derived? Once pressures and temperatures have been obtained for a particular xenolith
suite, a geotherm for that particular area may be defined. Boyd (1973) defined a fossil geotherm
for Lesotho using pressure-temperature points from garnet lherzolites. The derivation of a
geotherm for the Rietfontein area, and subsequent details of the thermal structure of the

Rietfontein lithosphere will be addressed in Chapter6.

The equilibrium of reactions within a chemical system can be used to determine pressures and
temperatures of such equilibrations. The P-T slope (dP/dT) of such a reaction will determine
whether or not it will make a good geothermometer or barometer, and is given by the Clausius-
Clapeyron equation:
dP/dT = AS/AV

where AS refers to the change in entropy and AV refers to the volume change within a system.
A good geothermometer will have a large dP/dT, and generally involves reactions with a small
AV, whereas a good geobarometer has a small dP/dT, and is generally a reaction with a large AV.

Geothermometers can be based on exchange reactions, or solvus relations between mineral pairs.
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Divariant solid-solid reactions, such as those occurring between garnet and orthopyroxene, make

useful geobarometers, due to the commonly large AV.

The limited number of minerals found in eclogites means that, compared to peridotites, there are
relatively few equilibrium reactions applicable to eclogites. For this reason, geothermometers
based on the exchange of Fe** and Mg between garnet and clinopyroxene are especially relevant
in eclogite studies (eg. Ellis & Green, 1979; Krogh, 1988). Other geothermometers based on
Fe**-Mg exchanges between other minerals (eg. garnet-orthopyroxene, garnet-olivine, olivine-
spinel), the pyroxene solvus, and the Ni contents of olivine are all applicable to peridotites, but
not eclogites. Although there are currently a number of methods of deriving the temperatures of
equilibration of mantle xenoliths, methods of calculating equilibration pressures are limited, and
most are based on the solubility of Al in orthopyroxene coexisting with garnet (eg. Nickel &
Green, 1985). As a result of these calibrations using orthopyroxene and garnet, it is not possible
to determine absolute pressures of eclogite formation. An exception to this rule would occur
should an eclogite contain orthopyroxene, as is the case for some of the Rietfontein eclogites.
Attempts at calibrating geobarometers for eclogites have however been made, the most recent
using the solubility of CaTs in clinopyroxene coexisting with garnet (Simakov, 1999). However,
these geobarometers have not been investigated fully, or tested for accuracy, and determination
of absolute equilibration pressures for eclogites remains uncertain. It is possible though, to infer
minimum equilibration pressures in eclogites containing coesite or diamond, using the phase
transition equilibria of quartz = coesite and graphite < diamond, which occur at known positions

in pressure-temperature space (Carswell, 1990).

A number of compositional effects, assumptions and common problems must be considered when
applying thermobarometric methods. Uncertainties in Fe**/Fe** abundances in pyroxenes and
garnet can cause large errors in temperatures in calibrations based on Fe**-Mg partitioning. The
recalculation of Fe’* and Fe** from stoichiometry (Droop, 1987) in Fe-poor pyroxenes is
meaningless due to uncertainties in the proportions of more abundant cations such as Si
(Giaramita & Day, 1990). Ambiguities in the site assignments of Al in pyroxenes may lead to
uncertainties in calculated pressures and temperatures (Smith, 1999). Extrapolation of

calibrations beyond those of the experimental conditions may lead to significant errors in
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calculated pressures and temperatures, and a lack of thermodynamic data used in the formulation
of thermodynamic expressions may lead to uncertainties in the thermobarometric calibrations.
Substandard microprobe analyses will lead to erroneous pressure and temperature estimations for
a suite of rocks. When calculating pressures and temperatures, it is also assumed that the minerals

are in equilibrium with each other.

5.2 Aims

Eclogites occur within the Earth’s upper mantle over a large pressure-temperature range
(Dawson, 1980). Wide ranges in equilibration temperatures (and, where possible, pressures) have
been reported from individual localities such as Bellsbank, Roberts Victor and Kaalvallei, and
collectively, these result in a wide range of possible equilibration conditions for both mantle and
crustal derived eclogites. Roberts Victor eclogites are known to span a temperature range of 900-
1300°C, although most of the eclogites fall within a 200°C window, of 1100-1200°C
(MacGregor & Manton, 1986). Large temperature ranges have also been reported for Orapa and
Premier eclogites (1028-1380°C and 1189-1365°C respectively) (Shee & Gurney, 1979,
Robinson et al., 1984 and Gurney et al., 1985). Eclogites retrieved from the Bellsbank kimberlite
exhibit minimum temperatures of approximately 800°C (Shervais ef al., 1988), to a maximum
temperatures of 1150°C (Viljoen, 1995), and Pearson ef al. (1995) report a temperature range
of 760-1050°C for eclogites occurring on the south-west margin of the Kaapvaal Craton,

although the majority of these eclogites have equilibration temperatures greater than 930°C.

The large range of temperatures exhibited by eclogites are important, and serve to justify further
thermobarometric studies on eclogite suites. The temperature range may be interpreted in a
number of ways, one of which is the belief that the range reflects derivation of eclogite samples
from a considerable depth range within the mantle. Equilibration temperatures will provide
information as to whether xenoliths are crustal or mantle derived, with higher temperatures and
pressures being associated with mantle conditions. Higher equilibration temperatures are
indicative of a mantle origin, whereas lower temperatures may be used to infer a possible crustal
origin for rocks. The primary aim of'this chapter is thus to determine the temperatures and, where
possible, pressures of equilibration of the Rietfontein eclogites and to hence decide whether they

are crustal- or mantle-derived. It may be possible that the three eclogite groups identified at
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Rietfontein have different equilibration temperatures, indicating derivation from different areas

within the crust and/or mantle. A comparison of equilibration temperatures with those of on-
craton and other off-craton eclogite suites will highlight differences in depths of origin of suites,

and the structure of the thermal lithosphere in different areas.

5.3 Review of applicable geothermometers and geobarometers

5.3.1 Fe-Mg exchange thermometers
Fe-Mg exchange thermometers are based on the exchange of Fe** and Mg between two co-
existing minerals in a rock. The exchangeable atoms in these reactions are usually elements of a
similar charge and ionic radius, leading to small volume changes and large entropy changes.
Garnet-olivine (eg. O’Neill & Wood, 1979), garnet-clinopyroxene (eg. Ellis & Green, 1979) and
garnet-orthopyroxene (eg. Harley, 1984aq) are all forms of geothermometers based on Fe*"-Mg

exchanges.

5.3.1.1 Garnet-clinopyroxene thermomeltry
The temperature sensitive Fe-Mg exchange equilibrium between garnet and clinopyroxene
can be expressed as follows:
Mg, Al,Si;0,, + CaFeSi,O, = sFe, Al Si;0,, + CaMgSi,Oq.
pyrope hedenbergite almandine diopside

For this reaction, K, is the partitioning coefficient for Fe and Mg between garnet and
clinopyroxene, and is commonly defined as:
( F eZ+ / Mg)Gt
D~ (Fe2+ /Mg)Cpx :

A number of garnet-clinopyroxene thermometers have been developed over the years (eg. Réheim
& Green, 1974; Mori & Green, 1978; Ganguly, 1979; Ellis & Green, 1979; Saxena; 1979; Krogh,
1988; Pattison & Newton, 1989; Ai, 1994; Berman et al., 1995).

Raheim & Green (1974) were the first to calibrate a relationship between K, temperature and

pressure in order to form a geothermometer, based on experimental runs carried out between 600-
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1500°C, and 20-40kb, in a system of bulk chemical composition 6.2 < 100Mg/(Mg+Fe) < 85.

This study concluded that K, decreases with an increase in temperature within a system. Mori
& Green (1978) performed further experiments in the CFMAS system, between 30-40kb and 950-
1500°C, and found that their linear regression curves differed from those of Raheim & Green
(1974) when Mg/(Mg+Fe) exhibited values between 0.06 and 0.85. Ganguly (1979) reviewed
available data, and developed an expression accounting for the effect of the Mn content of garnet
on the value of K,. Ellis & Green (1979) developed a geothermometer (Ty;) based on the
crystallisation of compositions within the system CFMAS at temperatures between 750°-1300°C,
and pressures of 24-30kb. It was also found that K, is dependent on the Ca-content, and
independent of the Mg/(Mg+Fe) content of clinopyroxene and garnet. Krogh (1988) re-
interpreted the existing experimental data of Raheim & Green (1974), Mori & Green (1978) and
Ellis & Green (1979), deriving a new expression for the garnet-clinopyroxene exchange
thermometer (Ty,). The introduction of a curvilinear relationship between LnKy, and X, in Ty,
meant that the effect of the grossular component of garnet in the range X, =0.10-0.50 was better
approximated. Pattison & Newton (1989) found distribution ratios to be strongly dependent on
the Mg# of garnet, and fitted new experimental data to a 3™ order polynomial equation to account
for this effect, which they consider applicable to rocks with a Mg# of 12.5-60 (Tp,). Pearson ef
al. (1995) noted that Ty, produced temperatures 50-300°C lower that Ty;, and emphasised
problems in extrapolating Pattison & Newton (1989) isotherms to high Mg#’s. Ai (1994) found
that both the Mg# and Ca content of garnet has a significant effect on K, and added a Mg#,, term,

in addition to an X,** term, to the thermometric equation (T ;).

Smith (1999) found that the formulation of Krogh (1988) is widely used and that temperatures
calculated using Ty, reproduced the experimental conditions of Brey & Kohler (1990) to within
+ 62°C. The Ai (1994) formulation was found to be more sensitive to pressure than Ty, and
yields unreasonably high temperatures for high pressure xenoliths (Smith, 1999). Although the
Berman et al. (1995) calibration was found to yield plausible results for garnet peridotites (Smith,
1999), it is not an appropriate formulation to apply to the Rietfontein peridotites. A comparison
of temperatures calculated using the Ty, Tk, T ,; and Ty, calibrations yields similar temperatures
for all but the kyanite eclogites. For the bimineralic and orthopyroxene-bearing eclogites,

temperature differences between Ty, Ty and T, are within 100°C, but for the kyanite eclogites
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this difference is 200-300°C (Figure 5.1). Tg,, is based on the Ty, geothermometer and one of

the possible error sources in the Pattison & Newton (1989) study was uncertainty with regard to
the effects on K, of variable Na, Ca and Al contents in clinopyroxene, which were not constrained
during their experiments (Aranovich & Pattison, 1995). Also, product clinopyroxene
compositions contained only small amounts of Na and the authors (Aranovich & Pattison, 1995)
have admitted that variable Al and Ca contents in clinopyroxene may be a problem. When
formulating a new geothermometer, Berman ef al. (1995) state that net-transfer equilibria
constraining the thermodynamic properties of clinopyroxene components (CaAl,SiO,, NaAlSi, Oy,
Mg,Si,0) other than those in the garnet-clinopyroxene Fe-Mg exchange reaction were not
considered. This means that the equilibria of Na were not considered. These omissions and
possible errors in the Ty, calibration could be the cause of temperature underestimations for the
Rietfontein kyanite eclogites, which contain high-Ca garnets and high-Na, high-Al clinopyroxenes.
This large discrepancy thus renders the Ty, calibration unsuitable for use on the Rietfontein suite
of eclogites. Thus, due to this apparent error in the Ty, calibration with regard to eclogites
containing high-Ca garnets, the pressure sensitivity of the T, geothermometer, and the
underestimation of Ty, the Ty; and Ty, geothermometers will be used to calculate and discuss

equilibration temperatures of all the Rietfontein eclogites.

5.3.1.2 Garnet-orthopyroxene thermometry
The distribution of Fe** and Mg between garnet and orthopyroxene can be described by
an exchange reaction as follows:
15Mg;Al,Si,0,, + ¥4Fe,S1,04 s V5Fe;ALS1;0,, + 2Mg,S1,0,4

pyrope ferrosilite almandine enstatite

Harley (1984a) experimentally investigated Fe-Mg partitioning between garnet and orthopyroxene
within the pressure range 5-30kb and temperature range 800-1200°C, in the FMAS and CMAS
systems. Although the geothermometer of Harley (19844a) (Ty,) is the most commonly used
garnet-orthopyroxene geothermometer, others such as those of Lee & Ganguly (1988) and
Ganguly et al. (1996) exist. Fe**, Cr’" and Mn are potentially important minor constituents not
considered in the Harley (1984a) calibration of this geothermometer, and Ty, yields lower

temperatures than Ty;. At temperatures greater than 1000°C, this difference is between 50 -
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Figure 5.1 Temperature differences between garnet-clinopyroxene thermometers for the Rietfontein
eclogites. It can be see that Ty, increasingly underestimates temperatures with increasing Ca-content
of garnet. For the bimineralic and orthopyroxene-bearing eclogites, the difference between T3, and
either Ty or Ty, is = 100 °C, whereas for the kyanite eclogites it is between 200-300 °C. Tgg, Ty, and T,,
refer to the calibrations of Ellis & Green (1979), Krogh (1988) and Berman et al. (1995) respectively.
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130°C, whereas the difference is less than 50°C at lower temperatures. The orthopyroxene-
garnet geothermometer is pressure dependent, with changes in temperature of 25-30°C/5kb,
although the effect of Fe** is less pronounced than in other geothermometers. This form of
geothermometer may thus not be suitable for eclogites with very high pressure origins.
Limitations to this geothermometer are as a result of large relative errors in the experimental and
natural rock data used in the calibration (Harley, 1984a). Ty, will be applied to the Rietfontein
orthopyroxene-bearing eclogites, as it is the most commonly used garnet-orthopyroxene

geothermometer, and can provide a good comparison of various Fe**-Mg exchange reactions.

5.3.2 Two-Pyroxene thermometers

Two-pyroxene thermometers are based on solvus relations existing between co-existing
orthopyroxene and clinopyroxene. Some mineral pairs with similar structures exhibit continuous
solid solution at high temperatures, but at lower temperatures they may exhibit an expanding
miscibility gap. Miscibility gaps are strongly temperature dependent, and can thus make good
geothermometers. Due to the general shape of the solvus, small changes in mineral compositions
correspond to large temperature differences along steep limbs, but correspond to moderate
temperature differences near the crest of the solvus. Thus, as temperature increases, solvus

geothermometers become more sensitive indicators (Bucher & Frey, 1994).

5.3.2.1 The pyroxene solvus

The use of the miscibility gap between orthopyroxene and clinopyroxene as a
geothermometer was first proposed by Davis & Boyd (1966), who investigated the binary join
in the Mg,Si,0,-CaMgSi,O, system at 30kb. Above 800°C, the diopside limb of the solvus is
temperature dependent. Natural pyroxenes rarely belong to the binary join Mg, Si,0,-CaMgSi,0q,
so a major problem with the use of this thermometer is the use of correction terms to account for
other components in the system. Since the early work of Davis & Boyd (1966), a number of
calibrations of this geothermometer have been devised, such as those of Wood & Banno (1973),
Boyd (1973), Lindsley & Dixon (1976), Wells (1977), Bertrand & Mercier (1985) and Brey &
Kohler (1990),

5.8
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The calibration of Brey & Kohler (1990) (Tgg.,,,) is the most recently formulated and widely

used 2-pyroxene geothermometer (Smith, 1999), and can best reproduce experimental results
(Brey & Kohler, 1990). The Wells (1977) geothermometer does not take pressure effects into
account, and would thus not be a suitable geothermometer to apply to the Rietfontein eclogites.
Use of the 2-pyroxene method with regard to Rietfontein eclogites is limited, as only six of the
samples contain orthopyroxene. The Brey & Kohler (1990) geothermometer is formulated for
use in peridotites, so application to eclogites should be used with caution as small, but important,
compositional differences exist between the two rock types. Pyroxene solvus thermometers are
also hampered by the insensitivity of pyroxenes to temperatures less than 900°C (Griffin &
O’Reilly, 1987), and a lack of knowledge with regards to the effect of Fe* on the system may also

lead to uncertainties in temperatures calculated using this method.

5.3.2.2 Ca-in-orthopyroxene thermometry

An alternative pyroxene thermometer can be obtained by the use of the Ca content of
orthopyroxene equilibrated with clinopyroxene. This method uses the remaining limb of the two-
pyroxene solvus used by Boyd (1973). Sachtleben & Seck (1981) used the experimental data of
Lindsley & Dixon (1976) to calculate temperatures using the solubility of CaO in orthopyroxene
co-existing with clinopyroxene. A disadvantage of this thermometer is the relatively low amount
of CaQ dissolved in the orthopyroxene structure at low temperatures (Sachtleben & Seck, 1981).
However, orthopyroxene contains less Al, Cr, Na and Ti than co-existing clinopyroxene, and may
thus be less affected by bulk compositional variations (Smith, 1999). Brey & Kohler (1990) fitted
available reversed experiments in the CMS system, as a function of pressure and reciprocal
temperature and note that the Ca-in-opx thermometer (Tgyc, o) Yi€lds different results when
applied to Kaapvaal Craton garnet peridotites than their 2-pyroxene thermometer yields. It was

opx

found that Na®* distribution is very similar to Ca® distribution, suggesting that Na®™ may also
be temperature dependent, and may thus influence the Ca content of orthopyroxene. A correction
scheme for this influence has not yet been derived, and as a result, Brey & Kohler (1990) suggest

caution when using this geothermometer.
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5.3.3 Al-in-orthopyroxene geobarometer

Garnet-orthopyroxene geobarometry is based on the pressure sensitivity of Al in
orthopyroxene coexisting with garnet and was first calibrated by MacGregor in 1974, based on
the following exchange reaction:

Mg,Si,0, + MgAlLSiO¢ s Mg,Al,Si,0,,
orthopyroxene solid soln. pyrope

Garnet-orthopyroxene barometry is sensitive to temperature estimations and temperature
overestimations will cause pressure overestimations, and vice versa (Nickel & Green, 1985). A
number of geobarometers based on the Al-in-opx method are currently available (eg. Wood,

1974; MacGregor, 1974; Harley, 1984b; Nickel & Green, 1985; Brey & Kohler, 1990).

MacGregor (1974) experimentally studied the solubility of Al within the MAS system, at
pressures of 5-40kb and 900-1600°C. Wood (1974) carried out experiments in the FMAS and
CFMAS systems, between 8-30kb and 800-1250°C, taking into account the effects of Ca and Fe**
on the system. Harley (19845) determined the pressure-temperature-compositional (P-T-X)
dependence of Al solubility in the FMAS system, at P-T ranges of 5-30kb and 800-1200°C.
These results were then extended into the CFMAS system to determine the effect of the Ca
content of garnet on the Al content of the co-existing orthopyroxene. Nickel & Green (1985)
refined the existing Al-in-orthopyroxene geobarometers (P,) by investigating the influence of
Cr on the system. Pressures calculated using the Harley (19845b) geobarometer (Py,,) are lower
than those calculated using Py, (Nickel & Green, 1985). The most commonly used Al-in-
orthopyroxene geobarometer is that of Brey & Kohler (1990) (Pyy), who treat orthopyroxene
as a two-site solid solution with ideal mixing on M2, and assume ideal mixing of Fe and Mg in

garnet.

Three geobarometric calibrations have been applied to the Rietfontein eclogites, for comparative
purposes. These are the Py, Py and Py calibrations, and each provides a range of equilibration
pressures. Smith (1999) reports coherent arrays for African xenoliths to which the Py and
Finnerty & Boyd (1984) (a revision of the MacGregor (1974) calibration) geobarometers have
been applied. As a result of these good comparisons, and the ability of Py, to reproduce the

experimental data of Brey e al. (1990) to within + 2.2kb, Py has been selected for application
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with two geothermometers (T, and Ty,), although Py, and Py will also be applied for

K-2pyx

comparative purposes.

5.4 Methodology

All of the Rietfontein eclogite suite sampled in this study have been subjected to thermometric
calculations. For each sample, all acceptable (oxide total = 99.5-100.5%) garnet and
clinopyroxene analyses were combined, including both core and rim compositions, to give an
average garnet and an average clinopyroxene composition. Orthopyroxenes from the
orthopyroxene-bearing eclogites were averaged in the same manner. Such an averaging
procedure will alleviate intra- and inter-grain compositional differences and give the best
compositional estimate for a particular mineral species. Fe*>" was not calculated, due to the large
errors associated with such a calculation in Fe-poor pyroxenes. All Fe was thus assumed to be
Fe**. These compositional averages for garnet, clinopyroxene and orthopyroxene were then used
to calculate equilibration pressures and temperatures using the FORTRAN programme of Doug
Smith, TP97v.2 (Smith, 1999). All temperatures are reported in degrees Celsius (°C), and

pressures are reported in kilobars (kb).

5.5 Results

5.5.1 Equilibration temperatures

For the purpose of comparisons amongst the eclogites, an assumed pressure of 30kb has
been used when applying the garnet-clinopyroxene geothermometers, as it is an average value of
pressures calculated for the Rietfontein eclogites (Section 5.5.2). A detailed table of temperature
results, calculated over a range of pressures and using a number of geothermometers is presented

in Table 5.1.

The application of two garnet-clinopyroxene thermometers (Ty; & Ty,) to the Rietfontein
eclogites yields slightly different temperature distributions. The minimum temperature obtained
using the Ty calibration is 815°C, whilst the Ty, approximation is 733°C, both at an assumed
pressure of 30kb. Both thermometers obtain a minimum temperature on the same sample, a
bimineralic eclogite, CMA 15. Whereas there is an 82°C difference between the two minimum

temperatures, the maximum temperatures obtained for the Rietfontein eclogites are very similar,
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1012°C (Tgs) and 1000°C (Tg,). As is the case with the minimum temperature, both

geothermometer calibrations give a maximum reading on the same sample, this time a kyanite

eclogite (Rtfn 54.1).

Figure 5.2 shows histograms of the distribution of temperatures within the Rietfontein eclogites.
It can be seen that according to the Ty, geothermometer, the most common temperature range
inthe Rietfontein eclogites is 800-850°C, whereas the most frequent temperature range according
to Ty is 100 degrees higher, from 900-950°C. It is clear that temperatures calculated using the
Tx. span a much larger range than those calculated using Tgs. It can be seen that, according to
both calibrations, the orthopyroxene-bearing eclogites span a smaller temperature range (200°C)
than the bimineralic eclogites. However, it should be remembered that only six orthopyroxene-
bearing samples have been analysed, so a sample population of the size of the bimineralic eclogites
would probably yield a similar range in temperatures. Ty and Ty, both indicate equilibration
temperatures of less than 1000°C for the bimineralic eclogites. These histograms illustrate the

observation that Ty, temperatures are, on average, higher than Ty, temperatures.

For the six orthopyroxene-bearing eclogites retrieved from Rietfontein, Tpy.5py, Toi.ca-opx 1 Ty
may also be used to estimate temperature. Ty, shows a large temperature range for the
Rietfontein eclogites, namely 770-1001°C (at 30kb). Tpy cy0p: and Ty, yield relatively smaller
temperature ranges (851-886°C and 837-913°C respectively), and, with the exception of Tpx.
2oy these ranges are smaller than those expressed by Ty & T, for the same samples. Figure 5.3
a and b illustrate the range in temperatures provided by these geothermometers, and it can be seen
that for Ty ,,,, the large temperature range is caused by the presence of an outlier, sample Rtfn
56.1, which exhibits a temperature far higher than the other orthopyroxene-bearing eclogites.
There is no such outlier on the Tgg ¢, opx OF Ty, graphs, suggesting that the reason for this outlier
may lie within the clinopyroxene terms of Tgy ... A careful study of the major element chemistry

of this sample reveals that it has a lower Ca"__ (Ca¥%[1-Na?]) value than the other samples,

px
leading to a much larger K”;,, and hence an elevated temperature. This suggests that the wide

temperature range in the Rietfontein eclogites, calculated using Ty ,.,.. may be both a function

~2pyx
of the calibration of the geothermometer and the composition of the samples. The major element

mineral composition of this sample is no different to the other samples, and it can be concluded

5.14
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that Tpy,,. 1S extremely sensitive to stoichiometric variations and site allocations in

clinopyroxene.

B Bimineralic = Opx-bearing @ Kyanite
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Figure 5.2 Distribution of equilibrium temperatures within the Rietfontein eclogites at an
assumed pressure of 30kb, using the garnet-clinopyroxene thermometers of Ellis & Green
(1979) (top) and Krogh (1988)(bottom).

5.5.2 Equilibration pressures

Table 5.2 presents combined pressure and temperature estimates for the Rietfontein
orthopyroxene-bearing eclogites. All geobarometersused in estimating the equilibration pressures
of the Rietfontein eclogites use the method of Al-in-orthopyroxene co-existing with garet (Py,,,
P, and Pgy). At a fixed temperature of 800°C, Py, provides the lowest pressure estimations
for the Rietfontein eclogites, between 26.8 and 28.1 kb. Py gives pressures of 27.7 - 32.6 kb,

whereas estimations obtained using Py give similar pressures, of 30.6 - 32.6 kb. This means
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Figure 5.3 a) ITemperatures calculated using Brey & Kohler’s (1990) Ca-in-opx
thermometer, compared to the temperatures of the Harley (1984a) gt-opx thermometer; b)
temperatures calculated using Brey & Kohler’s (1990) 2-pyroxene thermometer, compared
fo the temperatures of Harley (1984a).

that at a fixed temperature, P, provides the largest spread of pressures, whereas P, results in
the smallest spread. One of the possible reasons for this is that P, uses the greatest number of
terms in the geobarometric equation, and accounts for minor elements such as Cr, Ti and Na,
whereas Py, has the smallest number of variable terms in the equation, and fails to account for
the possible effects of Cr, Ti, Na or Mn. Thus, the use of a larger number of chemical variables

may lead to a larger pressure range, and vice versa.

5.16



LTS

10¢ €61 8'¢ce 8¢8 €LVIND 9'/¢ yZ8 €IVIND
¢'le Ges 6'8¢ G6. <L VIND 6°0€ 9/8 ¢l VIND
6'0¢ 9e8 6¢ €08 L VIND 8'0¢ 6.8 L VIND
€6 €¢6 g'9g 118 € VWO £'6e 868 € VIND
v oy 8201 S've I £43] 1-9S Wiy 9'6¢ €/8 1-9S Uiy
g've €l6 £0¢ 118 LTS Od c'ee 4% LTS Od
BNy XRAZNYE | SNy SIPM | TeH 4 TeH )
9'/¢ ¥z8 g'ge G.8 A4 927 1'sC 0cL €LVIND
137 ye6 1'6E Zi6 6've (A% 1'6¢ £06 ¢l YINO
Loy FAN] (APAS ¥88 9'ce 828 8'LE 861 L VIND
9'8¢€ 116 oy 8¢6 £'Ge 498 6'€c 1474 € VIND
G'6E 626 8¢ 906 €9y 120} A V.. 1-9G Ul
GGy SO0} ¢y 126 G'6€ 0l6 > 128 LTS Od
NYE g TBH ) gy Xdo3E | N g XRAZNHE | NYE By

(§861) 224D P 1YIIN = N g (LL61) SlIoM

= IPH [ (qp861) MolDH = H g {(vp§61) Ko1vH = L (0661) 42140y P Ao4g ‘dumpuaduor xdo-up-v) = *¥E |
{0661) 42110Y P 424g “orouiouLizy} dudx0sdd 7 = *UNIE I :(996T) ySo4y = [ :(0661) 42140y P Moag = N g
'$91130]92 Bu1ivaq-xdo u1IUOfJa1y Y1 40f sarpuinisa (O | ) danpvLadwa) puv (qy) aanssaad pauiquio) z°s aquf




Geothermobarometry

Temperature (°C)

1200

1160

1000

900

4 B > 0 o

7/
THar - l)Har /

TBK-Zpyx - PNG I

TBK-Zpyx - Pgkw /

TKI - P BKN s ///

BK-Ca-opx ~ * BKN / P

N A T T

Loy

TR

40
Pressure (kb)

45

50

Figure 5.4 Combined pressure and temperature estimations for the Rietfontein
orthopyroxene-bearing eclogites. Ty, & Py, - Harley (1984a,b); Tgy ;.. - 2 pyroxene
thermometer of Brey & Kohler (1990); P, - Nickel & Green (1985); Pyyy - Brey &
Kéhler (1990); Typ - Krogh (1988); Tk co.op - Ca-in-opx thermometer of Brey & Kohler
(1990). 40 & 50 mW.m~ cratonic geotherms afier Pollack & Chapman (1977).
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A combination of Tgy . - Ppyy Tesults in a large spread of estimated pressures and temperatures.
Temperatures range from 776 - 1037°C, a difference of 261°C, and pressures vary by 17.1 kb
(from 29.2 - 46.3kb). T, - P, leads to the smallest range in pressure and temperature
estimations, with temperatures falling in the range 824-932°C, and pressures from27.6 - 33.2 kb.
The use of Py with Ty, ., provides very similar results to those obtained using Tgy ,,,,« and Pgyy-
There is a wide range in both the temperature and pressure estimations, with large differences
between the minimum and maximum approximations (235°C and 9.7 kb respectively). The use

of Ty, with Py, yields intermediate temperatures of 714 - 903 °C, and pressures of 23.9 - 39.1

kb. Tgy caop Used in combination with Py, yields a tightly constrained range of pressures and
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temperatures, 35.5-40.2kb and 875-921°C respectively. These pressure and temperature ranges
are illustrated in Figure 5.4, together with approximate geotherms. These geotherms will be
discussed and mterpreted in Chapter 6. These pressure results indicate that the Rietfontein
eclogites originate from depths of between 80 and 140km, and thus represent a large stratigraphic
mantle range of almost 50km.

5.6 Discussion

One of the most important aspects to be considered when reporting and discussing equilibration
conditions in eclogites is the amount of error associated with the calculation of pressure and
temperature. Uncertainties in reported equilibration temperatures and pressures will occur as a
direct result of errors associated with the microprobe analyses of major elements in the relevant
minerals, i.e. garnet, clinopyroxene and orthopyroxene. The 10 errors on microprobe garnet and
clinopyroxene analyses are reported in Table 1.1, Appendix I. Accounting for these errors within
the Ty, formula produced varying results. Sample Rtfn 57.2, which contains clinopyroxene with
a low percentage of FeO (1.4 wt%) yielded temperatures 20° higher and 18° lower than the
uncorrected equilibration temperature. Sample CMA 3, which contains clinopyroxene with a high
percentage of FeO (4.15 wt%) yielded temperatures within 7° of the uncorrected equilibration
temperature reported in 7able 5.1. It can thus be seen that the microprobe errors do not
significantly affect the calculated equilibration temperatures and, as such, the presented data may

be considered accurate.

In Section 5.5.1, it was reported that garnet-clinopyroxene temperatures for the Rietfontein
eclogites fell within the range 733 - 1012°C, using Ty, and Ty,. Figure 5.5 compares the
equilibration temperatures of the Rietfontein eclogites (a) with temperatures from the Cape
Province off-craton eclogites (), and on-craton localities Bellsbank (c¢), Udachnaya (d), Roberts
Victor (e & f) and Kaalvallei (g & /). For all localities, temperatures were calculated using Ty
at an assumed pressure of 30kb. The range of temperatures, and temperature distribution of the
Rietfontein eclogites is very similar to that of the Cape Province off-craton eclogites of Robey
(1981). Both exhibit temperature distribution maximums between 900 and 950°C, but the Cape
Province eclogites extend to lower equilibration temperatures (755°C) than the Rietfontein

eclogites. The Bellsbank eclogites (c¢) have a restricted temperature range (although this may be
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Figure 5.5 Comparative histograms of equilibration for temperatures from off-craton, and a variety of
on-craton eclogite localities. All temperatures calculated using Ellis & Green (1979), at an assumed
pressure of 30kb. Literature data from Robey (1981); MacGregor & Manton (1986); Viljoen (1994,
1995); Jacob et al. (1994); Sobolev et al. (1994); Snyder et al. (1997)
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due to a restricted number of temperature determinations), with most temperatures ranging from
1000-1100°C. On-craton Russian eclogites, represented by Udachnaya (d), extend to higher
temperatures than the South African off-craton eclogites and most temperatures fall between 950-
1000°C. Roberts Victor eclogites (e & f) show the largest temperature distribution, from 770-
1363°C, at 30kb, although the majority of temperatures range from 1050-1100°C. Eclogites
from Kaalvallei also exhibit a wide temperature range, with a maximum temperature distribution
from 1050-1100°C. Figure 5.5 illustrates the greater range of equilibration temperatures and
higher average temperatures of on-craton eclogites, when compared to Rietfontein. There are
however, marked similarities between the Rietfontein and Cape Province off-craton eclogites,
based on equilibration temperatures, and the distribution thereof. This marks the first
characteristic of the Rietfontein eclogites that is most similar to other off-craton eclogites, rather

than on-craton eclogites.

Griffin & O’Reilly (1986) suggest that xenoliths from east Australia which have equilibration
temperatures less than 850°C may be regarded as crustal xenoliths. A number of Rietfontein
eclogites have equilibration temperatures less than this, but, if these were crustal xenoliths, there
should be petrographical and chemical differences between these eclogites and those which are
likely to be mantle-derived. However, no such differences are observed, and it is thus likely that

the Rietfontein eclogites are all mantle-derived.

Whereas equilibrium pressures can be calculated directly for the orthopyroxene-bearing eclogites,
it is only possible to infer pressures and depths of origin for the bimineralic and kyanite eclogites
from Rietfontein. When one considers temperatures calculated using Ty, at an assumed pressure
of 30kb, bimineralic eclogites show temperatures between 733-929°C, orthopyroxene-bearing
eclogites between 735-866°C, and kyanite eclogites between 860-1000°C. Whereas the
orthopyroxene-bearing eclogites exhibit the lowest temperatures expressed by the Rietfontein
eclogites, and can thus be used to infer the shallowest level of derivation of the eclogites, the
bimineralic and, most notably, the kyanite eclogites extend to far higher temperatures of
equilibration. The maximum pressure expressed by the orthopyroxene-bearing eclogites would
thus not be the maximum depth of origin of the Rietfontein eclogites and on the basis of

equilibration, the kyanite eclogites represent the deepest mantle sampled by the Rietfontein
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Figure 5.6 Ty, temperature estimations for the Rietfontein bimineralic and kyanite
eclogites extrapolated on the Ty,-Pgy geotherm obtained from the orthopyroxene-
bearing eclogites, in order to estimate equilibration pressures. Diamond-graphite
boundary after Kennedy & Kennedy (1976).

kimberlite. By using an approximate geotherm, calculated using Ty, in combination with the Py,
pressures of the orthopyroxene-bearing eclogites, it is possible to obtain approximate
equilibration pressures for the bimineralic and kyanite eclogites. Extrapolation of Ty,
temperatures for the bimineralic and kyanite-bearing eclogites onto this geotherm results in
pressures of approximately 28-42kb, or depths of 84-126km (Figure 5.6). The higher
temperatures of the kyanite and some bimineralic eclogites can be used to infer either higher
geothermal gradients at the time of equilibration, or greater depths of origin. The higher
equilibration pressures for the kyanite eclogites with regards to most of the bimineralic eclogites
are clearly visible in Figure 5.6, and these higher pressures could be taken as further confirmation

that the Rietfontein eclogites are indeed mantle-derived. The maximum pressure for any
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Rietfontein eclogite yields a depth of origin of approximately 140km and this would thus represent
the minimum depth from which the Rietfontein kimberlite could be derived.

Temperatures and pressures of equilibration of the Rietfontein eclogites thus indicate that they
are mantle derived, having originated at depths of between 80-140km and representing a
significant range in mantle stratigraphy of 40-50km. Pressure estimates suggest that the
lithosphere under Rietfontein extends to depths of at least 140km, but probably deeper, and
140km would thus be the minimum depth sampled by the Rietfontein kimberlite. Ranges of
equilibration temperatures are similar for all three eclogite groups, although the kyanite eclogites

do show higher average temperatures, implying a deeper mantle origin.
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6. THERMAL STRUCTURE OF THE RIETFONTEIN
LITHOSPHERE

6.1 Introduction

6.1.1 Heat flow

The thermal structure of the lithosphere may be deduced in a number of ways. Conductive
heat flow measurements may be used to construct geotherms for particular parts of the
lithosphere, and these geotherms can then be used to infer thermal differences within the structure
of the lithosphere, together with proposed lithosphere-asthenosphere boundaries. A second
method of geotherm construction involves the determination of pressure-temperature equilibration
points on suites of mantle derived xenoliths. Xenoliths may be used to map the thermal structure
ofthe upper mantle at the time of kimberlite intrusion and reconstruct the petrological, rheological
and chemical characteristics of a region. Boyd (1973) studied garnet lherzolite samples from
Lesotho kimberlite pipes, and interpreted that the pressure-temperature points for these lherzolites
form a trend defining a fossil geotherm. Thermal conductivity is controlled by a number of factors
such as composition, temperature and pressure effects (Chapman, 1986). Furthermore, a number
of differences can be noted between heat flow measurements from on- and off-craton areas.
Ballard et al. (1987) noted that from 12 sites within the Archaean Kaapvaal-Zimbabwe Craton
and Limpopo Belt, the average heat flow was 4744 mW.m™ and that a trend of increasing heat
flow, from less than 40 mW.m™ within the cratonic nucleus to almost 60 mW.m? at the edges,
existed. Proterozoic and Pan African mobile belts surrounding the craton yield a mean of 66+3
mW.m?, increasing from approximately 60 mW.m™? at the cratonic margin to more than 70
mW.m? several hundred kilometres away. Heat flow also differs between the western and eastern
margins of the Kaapvaal Craton, and measurements of 38+7 mW.m™ and 5344 mW.m” have been
recorded, and the average heat flow in the Namaqua-Natal Belt (just south of Rietfontein) is

61210 mW.m? (Smith, 1999).

A number of suggestions have been proposed to account for the heat flow differences between
stable Archaean cratons and Proterozoic mobile belts. Nyblade & Pollack (1993) noted a

widespread global spatial pattern between heat flow and the proximity of Archaean cratons.
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They suggested that the presence of a thicker lithosphere beneath the craton impedes the flow of
mantle heat through the craton, forcing more deep mantle heat to escape through the thinner
mobile belt lithosphere. A second suggestion is that the heat flow is not dependent on the
thickness of the lithosphere, and is instead due to lower crustal heat production in cratonic areas
(Lenardic, 1997). The elevated geotherms of young fold belts and rift zones relative to cratons
implies large lateral variations in temperatures at the base of the crust, and thus in the relative

stability of eclogite and granulite mineral assemblages (Griffin e al., 1990).

6.1.2 Geotherms

The reconstruction of geotherms using thermobarometric data from xenoliths was first
attempted by Boyd (1973), who found that coarse, “cold” peridotites from Lesotho defined a
shallower geotherm than the sheared, “hot” peridotites. Such “inflected” geotherms have since
been noted from a number of localities, including off-craton areas such as the Gibeon kimberlite
province in Namibia (Franz ef al., 1996a & b), where the low-temperature peridotités are
interpreted to represent cool, non-convecting lithospheric mantle (Pearson ef al., 1994a). The
high temperature xenoliths have been interpreted to represent thermal anomalies caused by
convective movements in the lithosphere, with eruptions originating at the base of the lithosphere,
or they may have formed in contact aureoles enveloping magma chambers within the lithosphere
(Boyd & Gumney, 1986). The transition from cold to hot peridotites, and the subsequent
expression in the form of an inflected geotherm, is interpreted to represent the position of the
lithosphere-asthenosphere boundary at the time of kimberlite eruption (Boyd & Gurney, 1986).
The depth to this transition is seen to vary from within the craton to off-craton regions.
MacGregor (1975) notes that the depth to the top of the low velocity (asthenospheric) zone
varies, from 140km in Namibia, 180km in Lesotho to 195km under the Kimberley region,
interpreted as delineating a root for the Kaapvaal Craton (Boyd & Gurney, 1986). Pressure-
temperature conditions of Namibian peridotites indicate thermal gradients of 44-50 mW.m?,
lower than those of the adjacent Kaapvaal Craton (Franz ef al., 1996a). Temperatures at the root
of the Kaapvaal Craton in Archaean time were near those calculated for a present-day shield
geotherm (Pollack & Chapman, 1977), which, given the greater radioactive heat production in
the Archaean, is surprising (Boyd & Gurney, 1986). The similarity of xenolith and diamond

inclusion equilibrium conditions with shield geotherms indicates that the xenolith pressure-
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temperature conditions were ambient, having changed little in 3Ga (Boyd, 1985). Crustal and
mantle ages across southern Africa correspond to each other, demonstrating long term crust-
mantle coupling and indicating a stable mechanical boundary layer down to 200km beneath

cratons (Pearson ef al., 1994a).

6.2 Aims

Rietfontein is a known off-craton kimberlite and geothermobarometric information derived from
its eclogite suite can be used to attempt to further understand the differences in heat flow between
Archaean cratons and post-Archaean mobile belts. Due to the known differences in heat flow,
and thus geotherms between on- and off-craton localities, it may also be possible to confirm
Rietfontein as an off-craton locality, and draw further comparisons between these eclogites and
other on- and off-craton xenoliths. Heat-flow has been estimated for the mobile belts surrounding
Rietfontein (Jones, 1999), although so far, no geotherms have been calculated for Rietfontein
itself, due to the lack of previous studies on this eclogite suite. This chapter thus aims to use
pressures and temperatures of equilibration of the Rietfontein orthopyroxene-bearing eclogites
to estimate a geotherm for the area. Similarities and differences will be noted between the
Rietfontein geotherm and geotherms from other on- or off-craton localities, and a heat flow

estimate will be presented.

6.3 Results

Figure 6.1 illustrates the positions in pressure-temperature space of the orthopyroxene-bearing
Rietfontein eclogites, according to a number of combined geothermometer and geobarometer
calibrations (discussed in Chapter5). Figure 6.1a plots temperatures according to the Brey &
Kohler (1990) 2-pyroxene thermometer (Tgy) and Al-in-opx barometer (Pg.), whilst Figure 6.1b
illustrates Ty plotted with pressures calculated using the Nickel & Green (1985) barometer (P).
In Figure 6.1c, garnet-clinopyroxene temperatures of Krogh (1988) (Ty,) are plotted with
pressures calculated according to Py, and temperatures and pressures calculated using the
Harley (1984a & b) geothermobarometer (T, - Py,.) are plotted in Figure 6.1d. In total, three
geothermometers are used, together with three geobarometers, and explanations as to the use of

these can be found in Chapter 5.
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Figure 6.1 Approximate geotherms for the Rietfontein eclogites through pressure temperature points
calculated using a) Brey & Kohler’s (1990) 2-pyx thermometer and Al-in-opx barometer, b) Brey &
Kohler’s (1990) 2-pyx thermometer and Nickel & Green'’s (1985) Al-in-opx barometer, c) Krogh'’s
(1988) gt-cpx thermometer and Brey & Kéhler's (1990) Al-in-opx barometer and d) Harley's (1984a

& b) thermobarometer.

Lesotho data from Nixon & Boyd (1973); Bloomer & Nixon (1973);

Whitelock (1973); Rolfe (1973); Cox et al. (1973). Namibia data from Mitchell (1984); Bell &
Rossman (1992); Franz et al. (1996a & b); Bell (unpublished data). Continental geotherms after
Pollack & Chapman (1977) and diamond-graphite boundary after Kennedy & Kennedy (1976).
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Figure 6.1 illustrates that all thermobarometric calibrations, with the exception of Ty, - Py,.,
result in pressure-temperature approximations for the Rietfontein eclogites that plot on, or very
close to the 40 mW.m™ continental geotherm of Pollack & Chapman (1977). Figure 6.1d (Ty,, -
Py..) shows the Lesotho coarse peridotite geotherm intersecting the 50 mW.m™ geotherm, and
the Namibian peridotites plotting very close to the 60 mW.m™ geotherm, higher than geotherms
approximated using other thermobarometers. It can be seen that in Figure 6.1d, both the
peridotite and eclogite temperatures, and hence the geotherms, are displaced to higher values than
those obtained using other geothermobarometers. This could be due to the pressure dependence
of the garnet-orthopyroxene thermometer, or the general dependence of Fe-Mg thermometers on
ferric iron (Chapter5). Non-equilibration between garnet and pyroxenes may also lead to
anomalously high temperatures. The Lesotho geotherm according to Ty, - Py, estimates much
higher heat flow than that measured on the Kaapvaal Craton, indicating that it may be erroneous

to approximate heat flow for Rietfontein based on Ty, - P}y, measurements.

The inflected geotherm of the Lesotho peridotites is visible on the diagrams, with the sheared
peridotites illustrating a steeper sloped geotherm than the coarse peridotites. All the Rietfontein
eclogites, and most of the Namibian peridotites plot within the geothermal area indicated by the
Lesotho coarse peridotites. A small amount of overlap occurs between the higher temperature
Namibian peridotites, and the Lesotho sheared peridotites, which may indicate that some of the
Namibian peridotites originate close to the lithosphere-asthenosphere transitional zone. Whereas
the Lesotho coarse peridotites define a well-constrained trend on a P-T diagram and can be used
to define geotherms of approximately 45+2 mW.m™, the Namibian peridotites show considerable
scatter, and cannot be used to plot a single accurate geotherm. Rather, these peridotites plot
between geotherms representing heat flow of 42 and 55 mW.m? (Figure 6. la-c). The similarity
in geotherms between Rietfontein and the Lesotho peridotites is clearly illustrated in Figure 6. 1.
The Rietfontein orthopyroxene eclogites can be used to define a geotherm of approximately 43+2
mW.m?. This heat flow approximation is most similar to the approximations of the Lesotho
peridotites than it is to the Namibian peridotites. A relatively tightly constrained set of
temperatures and pressures are exhibited by the Rietfontein eclogites, compared to the peridotite

ranges, indicating sampling of a smaller range of mantle stratigraphy. It should however be noted
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that the peridotite data takes a number of localities into account, whereas Rietfontein is a single

locality.

6.3 Discussion

Although Rietfontein is an off-craton locality, the heat-flow and thermal structure of the
lithosphere beneath Rietfontein shows greater similarity to that observed at localities found within
the Kaapvaal Craton, than it does to off-craton localities. An estimate of heat flow in the
Rietfontein area, according to Figure 6. la-c, would be approximately 41-45 mW.m™. Harley’s
(1984a & b) thermobarometer leads to a slightly higher heat flow estimation of approximately 46
mW.m™”. These approximate geotherms contrast sharply with the measured heat flow around the
Rietfontein area, which averages 6110 mW.m™ in the Namaqua-Natal belt, and 63+6 mW.m™
in the Ghanzi-Chobe belt (Jones, 1999). Heat flow approximated by geotherms in Namibia give
arange of values. Peridotites from Louwrensia indicate a geotherm close to 44 mW.m™ (Pearson
et al., 1995) and Anis Kubub peridotites yield geotherms of 44-50 mW.m(Franz et al., 1996a).
These are all slightly higher than the accepted Kaapvaal Craton estimates of <42 mW.m™
(Rudnick et al., 1997). Despite being located in a post-Archaean belt, in which higher heat flow
is common (Rudnick et al., 1997), Rietfontein seems to exhibit a heat flow more similar to that

observed within the margins of the Kaapvaal Craton.

These studies show that whereas there is a general increase in heat flow from on- to off-craton
areas, heat flow in off-craton areas is not always as high as reported averages for Proterozoic
mobile belts. Franz ef al. (1996b) attempted to account for this by suggesting that parts of old
cratonic lithosphere may still be present beneath Namibia, forming a wedge shaped continuation
of the Kaapvaal Craton towards the west, or as a set of small lithospheric slices. During hotspot
activity and upwelling of the asthenosphere, parts of this cratonic mantle could have been strongly
deformed and finally erupted within the kimberlites (Franz et al., 19965). If such a process could
account for the decreased heat flow under Namibia, it could most certainly account for the
depressed heat flow at Rietfontein, which is closer to the Kaapvaal Craton than the Gibeon

kimberlite province of Namibia.
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The progression of coarse to sheared peridotites is believed to mark the transition from
lithosphere to asthenosphere within the mantle (Boyd & Gurney, 1986). All of the Rietfontein
orthopyroxene-bearing eclogites plot close to the lower, coarse peridotite limb of the Lesotho
peridotite geotherm, suggesting that the eclogites are derived from the middle to lower layers of
the lithosphere, rather than the upper asthenosphere. However, the geotherm of the Rietfontein
eclogites indicates an unequivocal mantle origin, rather than a crustal origin. Geothermal
gradients of 44-50 mW.m™ in the Gibeon area of Namibia imply that the lithospheric thickness
in this area does not exceed 160km (Franz ef al., 1996a). Considering the maximum depth
estimate of the Rietfontein eclogites, approximately 140km, and the geothermal gradient of 41-45
mW.m?, the lithospheric thickness around Rietfontein is probably similarly 160km, a suggestion
corroborated by many xenolithic suites (Boyd etal., 1985). The absence of an inflected geotherm
around Rietfontein may be due either to a limited suite of samples, or it could imply that the
convective asthenospheric movements which affected other mantle areas were not operative in
the Rietfontein area. The similarity of the Rietfontein eclogite geotherms to those constructed
using present day heat measurements (Pollack & Chapman, 1977) indicates a lithosphere which
has been relatively stable, remaining unmixed and having been sustained by mantle convection

processes (Basu et al., 1986).

Thus, the lithosphere which was sampled by the Rietfontein kimberlite had relatively low heat
flow, more similar to that of the Kaapvaal Craton than other Proterozoic mobile belts. The
eclogites all have similar equilibration pressures and temperatures to coarse Lesotho peridotites
and their position on the lower limb of the inflected geotherm indicates derivation from
lithospheric source regions. The similarity of the mantle geotherm from Rietfontein to current

shield geotherms indicates a lithosphere that has remained stable for millions of years.
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7. TRACE ELEMENT MINERAL CHEMISTRY

Abbreviations used throughout this chapter are as follows:

REE - Rare earth elements

LREE - Light rare earth elements (La - Nd)

MREE - Middle rare earth elements (Sm - Tb)

HREE - Heavy rare earth elements (Ho - Yb)

D; - clinopyroxene/garnet partitioning coefficient for element i

D,. - molar clinopyroxene/garnet partition coefficient for element i
P-T-X - pressure - temperature - composition

7.1 Introduction

Trace elements are present in rocks in quantities of less than 0.1% and have important
applications in petrogenetic studies. Rare earth elements (REE) are geochemically very similar
and their abundances in upper mantle rocks can provide a record of upper mantle processes such
as melting, metasomatism and melt segregation. They are also useful in defining compositional
heterogeneity in the upper mantle (McDonough & Frey, 1989). As such, an investigation into the
trace element abundances of garnet and clinopyroxene from the Rietfontein eclogites can assist

in answering a number of pertinent questions.

Distinct REE characteristics have been identified for different the eclogite groups. Group A
eclogites contain LREE enriched clinopyroxenes, Group B eclogites contain extremely LREE
depleted and HREE enriched garnets and Group C eclogitic minerals typically display positive Eu
anomalies and low overall REE abundances (Taylor & Neal, 1989). It has also been noted that
in the case of Siberian eclogites, those containing exsolved garnet have no prominent Eu
anomalies and have steeper positive REE slopes than eclogites without exsolved garnets (Jerde
etal., 1993b). A comparison of the trace element abundances and REE patterns of the Rietfontein
eclogites with eclogitic minerals from on- and off-craton localities will further establish any
similarities between eclogites from the two settings. It has already been ascertained (Chapter 4)
that the major element mineral compositions of the kyanite eclogites are significantly different to
those of the other eclogites. It is important to consider whether these differences extend to the
trace element abundances. The partitioning of trace elements between mantle phases can often

affect the abundances of elements within these phases and an investigation into the partitioning
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of elements within the eclogites will determine the main controls on partitioning in this area —

whether it be temperature or composition controlled.

In addition, the fractionation of REE relative to each other can be used to determine the geneses
of rock suites. As such, REE concentrations have been used over the years to substantiate
theories on eclogite petrogenesis (eg. Shervais ef al., 1988; Taylor &Neal, 1989; Smyth ef al.,
1989). Jagoutz et al. (1984) use low HREE contents and positive Eu anomalies to argue against
a MORB-type basalt derivation for their “Type A” eclogites. Smyth ez al. (1989) believe that
positive Eu anomalies in eclogites can be accounted for by accumulation in a magma chamber at
high pressure, whereas other authors (eg. Shervais ef al, 1988; Taylor & Neal, 1989; Neal et a/.,
1990; Jerde et al., 1993; Taylor & Neal, 1993; Snyder et al., 1997) believe the REE abundances
and positive Eu anomalies of some eclogites are consistent with the subduction and
metamorphism of oceanic crust. Therefore a secure knowledge of REE patterns in eclogitic
minerals can contribute to a better understanding of the origin of eclogites and assist in identifying

possible protoliths.

Indirect approaches to determining trace element compositions of mantle rocks may lead to a
number of problems. Trace elements are often normalised using chondritic meteorites but
chondritic meteorites are not uniform in composition and the Earth has non-chondritic abundances
of volatile elements (Frey, 1984). Trace element studies on eclogites should also consider the
possibility of REE mobility during metamorphic processes. REE analysis of mineral separates is
the most reliable method for determining upper mantle REE abundances as kimberlitic inclusions
often contain late-stage alteration minerals (Frey, 1984). Mineral grains selected for trace element
analyses should be inclusion- and crack-free and unaltered to avoid possible contamination by

common mantle processes such as alteration and metasomatism.

7.2 Methods

Trace elements abundances of garnets and clinopyroxenes from the Rietfontein eclogites were
analysed at UCT using the Perkin Elmer Elan 6000 Inductively Coupled Plasma - Mass
Spectrometer, coupled to a CETAC LSX-200 UV laser. Details of this analytical technique,
together with 10 errors and detection limits may be found in Appendix I. Of the 49 samples
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retrieved from the Rietfontein kimberlite, 20 were selected for a more detailed trace element
study. These 20 samples are representative of the three eclogite groups found at Rietfontein
(bimineralic, orthopyroxene-bearing and kyanite eclogites) and cover the full chemical
compositional range exhibited by the eclogites. Two garnet and two clinopyroxene grains were
analysed from each eclogite sample, with replicate (2-4) analyses being performed on each grain.
The analyses for each sample were then averaged out to give one garnet and one clinopyroxene
trace element value for each sample. For the purposes of REE diagrams, ppm values were

chondrite normalised using the C1 chondrite values of Sun & McDonough (1989).

7.3 Garnet trace element chemistry

7.3.1 Sc, Ni, Sr, Y, Zr abundances

Scis one of the most variable trace elements found in garnets of the Rietfontein eclogites,
with concentrations of 17.2-157 ppm being measured. Zr and Sr also show strong variations
(2.24-23.5 ppm and 0.079-3.51 ppm, respectively), whereas Ni and Y concentrations are fairly
well constrained (14.2-40.8 ppm and 8.26-26.9 ppm, respectively) (Table 7.1). As is the case
with major element mineral compositions (Chapter 4), marked differences may be observed
between the kyanite and bimineralic/orthopyroxene-bearing eclogites. Figure 7.1 illustrates some
of the trends and groups within the eclogites which can be identified using trace element

compositions.

It was mentioned previously that the garnets of the kyanite eclogite group have lower Mg #’s
than garnets of the bimineralic and orthopyroxene-bearing eclogites (Chapter 4), and this is
clearly seen on the trace element - Mg# diagrams of Figure 7.1a-d, h. On a plot of Ni vs Mg#
(Figure 7. 1a), the Rietfontein eclogite groups can be separated only on the basis of Mg#, the Ni
abundances in garnets of all groups are similar. Sc abundances in many of the bimineralic and
orthopyroxene-bearing eclogites are similar to those exhibited by the kyanite eclogites (Figure
7.1b), although 7 samples show slightly elevated (> 60 ppm) Sc contents. The high-Ca garnets
of the kyanite eclogites have Sr abundances much greater than those of garnets from the other
Rietfontein groups (Figure 7.1c). These kyanite eclogites form a distinct array at higher Sr and
lower Mg#’s on this diagram and a broad trend of decreasing Sr with decreasing Mg# can be

identified. This trend is however, based on the position of sample CMA 4, and without it, the
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Table 7.1 Representative trace element analyses for garnet and clinopyroxene grains from the

Rietfontein eclogites. Concentrations reported in ppm. La/Yb ratios chondrite normalised
after Sun & McDonough (1989). n.d. = not detected

Eclogite type Bimineralic eclogites Kyanite eclogites Opx-bearing eclogites
Garnet CMA 1 CMA8 Rtin57.1(JJG2104 CMA4 | PC5.2/1 CMA 3
Sc 157 89.8 48.7 17.2 325 48.5 145
Ni 243 23.1 247 28.1 39.5 40.8 212
Sr 0.65 0.46 0.12 1.49 3.51 0.12 0.67
Y 18.2 11.8 10.6 8.26 13.1 11.6 17.2
Zr 3.37 19.9 4.48 2.24 5.65 4.26 6.83
La 0.009 0.020 0.003 n.d. 0.003 0.007 n.d
Ce 0.046 0.13 0.064 0.072 0.083 0.037 0.028
Nd 0.14 0.53 0.35 1.27 2.67 0.21 0.13
Sm 0.28 0.67 0.29 0.92 1.70 0.44 0.17
Eu 0.18 0.36 0.19 0.80 0.91 0.25 0.12
Gd 1.26 1.52 0.95 1.26 1.87 1.02 0.69
Dy 3.00 1.89 1.79 1.40 2.26 1.70 2.32
Er 2.09 1.28 1.27 0.95 1.51 1.29 2.32
Yb 1.83 1.18 1.23 0.84 1.98 1.40 2.57
| (La/Yb), | 00035 0.0120  0.0020 | | 0.0011 | 0.0037 |
Eclogite type Bimineralic eclogites Kyanite eclogites Opx-bearing eclogites
Clinopyroxene CMA1 Rtfn48.2 Rtfn57.1[JJG 2104 Rtfn54.4| CMA12 PC5.2/1
Sc 413 244 19.2 4.57 9.76 22.0 16.4
Ni 442 324 353 419 226 293 508
Sr 26.0 417 208 138 372 241 328
Y 0.62 2.16 1.52 0.074 0.38 3.82 1.70
Zr 2.25 447 14.1 3.30 11.6 327 18.3
Nb 0.01 n.d. 1.00 0.44 n.d. 0.09 0.75
Th 0.06 n.d. 0.26 n.d. nd. 0.45 0.49
La 1.13 25.3 7.80 0.008 0.069 1.2 9.03
Ce 248 62.7 19.2 0.18 0.93 28.3 20.3
Nd 1.24 28.0 9.91 0.72 3.28 13.9 11.6
Sm 0.40 4.00 1.89 0.22 0.73 3.06 2.37
Eu 0.11 1.06 0.54 0.078 0.27 0.93 0.68
Gd 0.41 2.30 1.13 0.068 0.29 248 1.49
Dy 0.24 0.77 0.47 0.041 0.13 1.27 0.60
Er 0.062 0.20 0.10 0.053 0.038 0.23 0.11
Yb 0.050 0.069 0.051 0.021 0.017 0.13 0.045
| (La/Yb), | 16.22 263.75 10961 | 0.27 296 | 6097 144.19 |
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Figure 7.1 Selected trace element abundances in garnets from the Rietfontein eclogites, plotted as a
function of Mg#. All abundances reported in ppm and 1o error bars appear in the bottom left corner
of the diagrams.
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kyanite eclogites would only form a separate group to the other eclogites. The bimineralic and
orthopyroxene-bearing eclogites form a group with a wide range of Mg#’s (60-84), whose garnets
all show Sr concentrations of less than 1 ppm. As with Sc in the Rietfontein garnets, similar Zr
abundances occur in the kyanite and half of the bimineralic/orthopyroxene-bearing eclogites
(Figure 7.1d). Again, a group of predominantly bimineralic eclogites exists with elevated Zr
contents (> 10 ppm) and many of the elevated Zr garnets also have elevated Sc contents. No

differences in Y concentrations exist between the three eclogite groups (Figure 7. 1h).

7.3.2 REE abundances

The REE abundance variations with major element (Mg#) composition for garnets are
illustrated in Figure 7.1(e-g). Figure 7. 1e illustrates the similar Ce abundances found in the three
eclogite groups, and only one high Na-Al eclogite shows higher Ce concentrations (> 0.2ppm).
Sm abundances (Figure 7. lf) in the kyanite eclogites are elevated above those of bimineralic and
orthopyroxene-bearing eclogites, whereas Yb concentrations for the groups are similar , with the
bimineralic and orthopyroxene-bearing eclogites exhibiting a larger range in concentration.
Figure 7.2 is a plot of Nd vs Z1/Y for garnets from the Rietfontein eclogites. It can be seen that
whereas there is a broad positive correlation between the two for the bimineralic eclogites, the

kyanite eclogites exhibit a trend of increasing Nd at fairly constant Zr/Y ratios.

Figure 7.3 illustrates REE patterns for selected bimineralic, orthopyroxene-bearing and kyanite
eclogites. For the bimineralic eclogites, two subtly different trends can be observed (Figure 7.3,
top). All samples show the LREE depletion and moderate HREE enrichment expected in garnet
co-existing with clinopyroxene. The first trend is a generally smooth curvi-linear increase from
the LREE, through the MREE to the HREE (CMA 1, CMA 14). However, some of the eclogites
exhibit a smoothly increasing pattern from LREE to MREE, which then flattens out towards the
HREE (CMA 8). A slight variation on this flattened HREE trend is exhibited by sample Rtfn
55.2, which shows a steeper light to middle REE pattern, and a slight concave-downwards pattern
from Sm to Dy, which then flattens out towards Er and Yb. It is possible however, that this
anomalous pattern may be due to analytical errors, and if one considers the 20 errors associated

with garnet analyses (see Appendix I, Figure I. 1a), the actual REE pattern may be smoother than
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Figure 7.2 Nd vs Zr/Y for garnets from the Rietfontein eclogites. The higher Nd
contents of the kyanite eclogites are clearly visible.

illustrated. CMA 1 is the sample containing exsolved garnet lamellae, and it can be seen from the
plots that there is no significant difference between the REE abundances of this eclogite and the
abundancés in the other bimineralic eclogite garnets. No significant trace element differences
were noted within either the garnet lamellae themselves, or between the lamellae and the granular

garnets, indicating good equilibrium within the samples.

The orthopyroxene-bearing eclogites exhibit REE trends (Figure 7.3, middle) almost identical to
those observed in the bimineralic eclogites, with both regular curvi-linear patterns and flattened
MREE to HREE patterns being observed. Garnets from the bimineralic and orthopyroxene-
bearing eclogites show MREE and HREE abundances of 1-10x chondrite, with a maximum

concentration of 15x chondrite being reached.
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Figure 7.3 REE diagrams for garnets from selected Rietfontein eclogites - bimineralic eclogites (top),
opx-bearing eclogites (middle) and kyanite eclogites (bottom). REE abundances are chondrite
normalised after Sun & McDonough (1989). 2oerror bars for REE analyses are illustrated in Appendix

L, Figure I 1.
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The kyanite eclogites exhibit vastly different REE patterns to the other samples (Figure 7.3,

bottom). Garnets from these eclogites are strongly depleted in LREE, and show an overall
convex-upwards pattern over the range of LREE to HREE. However HREE in these garnets are
depleted relative to the MREE, and have concentrations of 5-10x chondritic values. The MREE
are 5-30x more enriched than chondrites. Positive Eu anomalies are also present in most of the
kyanite eclogites, some more pronounced than others (eg. JJIG 2104). Overall, the MREE (Sm,
Eu & Gd) are more enriched in the kyanite eclogites, than in the bimineralic or orthopyroxene
bearing eclogites. Garnets in all samples were homogeneous, with no significant intra- or inter-

grain variations.

7.4 Clinopyroxene trace element chemistry

7.4.1 Sc, Ni, Sr, Y, Zr abundances

Sr within the Rietfontein clinopyroxenes is very variable, with a factor of 16 variation
being noted (26 - 417 ppm). Ni also shows a small amount of variation (149-508 ppm), whereas
Sc shows more variation (4.5 - 47.7 ppm). Zr exhibits the most trace element variation in the
Rietfontein clinopyroxenes, with a factor of 20 variation being observed (2.25 - 44.7 ppm).
Clinopyroxenes from the kyanite eclogites show the lowest concentrations of all measured trace
elements, when compared to those of the bimineralic and orthopyroxene-bearing eclogites (7able

5.0,

Figure 7.4a-d & h illustrate the variation of select trace elements with Ca/(Ca+Na) contents in
the Rietfontein clinopyroxenes. The kyanite and bimineralic/orthopyroxene-bearing eclogites are
easily separated on the basis of the Ca/(Ca+Na),,, contents, the kyanite eclogites possessing a
lower ratio due to the higher Na abundances in the clinopyroxene. Figure 7.4a illustrates the
even spread of Ni contents between the kyanite and bimineralic/orthopyroxene-bearing eclogites.
Clinopyroxenes of the kyanite eclogites have the lowest Sc concentrations (Figure 7.4b), whereas
Sr abundances are similar in all groups (Figure 7.4c), unlike the Sr in garnet, which is higher in
the kyanite eclogites. Most of the kyanite eclogite clinopyroxenes have Sc abundances of less
than 10ppm, whereas the bimineralic and orthopyroxene-bearing eclogite clinopyroxenes have
concentrations greater than 15ppm. Whereas most clinopyroxenes have Sc contents of less than

30 ppm, two eclogite samples have higher than average Sc contents (41 and 48 ppm).
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Figure 7.4 Trace element abundances for clinopyroxenes from the Rietfontein eclogites, plotted as a
function of Ca/(Ca+Na) . Allvalues reportedin ppm, 10error bars illustrated in the top right corner

of the diagrams.
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In Section 7.3.1 it was noted that a group of garnets from bimineralic eclogites contain elevated
Zr concentrations. A similar grouping is exhibited by the clinopyroxenes, where a group of seven
bimineralic and one orthopyroxene-bearing eclogite have elevated (>30ppm) Zr contents (Figure
7.4d). With the exception of two samples (Rtfn 57.1 and JJG 105), the samples that contain high-
Zr clinopyroxenes also have high-Zr garnets. This indicates the geochemical similarities that exist
between the garnets and clinopyroxenes of the Rietfontein eclogites. A broad negative correlation
between Zr,, and Ca/(Cat+Na) is visible in Figure 7.4d. The overall lower trace element
abundances of the kyanite eclogites is again illustrate in Figure 7.4h, where the Y concentrations

in the kyanite eclogites are seen to be far lower than those of the other eclogite groups.

7.4.2 REE abundances

Variations in select REE with major element chemistry for the clinopyroxenes are visible
in Figure 7.4 e-g, and the overall lower REE abundances in the kyanite eclogites are clearly
illustrated. A small field of overlap can be seen in the Ce (Figure 7.4e), Sm (Figure 7.4f) and Yb
(Figure 7.3g) abundances of the kyanite eclogites and the lower REE abundance bimineralic and
orthopyroxene-bearing eclogites. Figure 7.4f also illustrates a well-constrained negative
correlation between Sm and Ca/(Ca+Na),,,. A plot of ScvsZr/Y for clinopyroxenes (Figure 7.5)
highlights a broad negative correlation between the two variables. The kyanite eclogites have

distinctly higher Zr/Y ratios that the bimineralic and orthopyroxene-bearing eclogites.

Two samples (JJG 105 and Rtfn 57.1) exhibit intra-grain compositional variations, the first
evidence of possible disequilibrium in the eclogites. These are not large differences however, and
overall the REE patterns are the same, with only slight differences in REE abundances between
grains (Figure 7.6). REE patterns for clinopyroxenes from the Rietfontein eclogites are presented
in Figure 7.7. The bimineralic and orthopyroxene-bearing eclogites exhibit trends expected of
clinopyroxene in equilibrium with garnet, namely enrichment of LREE relative to HREE. From
the three bimineralic eclogites illustrated (Figure 7.7, top), it is clear that more inter-sample
variation occurs in the clinopyroxenes than the garnets of the Rietfontein eclogites. Sample Rtfn
43.1 is highly LREE enriched, with concentrations of up to 100x chondrite. Within the group of

bimineralic eclogite clinopyroxenes, it can be seen that the slopes of the curves are variable, the
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Figure 7.5 Sc vs Zr/Y for Rietfontein clinopyroxenes. A broad negative correlation
is visible and the kyanite eclogites have much higher Zr/Y ratios than the other
eclogites.

LREE to MREE slope of sample Rtfn 43.1 being much steeper than that of Rtfn 31.1. Rtfn31.1
has a much shallower, almost flat LREE pattern. CMA 1 shows a slight negative Eu anomaly,
together with a gradual LREE slope but the general trends exhibited by this exsolved eclogite are

similar to those of the other bimineralic eclogites.

Clinopyroxenes from the orthopyroxene-bearing eclogites (Figure 7.7, middle) show very similar
patterns to the bimineralic eclogites. LREE enrichment is not as pronounced, with values of 40x
chondrite being reached, but HREE depletion reaches the same levels (0.3x chondrite). The
negative Eu anomaly exhibited by bimineralic sample CMA 1 is also seen in orthopyroxene-

bearing eclogite CMA 3.
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Figure 7.6 REE diagrams illustrating intra-grain variation within clinopyroxenes
Jfrom two Rietfontein eclogites.

Clinopyroxenes from the kyanite eclogite group show marked differences to those discussed
above (Figure 7.7, bottom). These eclogites show both LREE and HREE depletion, with LREE
depletion being the most extreme (0.01 - 0.12x chondrite). All kyanite eclogites show a similar
range of HREE values, but there is considerably more scatter when looking at the LREE. CMA
17 shows LREE enrichment relative to chondrites and the other kyanite eclogites, and the overall
trend is more similar to that of the bimineralic eclogites. This may be due to the fact that this
sample is a bimineralic eclogite, but in major element compositional aspects, is similar to the
kyanite eclogites. The garnet REE pattern of this sample is also similar to the bimineralic eclogite
signatures, suggesting that the similarities of CMA 17 to the kyanite eclogites extend only as far
as the major element chemistry. The remaining kyanite eclogites show distinct convex upward

LREE to MREE patterns, with a peak REE concentration occurring at Nd. Whilst there is an
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overall trend of steep LREE and HREE slopes, the MREE slopes are more gradual (even flat in
the case of JJG 2104). Most slopes decrease steadily towards the heaviest REE, occasionally
flattening out (CMA 4). JJIG 2104 however exhibits an anomalous, higher Er concentration,

yielding a somewhat different pattern to the other kyanite eclogites.

[La/Yb],, ratios of the Rietfontein clinopyroxenes range between 0.08 and 263 (bimineralic
eclogites = 16.2-263, opx-bearing eclogites = 27.9-144, kyanite eclogites = 0.08-56.3) (Table
7.1). This exceeds the range of values reported in the classification scheme of Taylor & Neal

(1989), rendering it inapplicable to the Rietfontein eclogites into Groups A, B and C.

7.5 Trace element partitioning

Partition coefficients for a variety of trace elements have been calculated for coexisting
clinopyroxene and garnet in the Rietfontein eclogites. Element partitioning between co-existing
mineral phases provides important data fundamental to crystal chemistry, geothermobarometry
and the mathematical modelling of processes such as partial melting, fractional crystallisation and
metasomatism (O’Reilly & Griffin, 1995). The majority of the upper mantle trace element budget
is contained within the mineral phases garnet and clinopyroxene, and the partitioning of trace
elements between these two phases has application to both systems that have melt present, and
those in which it is absent (Harte & Kirkley, 1997). Due to the relative rigidity of cation sites in
some solids, the mineral phases in these solids may exert greater influence over the variation of
partition coefficients than the composition of the melt phase (Blundy & Wood, 1991). It is
necessary to determine which compositional parameters and/or pressure-temperature controls are
responsible for trace element partitioning within the Rietfontein eclogites. 7able 7.2 gives
calculated partition coefficients for relevant trace elements in the Rietfontein eclogites, where D
represents clinopyroxene/garnet (in ppm) for a particular trace element. Partition coefficients for
the REE are seen to decrease with decreasing atomic radius of an element (see 7able 7.2), for

example D, > Dy > Dg,, > Dy,

Figure 7.8a and b illustrates the partitioning of Nd, Eu and Y (a) and Zr and Ni (b) as a function
of the Ca content of garnet. The kyanite eclogites are distinguished from the bimineralic and

orthopyroxene-bearing eclogites by their higher garnet Ca contents. Due to the large differences
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Table 7.2 Calculated partition coefficients for co-existing clinopyroxene and garnet
i

in the Rietfontein eclogites. D; = , where "i” refers to any given element
154 i Y &

CMA1 CMA 3 CMA 4 CMA5 CMA 8 CMA12 CMA 14

Dz 0.67 0.92 1.34 3.23 2.21 3.24 1.60
Ds; 40.0 50.4 52.8 496 462 1986 1445
Dsc 0.26 0.33 0.22 0.40 0.26 0.41 0.37
Dni 18.2 18.1 11.4 12.1 14.1 13.8 12.2
Dy 0.034 0.068 0.019 0.16 0.44 0.14 0.069
Dce 53.8 118 1.21 256 205 449 169

Dng 8.75 15.7 0.80 48.3 30.6 36.5 16.1

Dsm 1.45 3.15 0.33 6.75 5.87 5.87 297
De, 0.61 1.13 0.18 3.18 3.31 3.03 1.50
Dad 0.33 0.73 0.14 1.45 2.20 1.21 0.65
Doy 0.079 0.15 0.028 0.332 0.87 0.31 0.14
De, 0.030 0.051 0.021 0.11 0.34 0.081 0.050
Dvp 0.027 0.016 0.016 0.066 0.18 0.037 0.012

CMA17 JJG105 JJG 2104 PC1 PC5.2/1 Rtfn31.1 Rtfn 43.1

Dy 1.13 9.07 1.47 2.83 4.29 1.97 2.01

Dg, 65.7 2492 92.4 204 2818 1473 3380
Dso 0.33 0.38 0.26 0.48 0.34 0.40 0.34
Dy 12.6 13.6 14.9 5.56 12.4 15.6 12.3
Dy 0.021 0.30 0.009 0.30 0.15 0.15 0.18
Dee 12.1 617 2.55 127 556 174 605

Dua 1.79 155 0.57 13.1 54.4 26.6 65.2
D 0.44 15.8 0.24 4.66 5.41 3.57 8.92
De, 0.23 5.64 0.097 1.36 2.73 2.07 3.61

Ded 0.15 3.20 0.054 1.94 1.47 1.30 1.63
Doy 0.043 0.63 0.030 0.56 0.35 0.34 0.40
Der 0.014 0.18 0.055 0.20 0.087 0.094 0.12
Do 0.008 0.11 0.025 0.14 0.032 0.068 0.047

Rtfn 48.2 Rtfn 541 Rtin 54.4 Rtfin 55.1 Rtfn 55.2 Rtfn 57.1

Dy 2.21 1.39 1.75 1.83 1.78 3.14

D, 4207 137 188 1288 2793 1763

Ds. 0.31 0.23 0.25 0.34 0.31 0.39

Du; 13.3 9.76 114 12.0 12.3 14.3

Dy 0.32 0.016 0.018 0.15 0.13 0.14

Dee 595 4.28 6.45 244 594 302

Dua 59.0 0.79 1.19 32.6 37.3 28.2

Den 7.49 0.21 0.29 6.81 4.69 6.63

De, 5.04 0.15 0.20 4.13 2.54 2.84

Daq 2.46 0.12 0.086 1.59 1.41 1.19

Doy 0.69 0.020 0.031 0.34 0.33 0.26

De, 0.30 0.023 0.016 0.099 0.096 0.083

Dve 0.088 0.033 0.009 0.032 0.067 0.041
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Figure 7.8 Calculated cpx/gt partition coefficients for selected trace elements from the Rietfontein
eclogites. Each marker on the graphs represents a particular element, listed in the legend. a) Partition
coefficients for Nd, Eu and Y illustrated as a function of the Ca content of garnet; b} Zr and Ni partition
coefficients plotted against the Ca content of garnet; ¢) Nd and Eu partition coefficients plotted as a
Sunction of Mgt,,; d) Dy, Dy; and Dy, illustrated as a function of Mg# .
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in Ca contents between the different eclogite groups, molar Ca serves as a good basis on which
partition coefficient trends may be identified and distinguished. The same can be said about the
Mg of garnet - garnets from kyanite eclogites have lower Mg#’s than garnets from the other
eclogites, and the variation of partition coefficients with Mg# is illustrated in Figures 7.8c and d.
Figure 7.8a shows well defined trends of partition coefficient variations for Nd, Eu and Y, with
each element showing a decrease in partition coefficient (i.e. increased tendency to preferentially
enter garnet) with an increase in Ca/(Ca+Mg),,. Some elements show more scatter than others,
although the general trend is the same. It can be seen that for all elements, with the exception of
Zr and Ni, the lowest partition coefficient for a particular element is always found in the kyanite
eclogites, suggesting that the more Ca-rich the garnet, the more likely it is that it will
preferentially incorporate trace elements into its structure. Whereas the partition coefficients for
the kyanite eclogites are much lower than those of the bimineralic and orthopyroxene-bearing
eclogites, the orthopyroxene-bearing eclogites fall within the range defined by the bimineralic
eclogites. There are substantial differences in the partition coefficients within the groups of
bimineralic and orthopyroxene-bearing eclogites though, for example the partition coefficients for
Nd and Eu range between 8-155 and 0.6-5.6 respectively, for bimineralic eclogites, and 15.7-54
and 1.1-3 respectively, for orthopyroxene-bearing eclogites. Dy; remains constant at
approximately 10 across the entire range of Ca/(Ca+tMg) (Figure 7.8b), and Zr shows only a
slight tendency for decreasing D; with increasing Ca/(Ca+Mg),,, although this is only applicable

to the bimineralic and orthopyroxene-bearing eclogites, not the kyanite eclogites.

Broad trends of increasing D; with increasing Mg#,, are defined for Nd, Eu and Y (Figure 7.8c
and d). Again, Dy; remains constant at approximately 10 across the range of Mg#’s, whereas Zr
shows slight variation, but defines no particular trend with Mg# (Figure 7.8d). The constant
partition coefficient of approximately 10 for Ni means that it is preferentially partitioned into
clinopyroxene in the presence of co-existing garnet. Trace element partitioning was not found
to be dependent on the Mg# of clinopyroxene at all. The Mg# of garnet clearly does determine
the partitioning of trace elements between garnet and clinopyroxene to some extent, but does not

exert the influence that the Ca content of garnet does.

7.18



Trace element mineral chemistry

Figures 7.9a and b show partition coefficients for Sr, Sm, Gd and Nd as a function of Al in the

6-fold clinopyroxene cation site. Trace element partitioning in the Roberts Victor eclogites has
been observed to be dependent on Al' and the correlation with this variable is thought to arise
from the correlation of D; and jadeite components with Ca/(Ca+Mg),,, (Harte & Kirkley, 1997).
A similar correlation may be present in the Rietfontein eclogites. Clinopyroxenes from kyanite
eclogites are more jadeite-rich (Chapter 4) and hence have a greater proportion of Al'® than the
remaining eclogites, which are more likely to contain a greater proportion of Al It is thus easy
to distinguish the different eclogite groups and thereby identify partitioning trends or groupings
on the basis of Al'), There is significantly more scatter on these diagrams than on the Ca plots
(Figure 7.8), indicating that the Ca content of garnet exerts a bigger influence over trace element
partitioning than the Al content of clinopyroxene. Whilst very broad inverse correlations may be
identified, the bimineralic and orthopyroxene-bearing eclogites seem to form groupings, whereas
the kyanite eclogites exhibit tidier trends for Sm and Nd (Figure 7.9 a and b). Sr, Sm (Figure
7.9 a), Nd and Gd (Figure 7.9b) all show broad partitioning trends as a function of Al

Figures 7.9c and d illustrate partition coefficients plotted as a function of equilibration
temperatures. Again, the partitioning of Ni (Figure 7.9d) remains fairly constant and no
dependence of partitioning on temperature can be observed in any of the trace elements. This is
in contrast to results obtained by O’Reilly & Griffin (1995), who found that in on-craton Southern
African eclogites, Ni partitioning for clinopyroxene/garnet is moderately dependent on X, and
strongly dependent on temperature. O’Reilly & Griffin (1995) and Harte & Kirkley (1997) noted
that Zr partitioning between garnet and clinopyroxene in eclogites from on-craton localities is
mostly temperature controlled, and is mildly influenced by the jadeite component of clinopyroxene
and the Ca content of garnet. However, no such temperature dependence is observed in the
Rietfontein eclogites. On-craton eclogite suites thus seem to be more temperature dependent with

regards to trace element partitioning than an off-craton locality such as Rietfontein.

Figure 7.10 illustrates Ln D" of selected trace elements (Nd, Sm and Gd) against the natural
logarithms of the molar partition coeflicients for Ca and good linear trends are defined. Marked
correlations exist for most elements, irrespective of the valency and abundance of the elements.

This can be seen in the regression values for the correlations, where 2, = 0.92, r’;,, = 0.94, and
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Figure 7.9 Further partition coefficient diagrams for the Rietfontein eclogites. Colours as are those in
Figure 7.8. a) D, and Dy, vs [6]-fold coordinated Al in clinopyroxene; b) partition coefficients for Gd
and Nd as a function of Alq,x[ . ¢) Ds, and Dy, vs equilibration temperatures of Ellis & Green (1979);
dj partition coefficients for Ni and Y vs equilibration temperatures of Ellis & Green (1979).
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Figure 7.10 Natural logarithms of partition coefficients for Nd, Sm and Gd plotted
as a function of the natural logarithm of D¢, where D¢« = Ca,,/Cay,

r’a = 0.93. Trace element partitioning in eclogites from the Roberts Victor kimberlite was
investigated by Harte & Kirkley (1997), who also observed good correlations between LnD; and
LnD,.,. for Nd (r* = 0.93) and Sm (r* = 0.96). Harte & Kirkley (1997) used linear regression
analyses to derive the equation
LnD;*¢ = A(LnD,.*™*) + B

Calculated constants A and B for the Roberts Victor eclogites are as follows: AN=2.28 BN =
0.78, AS™ = 1.99 and B = -0.45. These are subtly different to those calculated for the
Rietfontein eclogites, where AN =235 BY=1.58, AS"=1.93 and B""=0.103. Similar results
were obtained by Harte & Kirkley (1997), who noted that the best correlation exists between
LnD,. and Ln De,., but weaker correlations could be observed between LnD; and Ln D,,., and
Ln D, and Ln Dy .
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To summarise, trace element partitioning within the Rietfontein eclogites appears to be controlled
mainly by the major element compositions, most notably the Ca content in garnet, although Mg
contents in garnet and Ca contents in clinopyroxene also play a role. Al'® in clinopyroxene is also
seen to influence the partitioning of some trace elements. Equilibration temperatures of the
eclogites have no effect on trace element partitioning and Ni and Zr show very little response to

any of the possible partitioning controls.

7.6 Discussion
7.6.1 REE elements

Figure 7.11 provides comparative diagrams for REE patterns for garnet and clinopyroxene from
the Rietfontein eclogites and from Siberian and Roberts Victor eclogites. All three groups of
Rietfontein eclogites exhibit garnet REE patterns (Figure 7. 1 1a) very similar to those observed
in on-craton eclogites. The extreme depletion noted in some of the Rietfontein eclogite garnets
is also noted in garnets analysed from Udachnaya and Roberts Victor eclogite samples. Positive
Eu anomalies are not uncommon either, having been noted from both comparative localities, and
Bellsbank (Smyth & Caporuscio, 1984; Taylor & Neal, 1990). The garnet REE patterns exhibited
by the bimineralic and orthopyroxene-bearing eclogites from Rietfontein are not unusual, and can
be matched to similar patterns from most on-craton localities, including Roberts Victor and
Udachnaya. Figure 7.11c illustrates the large range in LREE abundances found within
clinopyroxenes from the Rietfontein eclogites. Similarly large ranges are observed in eclogite
clinopyroxene from South African and Siberian localities (Figure 7.11d). Bimineralic and
orthopyroxene-bearing eclogites from Rietfontein do not exhibit unusual patterns, and similar
patterns have been reported from most South African localities (eg. Taylor & Neal, 1989; Harte
& Kirkley, 1997). However, the unusual patterns represented by clinopyroxenes of the
Rietfontein kyanite eclogites have been reported from Siberian localities (turquoise blue marker
on Figure 7.11d) (eg. Jerde et al., 1993a; Sobolev et al., 1994; Snyder ef al., 1997). These
clinopyroxenes show a convex upwards pattern in the light to middle REE range. Thus, whilst
the clinopyroxenes from the Rietfontein eclogites exhibit different REE patterns, it is not the first
time that such patterns have been recorded. The REE mineral patterns of the Rietfontein
eclogites are thus very similar to patterns recorded in on-craton eclogites, from both South

African and Siberian localities. Comparisons with trace-elements from off-craton eclogites could
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not be made, due to a lack of such data in the literature. The significant REE differences between

the kyanite and bimineralic/orthopyroxene-bearing eclogites suggest different protoliths and/or
petrogenetic histories for the kyanite eclogites. On the basis of major elements the bimineralic
and orthopyroxene-bearing eclogites of Rietfontein can be grouped as Group A and B eclogites
(after Taylor & Neal, 1989). Although REE patterns are similar, the Rietfontein Group A
eclogites show much greater LREE enrichment in clinopyroxene (100 < [La/Yb],, <263) than
Group B eclogites ( [La/Yb],,, = 6-60). Group A clinopyroxenes also have higher MgO contents,
and lower Na,O contents than Group B eclogites, and these chemical differences, combined with
differences in REE concentrations, may imply different protoliths for the two groups, despite the
similarity in REE patterns. Neal ef al. (1990) believe that Group A eclogite xenoliths may be the
result of crystallisation from a Group II kimberlite magma within the upper mantle, and are thus
true mantle cumulates. Taylor & Neal (1989) also believe that clinopyroxene/garnet partition
coeflicients for Group B eclogites are not consistent with an origin by fractional crystallisation
of a magma and must thus have a crustal protolith. Neither Group A nor Group B eclogites from
Rietfontein show chemical signatures associated with crustal rocks, although crustal involvement
in the formation of these eclogites cannot yet be discounted. However, the higher MgO contents
of both garnets and clinopyroxenes from Group A eclogites, together with lower Na,O,
abundances and higher clinopyroxene REE abundances suggest that crystallisation of the eclogites
from a primary, basaltic magma at high pressures and temperatures cannot be discounted. The
higher Na,O,,, contents of Group B clinopyroxenes could imply a less primary origin than the
Group A eclogites, and the suggestion that Group B eclogites may represent metamorphosed
basaltic oceanic crust (Taylor & Neal, 1989) is a possibility. Should the Rietfontein Group B
eclogites have formed by the metamorphism of oceanic crust, this crust would not necessarily
have been plagioclase-rich, as no positive Eu anomalies are recorded in either garnet or

clinopyroxene from this eclogite group.

An initial depleted source region or protolith for the kyanite eclogites could be implied by the
LREE depletion and overall low REE abundances, or it may imply partial melting after eclogite
formation. The positive Eu anomalies in garnets from the Rietfontein kyanite eclogites provide
strong evidence for a plagioclase-rich protolith for these rocks. Plagioclase is known to possess

a strong positive Eu anomaly and LREE depletion (Pallister & Knight, 1981), and this chemical
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signature may be retained during metamorphism and is hence exhibited by minerals comprising
the resulting rock. Subduction of plagioclase-rich oceanic crust and subsequent metamorphism
at high pressures and high temperatures, could result in eclogites yielding the mineral REE
patterns observed in the Rietfontein kyanite eclogites. Metamorphism of ancient subducted
oceanic crust is proposed to account for Group C (or kyanite) eclogites from a number of on-
craton localities, such as Roberts Victor and Bellsbank (eg. MacGregor & Manton, 1986;
Shervais ef al., 1988; Taylor & Neal, 1989). If melting of an eclogite were to occur, garnet and
clinopyroxene would both begin to melt at the same time, in cotectic proportions. LREE have
a large ionic radius and are thus incompatible (Rollinson, 1993), and would be preferentially
incorporated into the melt at the onset of melting, depleting the co-existing crystals in LREE. The
subduction of plagioclase-rich oceanic crust, followed by partial melting of the resulting eclogite
are processes which could lead to the positive Eu anomalies and extreme LREE depletion
observed in minerals of the kyanite eclogites. Such partial melting processes have also been

suggested to account for convex-upward REE profiles (Jerde ef al., 1993a).

7.6.2 Trace element partitioning
Partitioning of trace elements between two mineral phases is known to be affected by a series of
variables such as pressure, temperature, and mineral composition (Harte & Kirkley, 1997).
However, trace element partitioning in the Rietfontein eclogites shows no evidence for any
dependence on temperature. It is difficult to ascertain whether or not there is any pressure
dependence, as pressure estimates were only available for the six orthopyroxene-bearing eclogites
and only three of these were selected for trace element analysis. The Ca content of the
Rietfontein eclogites exerts the most control on clinopyroxene/garnet trace element partitioning,
with garnet compositions having a greater effect than clinopyroxene compositions. Weaker
controls are found to be exerted by [6]-fold Al in clinopyroxene and, to an even lesser extent, by
the Mg content of garnet which affects only select trace elements (Sr, Nd, Eu, Gd and Y). The
Mg content of clinopyroxene has no effect on partitioning whatsoever. The dominant partitioning
control exerted by Ca suggests that most trace elements substitute in the [8]-fold Ca site of garnet
and [6]-fold Ca site of clinopyroxene, with a lesser preference for the [6]-fold site of Al in
clinopyroxene. The abundance of an element does not affect its partitioning at all. Zr and Ni are

two trace elements that do not seem to be affected by either temperature or composition, although
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Ni partitioning shows slightly more variability than Zr. Tt has been suggested that the smaller
ionic radius of Zr, compared to the REE, may lead to substitution in the [6]-fold sites in
clinopyroxene and garnet, rather than the Ca-bearing [8]-fold sites (Harte & Kirkley, 1997). The
partition coeflicients for the kyanite eclogites are always lower than those for the bimineralic and
orthopyroxene-bearing eclogites. Trace elements progressively favour garnet over clinopyroxene
as increasing amounts of Ca are strongly partitioned into garnet, leading to lower cpx/gt partition
coeflicients for kyanite eclogites (Harte & Kirkley, 1997). This is due to the favouring of garnet
over clinopyroxene by trace elements as increasing amounts of Ca are strongly partitioned into
garnet rather than clinopyroxene (Harte & Kirkley, 1997). The higher partition coefficients for
the Group A and Group B eclogites once again indicate different petrogenetic processes or

environmental mantle conditions for the Group A/B eclogites and the Group C (kyanite) eclogites.
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8.1 Introduction

One of the major hindrances to the study of the upper mantle is the lack of in sifu exposures of
mantle material. Eclogites, together with ultra-mafic xenoliths, are direct samples of the upper
mantle, and the bulk chemistry of xenolith suites has received considerable interest in efforts to
characterise the bulk composition of the upper mantle (Haggerty, 1995). The geochemical
signatures of eclogite protoliths (such as subducted oceanic crust) may be retained within the

xenoliths themselves, thus providing the opportunity to investigate prior mantle processes.

Eclogites are rocks that have a broadly basaltic whole-rock composition (Figure 8.1), and Yoder
& Tilley (1962) proposed that “for each and every basalt there is an equivalent eclogite of the
same bulk composition”. Whilst the whole-rock chemistry of eclogi{e suites is variable, in general
an eclogite will have either a komatiitic- or mid-ocean ridge basalt (MORB)-like composition
(Haggerty, 1995). Eclogites with low MgO contents approach basaltic compositions, whereas
high MgO eclogites show more similarity to komatiites (Haggerty, 1995). The bulk major
element compositional similarities of eclogites to both basalts and komatiites is not surprising,
considering that ancient komatiites may have originated from the same deep, depleted mantle
reservoir as modern picrites and MORB (Anderson, 1994). Similarities of eclogites to basaltic
rocks can also (and most importantly) be seen in the REE patterns of eclogites. Many eclogites
exhibit relatively flat REE patterns at abundance levels of 5-15x those seen in chondrites, similar
to those observed in some MORB (Smyth ef al., 1990; Jerde et al., 1993a; Beard et al., 1996).
Gabbroic rocks often exhibit a positive Eu anomaly, similar to the distinctive positive Eu

anomalies in kyanite-bearing and Group C (Taylor & Neal, 1989) eclogites.

The existence of three groups of eclogites viz. Groups A, B & C (Taylor & Neal, 1989) was
discussed in Chapters 4 and 7, and each group has a characteristic whole-rock composition.
Group A eclogites (possible mantle cumulates) have high whole-rock Mg #’s, SiO, and Cr,0,
contents (Sobolev ef al., 1994) and low AL O,, CaO and TiO, contents, Group B eclogites have
major element compositions similar to that of Archaean basalts, high FeO, with moderate Al,O,,

MgO and CaO contents and low concentrations of incompatible trace elements; Group C
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eclogites have high Al,O, and CaO, low MgO, FeO and low REE abundances, often with positive

Eu anomalies (Taylor & Neal, 1989). These differing bulk rock compositions are often used to
infer contrasting geological histories and protoliths for the different eclogite groups (eg. Taylor
& Neal, 1989).

8.2 Aims
This chapter aims to address a number of issues relating to the whole-rock composition of the
Rietfontein eclogites. These can be summarized as follows:

. to reconstruct the whole rock composition using analysed mineral compositions
(both major elements and trace elements) and modal abundances,

. to compare the bulk rock compositions of the Rietfontein eclogites with respect
to established compositional ranges for Group A, B and C eclogites,

. to compare the major and trace element bulk rock compositions with fields for
mafic igneous rocks with a view to determining likely protoliths and petrogenetic
origin and

. to compare REE patterns for mafic igneous rocks with those of the Rietfontein

eclogites.

8.3 Reconstructing whole-rock compositions

8.3.1 Procedure

Many of the Rietfontein eclogites examined in this study are small, being less than 2cm
in diameter. This meant that it was impossible to perform whole-rock compositional analyses on
the samples themselves and whole-rock compositions have thus been reconstructed using the
known compositions of the primary minerals. However, sample size and degree of alteration also
meant that it was difficult to obtain representative modal proportion estimates in some samples.
In these samples, it is necessary to assume an equal garnet:clinopyroxene ratio, whereas in some
of the larger samples, a representative modal estimate could be obtained. Taking into account
those for which estimated modal proportions were determined, it was found that the average
garnet:clinopyroxene ratio for the suite of xenoliths is 48.8:5 1.2. Tt is thus fairly representative
of the suite as a whole to use equal proportions of garnet and clinopyroxene to reconstruct whole-

rock compositions.
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The effect of varying garnet:clinopyroxene proportions on calculated major and trace element
compositions is illustrated in Figure 8.1. 1t is clear that there is no marked effect for the largely
incompatible trace elements (eg. REE) (Figure 8. 1a), but significant variations can occur in the
major stoichiometric components such as Al, Fe and Ca (Figure 8. 1b) for garnet:clinopyroxene
ratios ranging from 60:40 to 40:60. Some major elements are more affected by changes in modal
proportions than others and the largest variation is seen in elements which show vastly different
abundances between garnet and clinopyroxene, such as Al and Ca. Elements such as Mg, which
can show similar concentrations in garnet and clinopyroxene, are not as greatly affected by modal

proportion changes.

A number of samples contained a third primary mineral, either kyanite, or orthopyroxene. In

reconstructing the whole-rock composition of these samples, it was essential to include this third
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Figure 8.1 Effect of varying garnet and clinopyroxene modal proportions on REE (a)
and major elements (b) for samples PC1 and JJG 105, respectively.
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primary mineral. In such samples equal proportions of garnet and clinopyroxene were assumed

and the appropriate modal proportion of either kyanite or orthopyroxene was accounted for in
the major element reconstruction. Rutile was a common accessory mineral in some samples, and
for these samples 1% rutile was assumed to be present and this too was accounted for in the
whole-rock major element reconstruction. Trace element compositions were measured on garnet
and clinopyroxene only, so whole-rock trace element chemistry is based on equal gamet and

clinopyroxene proportions.

8.3.2 Advantages and disadvantages

There are certain advantages to reconstructing whole-rock chemistry, one of which is the
exclusion of contributions from secondary minerals (phlogopite, amphiboles, oxides), which could
commonly enrich the rock in elements such as K and Ti. Metasomatism would also affect mineral
and hence whole-rock composition, as it introduces elements such as K, Na, Fe, Ti, Rb, Ba, Sr,
Zr, Nb and LREE (Erlank ef al., 1987). Analyses of whole-rocks may thus lead to whole-rock
compositions which are significantly enriched in particular elements, when compared to
reconstructed whole-rock compositions. Analysed whole-rock chemical compositions are also
known to be depleted in Na,O relative to reconstructed whole-rocks (Sobolev et al., 1994). A
disadvantage of reconstructing whole-rock compositions is that possible errors could occur as a
result of misjudged modal mineral proportions and the presence of widely distributed accessory

phases.

Samples containing very large mineral grains, significant amounts of alteration or samples that are
very small may lead to erroneous estimates of modal proportions, variations in which would affect
the resultant calculated composition. It has been shown though, that for REE at least, varying
the modal proportions within accepted eclogite limits does not significantly affect REE patterns
or concentrations (Figure 8.1 and Jerde et al., 1993a). As REE and isotopic signatures are
considered more useful than bulk major element compositions in unravelling the petrogenesis of
eclogites (Neal & Taylor, 1990), this is an important point to note. The usefulness of major or
trace elements in unravelling eclogite petrogenesis is still a source of debate. Neal & Taylor
(1990) believe that REE signatures are most useful, whereas Ireland ez al. (1994) and Rudnick

(1995) caution against the use of trace element data because of the complex evolutionary history
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of eclogites and the susceptibility of trace elements to metasomatic alteration. Using

reconstructed whole-rock patterns limits the metasomatic influences though, and much

information can still be gathered from the trace element chemistry.

8.4 Major element compositions

Table 8.1 presents reconstructed whole-rock major element compositions for selected Rietfontein
eclogites. Distinct differences in major element compositions can be observed between the
kyanite eclogites and the bimineralic/orthopyroxene-bearing eclogites from Rietfontein. SiO,
contents for the eclogites range between 45 and 49 wt%, which, together with the Na,O contents
(0.4-3.1 wt%), confirms the overall basaltic nature of the eclogites (Figure 8.2). According to
the Basaltic Volcanism Study Project (1981), “basalts are characterised by Fe, Ca and Mg
contents in the range 5-15 wt%, and SiO, contents generally in the range 38-53 wt%”, although
some MORB from the Southern Mid-Atlantic Ridge have reported MgO contents greater than
15 wt% (le Roex et al., 1987). Most MORB have Na,O contents greater than 1.5 wt%, although
concentrations as low as 0.2% have been reported (le Roex ef al., 1989). A number of
bimineralic eclogites exhibit FeO contents just under 5 wt%, although CaO contents for all
eclogites are mostly within the defined basaltic field. The kyanite and high Na-Al eclogites have
MgO contents within the defined basaltic range, but the remaining eclogites (bimineralic and opx-
bearing) all have contents greater than 15 wt%. Overall though, the whole-rock compositions
of the Rietfontein eclogites are broadly basaltic.

8.4.1 Inter-group variation

Kyanite eclogites have Al,O; contents that exceed those of the remaining eclogites, a
direct consequence of the presence of up to 20% modal kyanite. Al,O, contents range from 22-
27 wt% and Na,O contents range from 2.1-3.19 wt%. The high Na-Al eclogites, which do not
contain kyanite, have lower Al,O, contents of 16-17.8 wt%. The presence of kyanite in only five
of the high Al-Na eclogites suggests the existence of a threshold amount of ALQ, in the protolith
for these rocks, above which the final product will contain primary kyanite (Jerde ef al., 1993a).
TiO, in the kyanite eclogites shows a factor of 10 variation, from 0.07-1.16 wt%. These higher
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Table 8.1 Reconstructed major element compositions of selected Rietfontein eclogites.

Bimineralic eclogites
JJG105 PC1  Rtfn31-3 Rtfn55-4 Rtfn43-10 CMA1 CMA6 CMA9
Sio, 47.62 48.30 47.25 47.30 46.85 47.90 47.80 47.73
TiO, 0.22 0.15 1.15 0.10 0.24 0.10 0.08 0.17
AlLO, 14.20 13.04 13.57 12.56 14.02 12.91 11.88 12.92
Cr,0; 0.31 0.17 0.11 0.36 0.10 0.31 0.98 0.47
FeO 8.74 5.36 5.91 7.41 9.02 6.80 6.24 5.36
MnO 0.19 0.17 0.22 0.24 0.20 0.23 0.26 0.20
MgO 16.05 18.79 18.14 16.12 14.78 15.48 17.80 18.43
Ca0 11.38 13.84 12.26 15.08 12.81 15.85 13.95 13.62
Na,O 1.50 0.43 1.16 0.64 1.46 0.66 0.44 0.84
K,0 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Total 100.22  100.26  99.76 99.83 99.47 100.24  99.42 99.75
[ Mg# | 76.60 86.20 84.55 79.51 74.49 80.23 83.57 85.96 |
Kyanite eclogites Opx-bearing eclogites
JJG 2104 Rtfn 54-1 Rtfn 54-4 Rtfn55-3| PC5211 CMA3 CMA12 CMA13
SiO, 44.92 45.65 45.07 46.61 48.61 49.00 48.85 47.93
TiO, 0.07 0.17 1.13 0.32 0.16 0.07 0.23 1.00
AlL,O; 26.71 23.08 22.25 17.31 13.72 9.62 13.06 11.71
Cr,0; 0.02 0.02 0.06 0.03 0.29 0.49 0.18 0.67
FeO 5.34 7.98 7.72 8.59 8.34 10.68 8.06 6.97
MnO 0.08 0.12 0.12 0.14 0.19 0.36 0.19 0.23
MgO 6.29 7.62 8.31 9.77 16.95 18.54 17.97 17.92
Ca0 14.24 12.88 12.07 13.67 10.22 10.63 9.98 12.94
Na,O 2.11 2.67 2.79 3.19 1.77 0.52 1.63 0.51
K,0 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.00
Total 99.79 100.19  99.52 99.64 100.26  99.91 100.14  99.88
| Mg# | 6773 62.98 65.75 66.97 | 78.37 75.59 79.90 82.10 |
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Figure 8.2 Chemical classification of the Rietfontein eclogites, using the total
alkali vs silica (TAS) diagram of Le Maitre (1989), based on reconstructed
whole rock compositions.

Ti eclogites are those that contain visible rutile, but the abundance of Ti in the remaining eclogites
is low for a basaltic rock. It is likely that rutile is present in most of the eclogites, but was not
present in the limited sample available for study, and was thus not accounted for when
reconstructing the whole rock compositions. FeO and MgO contents in the kyanite eclogites
range from 5.3-9.6 wt% and 6.3-10 wt%, respectively. CaO contents are more restricted, from
12-15 wt%. Si0, abundances in the kyanite eclogites are lower than those of the bimineralic and
orthopyroxene-bearing eclogites and they also exhibit the lowest Mg#’s (< 72). The effect of
lower MgO contents on the Rietfontein kyanite eclogites can be seen in Figure 8.3a, where they
form a distinct group at higher Ca/(Ca+Mg) and lower Mg/(Mg+Fe) ratios. Figure 8.3b
illustrates the lower Cr and higher Al abundances in the kyanite eclogites, compared to the
. bimineralic and orthopyroxene-bearing eclogites. The kyanite and high Na-Al eclogite groups all

have Cr-ratios <1 and, whereas a number of bimineralic and kyanite eclogites have similar values,
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most are greater than 1. In Figure 8.3, error bars on sample JJG 105 further illustrate the

consequences of variable garnet:clinopyroxene modal proportions, where garnet:clinopyroxene

proportions of 60:40 and 40:60 were accounted for.

The orthopyroxene-bearing and bimineralic eclogites are very similar in terms of major element
whole-rock compositions. Mg#’s range upwards of 74, AL,O, = 9-14%, FeO = 4-10 wt%, CaO
= 10-16 wt%, and MgO contents are all greater than 15 wt%. The higher average Cr,O;
concentrations of the bimineralic and orthopyroxene-bearing eclogites are illustrated in Figure
8.3b, where the bimineralic eclogites form a distinct group at higher Mg/(Mg+Fe) ratios.
Variation in the TiO, contents of the bimineralic and orthopyroxene-bearing eclogites is similar
to that of the kyanite eclogites, with the visibly rutile-bearing eclogites exhibiting higher TiO,
abundances (Figure 8.4a). The bimineralic and orthopyroxene-bearing eclogites have higher
MgO and Cr,0;, and lower Na,O and Al,O, than the kyanite eclogites.

8.4.2 Mafic rock similarities

The compositional differences between the Rietfontein eclogite groups, and their
relationship to the compositional fields of some mafic igneous rocks and boninites are illustrated
in Figure 8.4a-d. The kyanite and bimineralic/orthopyroxene-bearing eclogites are
compositionally distinct from each other and similarities can be seen between the Rietfontein
eclogites and a number of igneous rock groups. One of the major differences between MORB
and eclogites is the average lower TiO, content in eclogites. This is illustrated in Figure 8.4a,
where most of the Rietfontein eclogites can be seen to have much lower TiO, abundances than
MORB or komatiites, although the kyanite eclogites fall within the oceanic gabbro field. The
rutile-bearing eclogites have higher TiO, contents and thus plot within both the MgO and TiO,
MORB compositional fields. The kyanite eclogites have similar CaO, NaO and AlL,O, contents
to both oceanic gabbros and MORB (Figure 8.4b-d), but for the most part can be represented
entirely by the gabbroic field. A significant amount of overlap with boninites can be noted for

many of the kyanite eclogite major element components.

8.8



Whole Rock Chemistry

¢ Bimineralic eclogites A Kyanite eclogites
® Opx-bearing eclogites 4 High Na-Al eclogites
0.7 1
g |
0.6 -
op | |
E 05 -
+ i
m H
< |
S 04 + |
© |
0.3 - |
0.2 — - |
=
b |
I .
5 - :
| - [
— 4 L . ;
T . |
— - . . ?
@) ®
L ® [
jom) o |
O ® |
— 2t . ‘
¢ © \
T %e ¢ . \
et 38 |
. ¢ o
I - * eee
k L J
1 * . \
¢ |

[
b .
0 LJ_A.A*/\A_l A

0.6 0.7 v018l - ‘0.9
Mg/Mg+Fe

Figure 8.3 Major element ratios for the Rietfontein eclogites plotted as a function of Mg
Mg/(Mg+Fe)). a) Ca/(Ca+Na) vs Mg/(Mg+Fe) and b) Cr/(Cr+Al) vs Mg/(Mg+Fe). In a), the
distinction between the kyanite and remaining eclogite groups is clearly visible. Figure 8. 3b illustrates
the overall lower Cr contents in eclogitic garnets. The error bars in each diagram represent the
compositional differences that variable garnet:cpx (60:40 - 40:60) proportions makes on sample JJG
105.
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Figure 8.4 Comparative whole-rock major element diagrams for the Rietfontein eclogites. a) TiO,vs
MgO:; b) CaO vs MgO; ¢) Na,O vs MgO; and d) Al,O; vs MgO. MORB data from le Roex et al., 1983;
le Roex etal., 1985; le Roex etal., 1987, le Roex et al., 1996, le Roex et al., 1989; Mahoney et al., 1992.
Gabbro data represents oceanic and olivine gabbros from the South West Indian Ridge (Meyer et al.,
1989; Dick et al., 1999). Komatiite data from Smith & Erlank, 1982; Jahn et al., 1982; Parman et al.,
1997; Byerly, 1999; Venneman & Smith, 1999, Polat et al., 1999. Boninite data from Bloomer, 1989,
Brown & Jenner, 1989; Cameron, 1989; Crawford et al., 1989; Coish, 1989; Hickey-Vargas, 1989; van
der Laan et al., 1989, Sobolev & Danyushevsky, 1994; Kerrich et al., 1998
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The Rietfontein bimineralic and orthopyroxene-bearing eclogites show strong compositional

similarities, as well as compositional overlap with a number of igneous rocks. TiO, contents are
Variable, depending on the presence of rutile, and the high-Ti eclogites fall within the MORB
compositional field (Figure 8.4a). Compositional similarities to boninites on the basis of TiO, and
MgO may also be noted. Many of the Rietfontein bimineralic eclogites exhibit CaO contents
(Figure 8.4b) greater than those observed in boninites, komatiites or basaltic rocks, but the lower
Ca eclogites overlap into the boninite, komatiite and oceanic gabbro fields. Igneous rocks show
a large range in Na,O contents (Figure 8.4c) and the bimineralic and orthopyroxene-bearing
eclogites show compositions most similar to boninites and low-Mg (basaltic) komatiites. Al,O,
abundances in the bimineralic and orthopyroxene-bearing eclogites plot well within the boninite

defined field (Figure 8.4d), but also show similarities to MORB.

8.5 Trace element compositions

8.5.1 General observations

Reconstructed whole-rock trace element compositions of the Rietfontein eclogites are
presented in Table 8.2. As with the major element chemistry, the kyanite eclogites show
significant differences to the bimineralic and orthopyroxene-bearing eclogites with regard to their
trace element chemistry. On average, the kyanite eclogites have lower Sc, Zr, Ce and Nd
concentrations than the other eclogites (illustrated in Figure 8.3a, b & d), but the rest of the trace
element concentrations are similar between all the petrographic groups. The relative abundances
of the trace elements Nd, Sc, Ni, Ce and Zr are illustrated in Figure 8.5a-d. Calculated Ni (88-
274ppm) and Sr (13-208ppm) concentrations in the eclogites are both highly variable and Sc
shows a very wide concentration range (11-99ppm). Figure 8.5b shows that the higher Sc
abundances are distinct outliers when considering the remaining eclogites. Both garnet and
clinopyroxene from these two samples (CMA 1 and CMA 3) have higher Sc contents than other
samples, resulting in a higher whole-rock Sc abundance. These higher Sc contents are thus not
anticipated to be the result of analytical error. Broad positive correlations are evident between
Sc, Nd, Ce and Zr (Figure 8.5), whereas Ni in bimineralic eclogites decreases with increasing Zr.
As was the case with the major element mineral chemistry, a group of seven eclogites (Six
bimineralic and one orthopyroxene-bearing eclogite) contain slightly higher Zr concentrations than

the other eclogites, although this is to be expected after reconstructing the whole-rock chemistry
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Table 8.2 Reconstructed whole-rock trace element compositions of the Rietfontein eclogites.

All data reported in ppm.
Kyanite & high Na-Al eclogites Opx-bearing eclogites
JJG 2104 Rtfn54.1 Rtfn544 CMA4 CMA17 | PC52/1 CMA3 CMA12
Sc 10.9 17.1 24.5 19.8 35.8 32.4 96.2 37.8
Ni 223 162 123 244 96.7 274 202 157
Sr 69.6 145 187 94.4 54.1 164 17.2 120
Y 417 8.1 10.9 6.68 8.75 6.63 9.17 15.3
Zr 2.77 7.35 9.12 6.61 6.34 1.3 6.56 21.4
La 0.00 0.01 0.03 0.00 0.67 4.52 0.80 5.61
Ce 0.13 0.32 0.54 0.09 212 10.2 1.68 14.2
Nd 1.00 3.04 3.01 2.40 2.08 5.90 1.07 713
Sm 0.57 1.96 1.64 1.13 1.01 1.40 0.36 1.79
Eu 0.44 0.93 0.82 0.53 0.45 0.46 0.12 0.62
Gd 0.66 1.83 1.81 1.07 1.40 1.25 0.60 2.26
Dy 0.72 1.63 2.14 1.16 1.64 1.15 1.33 2.67
Er 0.50 0.79 1.17 0.77 0.93 0.70 1.22 1.56
Yb 0.43 0.63 0.98 1.01 0.99 0.72 1.30 1.84

Bimineralic eclogites

JJG 105 PC1 Rtfn 31.1 Rtfn 43.1 Rtfn 48.2 Rtfn 55.1 Rtfn 55.2 Rtfn 57.1

Sc 325 23.9 35.9 51.8 51.9 43.8 35.0 33.9
Ni 186 87.9 186 115 174 152 169 189
Sr 194 84.3 89.2 163 209 107 111 104
Y 6.62 6.00 5.50 12.2 4.43 11.3 417 6.05
Zr 23.7 6.66 8.67 32.8 32.5 33.2 15.3 9.27
La 7.86 2.04 1.51 9.97 12.6 5.52 348 3.90
Ce 21.5 4.54 4.64 22.8 314 13.0 9.94 9.65
Nd 11.4 4.99 3.50 11.0 14.3 7.17 8.96 5.13
Sm 2.03 1.64 1.00 2.09 227 1.53 2.04 1.09
Eu 0.63 0.59 0.37 0.70 0.64 047 043 0.36
Gd 1.62 1.49 0.98 1.88 1.62 1.49 1.01 1.04
Dy 1.29 1.16 0.98 2.04 0.94 1.91 0.78 1.13
Er 0.68 0.63 0.58 1.33 0.42 1.38 0.50 0.69
Yb 0.69 0.59 0.59 1.40 0.42 1.44 0.46 0.64
Bimineralic eclogites
CMA1 CMA5 CMAS8 CMA14

Sc 98.9 35.9 56.4 459

Ni 233 162 175 158

Sr 13.3 83.2 108 105

Y 9.42 14.1 8.49 9.22

Zr 2.81 23.7 31.9 5.83

La 0.57 3.43 5.47 223

Ce 1.26 9.18 13.5 4.03

Nd 0.69 6.25 8.34 2.67
Sm 0.34 1.73 2.29 0.84

Eu 0.15 0.61 0.77 0.33

Gd 0.84 2.24 243 1.07

Dy 1.62 2.60 1.76 1.48

Er 1.07 1.54 0.86 117

Yb 0.94 1.70 0.70 1.18
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Figure 8.5 Selected trace element abundances in Rietfontein eclogites, compared to abundances in a
variety of igneous rocks. MORB data from le Roex & Dick, 1981; le Roex et al., 1983; Humphris et al.,
1985; le Roex et al., 1985; Price, 1986; le Roexetal., 1987 le Roex et al., 1989; le Roex et al., 1996.
Gabbro data from Dick et al., 1999. Komatiite data from Jahn et al., 1982; Parman et al., 1987; Polat
etal, 1999. Boninite data from Bloomer, 1989; Brown & Jenner, 1989; Cameron, 1989; Coish, 1989,
Crawford et al., 1989, Sobolev & Danyushevsky, 1994; Kerrich et al., 1998.
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from the mineral chemustry. These higher Zr-eclogites all have Zr contents > 30ppm, whereas the

remaining eclogite groups all have abundances < 15ppm. Zr contents for the entire eclogite suite

fange from 3-33ppm.

8.5.2 REE patterns

Figure 8.6 presents REE patterns for selected Rietfontein eclogites, reconstructed using
garnet:clinopyroxene ratios of 50:50. Kyanites from the kyanite eclogites were analysed for REE
concentrations but no significant concentrations were measured and orthopyroxenes were not
analysed due to sample shortages. REE patterns for both the kyanite and orthopyroxene-bearing
eclogites were thus constructed in the same manner as those for the bimineralic eclogites, using

only garnet and clinopyroxene.

A number of REE patterns are exhibited by the bimineralic and orthopyroxene-bearing eclogites
(Figure 8.6, top and middle). A number of these eclogites exhibit relatively flat REE patterns,
with REE concentrations of 10-20x chondrite. A common pattern exhibited by the Rietfontein
eclogites (both bimineralic and orthopyroxene-bearing) is one that decreases from LREE to
HREE (eg. Rtfnt 48.2, PC 5.2/1). The enrichment of LREE in these decreasing REE patterns
ranges between 15-60x chondrite, whereas HREE concentrations vary between 2-10x chondrite.
It is interesting to note that the sample showing the greatest LREE enrichment (Rtfn 48.2), also
shows the greatest HREE depletion. Although some of'the REE patterns decrease smoothly from
LREE to HREE, some eclogites (eg. Rtfn 43.1, Rtfn 57.1) show relatively flat HREE patterns.
Slightly more unusual REE patterns are exhibited by samples CMA 1 and CMA 3, which show
a pattern of decreasing REE concentrations from La to Nd and La to Eu respectively, and then
an increasing pattern from the MREE onwards. CMA 1 exhibits a relatively flat HREE (from Dy
to Yb) pattern, whereas the pattern of CMA 3 smoothly increases from Eu through to Yb. Once
again, it can be seen that the REE patterns of the bimineralic and orthopyroxene-bearing eclogites
show a number of similarities. The LREE concentrations of these two samples varies between

1.5-4x chondrite, whereas the HREE show enrichment levels of up to 10x chondrite.

The kyanite eclogites exhibit vastly different calculated bulk rock REE patterns and are strongly
LREE depleted (0.03-1x chondrite) (Figure 8.6, bottom). A distinctive feature of these eclogites
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is the presence of a positive Eu anomaly, most pronounced in sample JJG 2104, which contains

the most calcic garnet and the highest modal proportion of kyanite. The HREE enrichment of
fhese samples is moderate, at concentrations of 2-4x chondrite. The concave upward patterns of
the light and middle REE are a characteristic feature of these kyanite eclogites, and echoes the
patterns observed in the garnets and clinopyroxenes of these samples. The middle to heavy REE
transition is seen to be a decreasing pattern in a number of the kyanite eclogites, but sample JIG
2104 exhibits an almost flat middle to heavy REE pattern. The kyanite eclogites have extremely
low [La/Yb], values (< 0.05).

8.5.3 Mafic rock similarities

Compositional fields for trace elements from select igneous rocks are illustrated in Figure
8.5. The Rietfontein eclogites often show a compositional spread outside fields of mafic igneous
rocks. The kyanite eclogites have Zr contents far lower than those found in MORB (Figure 8.5),
although Ni contents are similar to those reported in oceanic gabbros. The only other igneous
field into which the kyanite eclogites overlap is the boninite field, where similar Nd, Sc and Ni

abundances can be seen (Figure 8.5 a-c).

The bimineralic and orthopyroxene-bearing eclogites also show trace element compositional
similarities to boninites. Ni, Zr and Sc abundances are all very similar (Figure 8.5 b-c) but most
of the bimineralic and orthopyroxene-bearing eclogites have Nd and Ce abundances much higher
than those in boninites. Very little compositional overlap can be seen between the eclogites and
either MORB or komatiites. There are however, similarities between the Ni and Zr contents of

oceanic gabbros and the bimineralic and orthopyroxene-bearing eclogites (Figure 8.5¢).

Figure 8.7 compares REE patterns for a number of igneous rock types (gabbro, basalts, MORB,
komatiite and boninite) with REE patterns exhibited by the Rietfontein eclogites. Gabbros are
often characterised by positive Eu anomalies, a result of plagioclase accumulation in the source
region, although negative Eu anomalies may also be present, produced when plagioclase is
removed from a system (Pallister & Knight, 1981). Both positive and negative Eu anomalies have
also been noted in MORB (eg. Puchelt ez al., 1977; Dostal & Muecke, 1978). These positive
Eu anomalies in MORB and ophiolitic gabbros compare favourably with the positive Eu
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Figure 8.7 Whole-rock REE patterns for select igneous rocks, compared to patterns of the Rietfontein
eclogites (a & d). 1,2 & 3: Gabbro (Pallister & Knight, 1981); 4: Oceanic gabbronorite (Booij &
Staudigel, 1996); 5: Al-undepleted komatiite (Xie et al., 1993); 6: Basaltic komatiite (Jahn et al., 1982);
7 & 8: Boninites (Kerrich et al., 1998); 9-11: Basalts (Kerr et al., 1996); 12: MORB (le Roex et al,
1983); 13: MORB (le Roex et al., 1985); 14 MORB (le Roex et al., 1983).
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anomalies observed in the kyanite eclogites from Rietfontein (Figure 8.7a), although the LREE

depletion in the Rietfontein eclogites is far more extreme. Abundances of HREE are however

similar to those of the gabbros.

A number of Rietfontein bimineralic and orthopyroxene-bearing eclogites exhibit REE patterns
with a slight negative Eu anomaly (Figure 8.7q), a pattern which 1s not unusual, having been
recorded in boninites (eg. Kerrich ez al., 1998), gabbros (eg. Pallister & Knight, 1981) and
MORB (eg. Puchelt et al,, 1977). Flat REE patterns, such as those found in some basaltic
komatiites (Figure 8.7c) and MORB (Figure 8.7f), are very similar to the flatter whole-rock REE
patterns of the Rietfontein bimineralic and orthopyroxene-bearing eclogites (Figure 8.7a & d).
The smoothly decreasing REE patterns of basalts from Gorgona (Figure 8.7¢) and MORB
(Figure 8.7f) show an overall similarity to the bimineralic and orthopyroxene-bearing eclogites
of Rietfontein.

On the basis of REE patterns alone, it is strongly suggested that many of the Rietfontein eclogites
may be the result of metamorphism of subducted oceanic crust. This crust may be the basaltic
upper layers and sheeted dykes, or the underlying gabbroic layers, and both may be represented
by the eclogites. Some of the eclogites exhibit the flat REE patterns that are characteristic of
komatiites, whereas others show marked REE similarities to boninites, implying crust with

boninitic affinities.

8.6 Discussion

8.6.1 Major elements

The Rietfontein kyanite eclogites show striking compositional similarities to both oceanic
gabbros and MORB (Figure 8.4). The kyanite eclogités are also seen to show a number of major
element correlations with bominites, although the kyanite eclogites extend to higher ALO;
concentrations. The Mg#’s of the kyanite eclogites (63-72) correlate with the Mg#'s of MORB
(35-79; le Roex & Dick, 1981; le Roex et al., 1987) and oceanic gabbros (up to 86; Dick et al.,
1999). In all geochemical aspects, with the exception of TiO, contents, the kyanite eclogites are
similar to basaltic (MORB and oceanic gabbro) rocks. The similarities of the bimineralic and

orthopyroxene-bearing eclogites to basaltic and gabbroic oceanic crust are not quite as
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convincing. A small amount of compositional overlap occurs in the fields of MORB and gabbros,

depending on the component, but similarities to boninites seem to be more striking. Some overlap
with komatiites can be observed, but these tend to be with the lower-Mg, basaltic komatiites,
again substantiating the basaltic nature of these rocks. The Rietfontein eclogites do have a
broadly basaltic composition (Figure 8.2), but the Mg#’s of the bimineralic eclogites can reach
88, greater than that found in MORB or gabbro (le Roex et al., 1987; Dick et al., 1999). These
Mg#’s could be too high to represent metamorphosed oceanic crust and the primary compositions

may imply derivation directly from a cumulate basaltic magma chamber.

The low Mg#’s and similarities of the kyanite and high Na-Al eclogites to oceanic crustal material
(gabbroic and basaltic) suggests derivation of these eclogites from such igneous protoliths. The
kyanite and high Na-Al eclogites are compositionally distinct from the bimineralic and
orthopyroxene-bearing eclogites and it is thus unlikely that these groups are petrogenetically
related in any way. These kyanite and high Na-Al eclogites most likely represent subducted, and
subsequently metamorphosed oceanic crust. Based on major element compositional similarities,
it seems plausible that basaltic oceanic crust was subducted and metamorphosed to eclogite. A
more aluminous and more plagioclase-rich crustal section may have resulted in the kyanite
eclogites than the crust which gave rise to the high Na-Al eclogites, which lack kyanite and are
thus not as aluminous. The boninitic affinities of the bimineralic and orthopyroxene-bearing
eclogites suggests generation of boninite magmas, which may occur during ocean-floor spreading
at a mid-ocean ridge spreading centre (Crawford e al., 1989), resulting in oceanic crust with both

basaltic and boninite similarities.

8.6.2 Trace elements

The large positive Eu anomalies in the Rietfontein kyanite eclogites provide compelling
evidence that these eclogites had protoliths that were relatively enriched in plagioclase. Gabbroic
rocks commonly possess positive Eu anomalies and are thus a logical protolith for the Rietfontein
kyanite eclogites. The high Na-Al eclogites (kyanite absent) show similar REE patterns to the
kyanite eclogites, although the Eu anomaly is not as pronounced and in one case the REE pattern
is much flatter, similar to the bimineralic eclogites. MORB and gabbros can both exhibit positive
or negative Eu anomalies (Puchelt ez al., 1977; Pallister & Knight, 1981), or neither. Plagioclase-
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rich oceanic crust (gabbro) is the most likely crustal protolith of the Rietfontein kyanite eclogites,

based on the presence of a positive Eu anomaly. The similarities of many of the eclogite REE
patterns to MORB suggests that these eclogites may represent the metamorphosed upper portion
of oceanic crust, despite the fact that the eclogites have higher, more primary Mg#’s. The LREE
depletion of the Rietfontein kyanite eclogites may be the result of partial melting of the eclogites
after metamorphism from oceanic crust. Partial melting has been suggested as a method of
fractionating LREE (to the melt) from the HREE (left in the residue), to account for extreme
LREE depletion and flat HREE patterns in eclogites from other localities (Taylor & Neal, 1989,
Jerde et al., 1993a). Such processes may also add or remove Eu anomalies, making Eu a poor

indicator on which to base universal eclogite classifications (Jerde et al., 1993a).

Absolute trace element abundances of the Rietfontein eclogites are sometimes higher than those
observed in MORB, komatiites and boninites (Figure 8.5). These relative enrichments may be
due to metasomatic or alteration processes, known to enrich rocks in such incompatible elements
such as LREE (Erlank et al., 1987). MORB from the FAMOUS Valley, on the Mid-Atlantic
ridge have lower Zr contents than average MORB (le Roex et al., 1996), and these values are
similar to the low Zr abundances observed in the Rietfontein eclogites. Despite the higher trace
element abundances 1n some cases, it is still feasible for the eclogites to have been derived from
oceanic crustal rocks. Ni contents greater than 300ppm, together with Mg/(Mg+0.85Fe*) > 0.68
are two criteria used to classify basic liquids as primitive (i.e. unfractionated) upper mantle liquids
(Dawson & Carswell, 1990). Ni contents in the Rietfontein eclogites are all less than 300ppm,
and the similarities of the bimineralic and orthopyroxene eclogites to basaltic rocks and boninites
again implies the involvement of oceanic crust. The similar trace element patterns of boninites
and MORB with many of the bimineralic and orthopyroxene-bearing eclogites provides further

evidence for a link between the three rock types, in an oceanic crustal environment.

8.6.3. Summary

The whole rock composition of the Rietfontein eclogites indicates that the three different
eclogite groups from Rietfontein probably represent differing protoliths. The kyanite ahd high
Na-Al eclogites correlate with the Group C eclogites of Taylor & Neal (1989) and, like the
Belisbank Group C eclogites, probably represent subducted and metamorphosed fragments of
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ancient oceanic crust rich in plagioclase. It has been suggested that eclogites from many localities

were derived in such a manner (eg. Helmstaedt & Doig, 1975; Jagoutz et al., 1984; MacGregor
& Manton, 1986; Beard ef al., 1996). The low Mg#’s, and the major and trace element
similarities of the kyanite and high Na-Al eclogites to oceanic crustal material (gabbroic and
basaltic) suggests derivation of these eclogites from such igneous protoliths. The exact type and
composition of oceanic crust may have resulted in two different types of eclogites, those
containing kyanite, and those compositionally similar, but lacking kyanite. More aluminous and
plagioclase rich crust could account for the presence of kyanite and the stronger positive Eu

anomalies in the kyanite eclogites.

The kyanite and high Na-Al eclogites are compositionally distinct from the bimineralic and
orthopyroxene-bearing eclogites and it is thus unlikely that these groups are petrogenetically
related in any way. A number of the bimineralic and orthopyroxene-bearing eclogites also show
distinct similarities to basaltic oceanic crust and may represent the basaltic portions of the crust,
as opposed to the derivation of kyanite eclogites from possible gabbroic sections. Unlike the
kyanite eclogites though, the link between oceanic crust and the bimineralic/orthopyroxene-
bearing eclogites is not as well defined. Beard ez al. (1996) suggested that in the case of Siberian
(Mir) eclogites, low-Ca group eclogites represent the upper section of oceanic crust, consisting
mostly of pillow lavas, whereas high-Ca group eclogites represent lower sections of oceanic crust,
consisting mostly of massive and layered gabbros. This may be applicable to the Rietfontein
eclogites, where some bimineralic and orthopyroxene-bearing eclogites with flat REE patterns
represent the upper oceanic crustal section, and the kyanite eclogites represent the lower,
gabbroic section of the crust. The boninitic affinities of many of the bimineralic eclogites implies
the generation of boninitic magmas at some stage during oceanic crustal production, or during
subduction processes. The only ambiguous compositional feature of the bimineralic and
orthopyroxene-bearing eclogites is the high Mg#’s of some samples, which could be used to argue
against an oceanic crustal protolith imply derivation as a cumulate from a primary basaltic magma
chamber. The majority of evidence however, seems to indicate metamorphism of subducted
oceanic crust, compositionally different (not as plagioclase-rich) to that which gave rise to the

kyanite eclogites.
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9. OXYGEN ISOTOPES

9.1 Introduction

Oxygen isotopes may provide information regarding the introduction of crustal-derived material
into mantle source regions or the occurrence of crustal contamination of ascending mantle-derived
magmas (Graham & Harmon, 1983). They provide a powerful tool for the examination of fluid-
rock interactions (Lowry ef al., 1999). The usefulness of oxygen isotopes in unravelling
petrogenetic histories stems from the knowledge that rocks that have equilibrated with the
hydrosphere or atmosphere, and rocks that formed from magmas derived by partial melting of
pristine mantle, have greatly differing stable isotope compositions (Graham & Harmon, 1983).
Taylor & Sheppard (1986) conclude that “all relatively '*O-depleted (8'*0 < 4.5%o) or *O-rich
(8"0 > 7.5%o) silicate melts on earth must have, in part been derived from, or have exchanged
with, precursor material that once resided on, or near, the Earth’s surface”. By inference then,
rocks with 80 values between 4.5%o and 7.5%o may not show evidence of crustal involvement
and may thus be mantle derived. The great abundance of oxygen in most fluids and rocks,
together with substantial differences in the 8'*0 values of various reservoirs, makes it a useful
geochemical tracer (Kyser, 1986) which can be used to place constraints on processes such as

sediment recycling, differentiation and metasomatism.

Various surface, crustal and mantle oxygen isotope reservoirs have differing and distinctive ranges
in 6'%0 values, with sedimentary and crustal rocks exhibiting higher values and much larger 6"*0
ranges than mantle derived rocks (Graham & Harmon, 1983). In a study of eclogites from the
Orapa kimberlite pipe in Botswana, Deines et al. (1991) defined a “normal” mantle 6'%0 range
of 5-6.5%0. Mantle mineral phases are often unstable at the low pressure and temperature
environment of the Earth’s surface and reactions with surficial fluids will alter the original oxygen
isotope compositions. Variable 8'*0 values in the mantle may resuit from a number of processes,
such as subduction of material with variable 6'®0 values into the mantle, high temperature
fractionation of oxygen isotopes between phases and **O enrichment by fluids rich in CO, or H,0

(Kyser, 1986).
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A diverse range in oxygen isotopic compositions has been recorded in eclogites, with whole-rock
8'%0 values of 2.2-9.2%o, a range almost twice that found in other mantle xenoliths (Kyser, 1990).
Such anomalous 80 values in eclogites were first detected at Roberts Victor (Garlick ez al.,
1971) and have subsequently been noted at many other localities such as Mir (Beard et al., 1996),
Bellsbank (Shervais ef al., 1988; Neal et al., 1990), Orapa (Deines et al., 1991) and Udachnaya
(Jerde et al., 1993; Jacob et al., 1994). Whereas many localities exhibit '*0 values that greatly
deviate both above and below mantle values, Bellsbank eclogites all deviate towards lower 8'°0
values and Udachnaya eclogites extend only 0.5%o either side of the accepted mantle range. This
lack of lower 6'®0 values in the Udachnaya kimberlite pipe implies either that this branch of the
eclogite suite is not preserved in the Siberian mantle under this particular area, or that it is simply
not sampled by the Udachnaya kimberlite (Jacob ef al., 1994). It may also be possible that the
oceanic crust, which essentially gave rise to the Bellsbank eclogites, experienced more intense
hydrothermal alteration than the area from which oceanic crust forming the Udachnaya eclogites

originated.

Deviations from mantle 6'®0 values in mantle eclogites have previously been taken as
unambiguous evidence of a crustal protolith for eclogites 7.e. that eclogites may represent
metamorphosed fragments of oceanic crust (Jagoutz et al., 1984; MacGregor & Manton, 1986;
Neal et al., 1990). An earlier interpretation that the range in values could be due to fractional
crystallisation (Garlick ez al., 1971) has been discounted (Clayton et al., 1975). In order to test
the possibility of crustal involvement in the petrogenesis of the Rietfontein eclogites, oxygen
isotope compositions of representative samples from different compositional groups were
determined. It has been shown that 6°0 commonly varies with eclogite chemistry (MacGregor
& Manton, 1986, Neal ef al., 1990; Beard ef al., 1996), hence the analysis of garnets from
different compositional population groups. If the eclogite has equilibrated internally at mantle
temperatures, garnets and clinopyroxenes of a sample will have similar 80 values. The
petrography of the eclogites (Chapter 3), together with their major and trace element data
(Chapters 4 & 7), indicate that the Rietfontein eclogites are well equilibrated, and the garnet

isotopic data is thus assumed to be representative of the samples as a whole.
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9.2 Methods

Garnets from the Rietfontein eclogites were analysed by Dr C. Harris at the University of Cape
Town using a laser flourination vacuum line. Details of the analytical technique can be found in
Appendix I, Section Ic. Mineral picking of coarsely crushed eclogites resulted in garnets from five
samples being selected for oxygen isotope analysis. All grains were angular fragments of larger
garnet grains and the freshest, unfractured grains were selected. These grains were first cleaned
in warm, dilute HF, and then acetone, in order to remove any surface weathering or alteration
material. The cleanest 1-2mg grains were then selected for analysis. The results presented in
Section 9.3 were those obtained after a second set of analyses had been performed on the
Rietfontein eclogites. The first set of results was unsatisfactory, having shown poor
reproducibility and a wide spread of results. In the second run, samples were more carefully
selected, reproducibility on the garnet standard (MON GT) was good (Appendix I) and more
satisfactory results were obtained. For one of the samples on which replicate analyses were
performed, reproducibility was better than that of the garnet standard. For the other two samples
however, reproducibility was worse than that of the standard. The differences between analyses
on the Ca-rich garnets of JJG 2104 were larger than those on other garnets, and could be due to
the armouring effects of calcium flouride on the garnets. Each garnet analysed was derived from
a different grain, and it is therefore possible that differing 8'*0 values may indicate heterogeneities

within samples.

9.3 Results

Results of the oxygen isotope analyses performed on garnets from the Rietfontein eclogites are
presented in Table 9.1. Samples JIG 2104, CMA 4 and CMA 14 were each analysed twice in
order to check analytical accuracy. Samples Rtfn 43.2 and 55.1 were only analysed once due to
a shortage of material. Whereas the two oxygen isotope analyses for each of samples CMA 4 and
14 are similar (within ~0.3%o), JJG 2104 shows a greater difference between analyses (~0.9%o).
This sample contained the freshest garnet grains and the large difference therefore cannot be due

to the effects of alteration, but may be a result of analytical uncertainties.
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Sample 630 (%0)
JIG 2104 6.84

5.95
CMA 4 5.58

5.82
CMA 14 5.99

5.61
Rtfn 43 .2 5.24
Rtfn 55.1 5.16

i

Table 9.1 Oxygen isotope data for
garnets from the Rietfontein eclogites.

Ca

Bimineralic eclogites
Opx-bearing eclogites
Kyanite eclogites

& High Al-Na eclogites

> ©® ¢

Fe

Figure 9.1 Molar Ca-Mg-Fe diagram for garnets from the Rietfontein
eclogites, together with the recorded &°0 values (reported in %o) associated
with each garne! group.
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Figure 9.1 illustrates the oxygen isotope values (all reported in %o) relative to the molar Ca, Mg
and Fe compositions of the garnets. The most Ca-rich sample, JJG 2104, exhibits the highest
3'%0 values, 6.84 and 5.95%0. The most Mg-rich samples, Rtfn 43.2 and Rtfn 55.1 contain
garnets with the lowest 'O values, 5.24 and 5.16%o respectively. The garnet groups with Mg
and Ca contents intermediate to these two above-mentioned groups have intermediate 6'*0
contents. If one disregards the outlier value of 6.84%e, all data for the Rietfontein garnets fall
within the “normal” mantle range of 5-6.5%o, defined by Deines ef al. (1991), as well as the range
for ultramafic upper mantle xenoliths of 5.5+0.7%o (Mattey ef al., 1994).

Figure 9.2 illustrates the variation in the cation proportions of garnet major elements relative to
8®0. Broad linear trends are discernable in all the diagrams. Ca/(CatMg),, is positively
correlated with 8'*0 (Figure 9.2a), whereas Mg/(Mg+Fe),, and Cr/(Cr+Al),, are inversely
correlated with 8"*0. No other trends or groupings were observed between 60 and any of the

other major elements, trace elements or equilibration temperatures.

9.4 Discussion

Figure 9.3 illustrates the range of 8'0 values found in garnets from the Rietfontein eclogites,
compared to eclogitic garnets analysed from southern African (Finsch, Orapa, Roberts Victor and
Bellsbank) and Russian (Mir and Udachnaya) localities. 8'*0 values from peridotitic garnets and
clinopyroxenes have also been included for comparative purposes. This graph illustrates the range
of 8'*0 values observed in eclogitic garnets (2.2-9.2 %o), and it can be seen that the most
frequently reported 8'%0 values are 5-7%o. The range of oxygen isotopes defined by Rietfontein
garnets is small in comparison to other localities and lies close to the range of accepted mantle
values (Deines ef al., 1991), with only one analysis offset to higher values. The oxygen isotope
data therefore provides no clear evidence of a crustal precursor. However, the small oxygen
isotope sample size must be kept in mind, as it is possible that a larger sample population may lead

to a greater spread of 8'°0 values.

Previous studies (MacGregor & Manton, 1986; Jacob et al., 1994) have noted that the chemical
composition of eclogite minerals can vary systematically with oxygen isotope compositions and

these variations may be similar to those produced during hydrothermal alteration of oceanic crust.
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Figure 9.2 Major element proportions plotted as a function of 8°0 (%o). a) Ca/(Ca+Mg) vs &°0, b)
Mg/(Mg+Fe) vs 8°0 and c¢) Cr/(Cr+Al) vs 8°0. For the samples on which replicate analyses were
performed, values have been joined by a dotted line.

9.6



Oxygen Isotopes
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Figure 9.3 &0 values of eclogitic garnets from xenoliths and diamond inclusions from various
on-craton localities. All 8°0 values are reported in %o, diamond inclusions are plotted as open
circles and xenoliths are plotted as closed squares. Eclogite data from Garlick et al. (1971),
Jagoutz et al. (1984), Ongley et al. (1987), Shervais et al. (1988), Neal et al. (1990), Deines et
al. (1991), Jacob et al. (1994), Jerde et al. (1994), Beard et al. (1996) and Lowry et al. (1999).
Peridotite data from Mattey et al. (1994), lonov et al. (1994) and Lowry et al. (1999).

Jacob et al. (1994) showed that FeO can increase and CaO can decrease with an increasing degree
of low temperature alteration, as measured by increasing 6'®0 values. These negative trends of
Ca0 and 6'%0 provide support for the involvement of oceanic crust in the eclogite protolith
(Snyder ef al., 1997). Correlations of MgO, Na,O and whole-rock K,O have also been noted
(MacGregor & Manton, 1986, Deines et al., 1991) and such direct correlations are consistent

with hydrothermal alteration of the protolith (Kyser, 1990). Broad correlations of CaO, MgO and
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FeO with 6'®0 were observed in the Rietfontein eclogites, although there were no noted Na,O

or K, O correlations. High temperature magma fractionation processes may also be responsible
for compositional and isotopic correlations, as may be garnet-clinopyroxene fractionation.
Equilibrium oxygen isotope fractionations between clinopyroxene and garnet depend significantly
on the major element chemical compositions of both phases (Beard ef al., 1996), with an
increased jadeite component increasing clinopyroxene-garnet fractionation and an increased
pyrope content decreasing the fractionation (Matthews ez al., 1983). These two effects act in the
same direction in eclogites from Mir, giving larger isotopic fractionations for Ca-rich rocks (Beard
et al., 1996), and a similar process may have occurred in the Rietfontein eclogites. However, the
major element correlations show most consistency with alteration of basalt by sea-water and this

is the most likely explanation for the oxygen isotope characteristics of the Rietfontein eclogites.

9.5 Conclusion

Information derived from the oxygen isotopes of the Rietfontein eclogites is thus inconclusive.
Whereas evidence such as the correlation of major elements with oxygen isotopes and an oxygen
isotope value outside of the mantle range may be indicative of the involvement of hydrothermally
altered oceanic crust in the genesis of the Rietfontein eclogites, direct derivation of the eclogites

from primary melts or magmas cannot be ruled out on the basis of oxygen isotope values alone.
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10. DiscussioN AND CONCLUSIONS

The Rietfontein off-craton kimberlite, located at 26.75°S, 20.04°E, hosts a suite of eclogite
xenoliths that can be subdivided into three petrographically distinct groups, viz. bimineralic,
orthopyroxene-bearing and kyanite eclogites. The bimineralic eclogites are by far the most
common variety, with only six orthopyroxene-bearing and five kyanite eclogites occurring in
the sample suite. Both Group I and Group II eclogites (following the classification of
MacGregor & Carter, 1970) can be identified, although small sample sizes and abundant
alteration made it difficult to characterise some samples according to this scheme. All samples
are texturally well-equilibrated, although many of the bimineralic and orthopyroxene-bearing
eclogites show signs of alteration and/or metasomatism. This is evidenced by the presence of
such secondary and alteration minerals as amphibole, phlogopite, chlorite and spongy reaction
rims surrounding clinopyroxene grains (Taylor & Neal, 1989). The surfaces of some of the
kyanite eclogites are covered by a white alteration product, this is however not visible in thin
sections and is thus unidentifiable. The overall fresh nature of the kyanite eclogites when
compared to the remaining eclogites means that they were not subjected to a metasomatic event,
implying a different entrainment period or a different mantle derivation area. The presence of
kyanite in some of the eclogites alludes to an Al,O, rich protolith, which, when subjected to
progressively increasing pressures, may exsolve kyanite (Jerde ef al., 1993a). The exsolution
of garnet from clinopyroxene in one sample indicates that this particular eclogite, if not the
others, was cooled at depth from higher temperatures, possibly being subjected to increasing

pressure at the same time (Harte & Gurney, 1975).

Major element mineral compositions can also be used to identify three groups within the
Rietfontein eclogite suite. The kyanite eclogites form a distinct group and included with these
eclogites are three bimineralic eclogites, in which the mineral compositions match those of the
kyanite eclogites, although they lack modal kyanite. Garnets from the kyanite eclogites are the
most calcic and are depleted in Cr,0, and MgO relative to the bimineralic and orthopyroxene-
bearing eclogites. Clinopyroxenes from the kyanite eclogites are the most sodic and have the
lowest MgO and CaO contents. There is much compositional overlap between the bimineralic
and orthopyroxene-bearing eclogites, although two groups can be identified based on the Na,O-

MgO,_,, classification scheme of Taylor & Neal (1989). Most of the bimineralic eclogites

cpx
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classify as Group A eclogites, whereas a number of orthopyroxene-bearing eclogites fall in the
Group B compositional field. Increased Cr,O, contents in some of the bimineralic eclogites
indicate a tendency towards a peridotitic signature (Snyder ez al., 1997). Despite petrographic
groupings of the eclogites as Group I and Group II eclogites, compositionally only Group II
(McCandless & Gurney, 1989) eclogites can be identified on the basis of Na,0,, and K,0,,
contents. The minerals are all compositionally well-equilibrated, including the garnet exsolution
lamellae in CMA 1, indicating a substantial mantle residence period prior to kimberlite
entrainment. Despite compositional similarities to both on- and off-craton eclogites, trends

exhibited by the Rietfontein eclogites show a greater similarity to those of on-craton (Group II)

eclogites.

A mantle origin, rather than a lower crustal origin, for the Rietfontein eclogites is indicated by
equilibration temperatures and pressures. Temperatures range from 733-1000°C, calculated
using the geothermometer of Krogh (1988), whereas equilibration pressures for the
orthopyroxene eclogites range between 24 and 39kbar, using Brey & Kohler’s (1990)
geobarometer in association with the Krogh (1988) geothermometer. Comparisons of these
temperatures with on- and off-craton eclogitic temperatures indicate that the range of
temperatures and the most common equilibration temperatures of the Rietfontein eclogites are
most similar to those of off-craton eclogites (Robey, 1981; Pearson et al., 19954). On-craton
eclogites generally show higher equilibration temperatures than the Rietfontein eclogites. The
pressure range exhibited by the Rietfontein eclogites represents a large range in mantle
stratigraphy, of approximately 40-50km. A comparison of geotherms for the Rietfontein area,
based on equilibration pressures and temperatures of the orthopyroxene-bearing eclogites, reveal
a heat flow of approximately 41-44mW.m™. This is significantly less than heat flow measured
in off-craton mobile belts such as the Namaqua-Natal Belt (Jones, 1999) and it bears a greater
similarity to geotherms for established on-craton areas such as Lesotho. Despite the similarity
of Rietfontein equilibration temperatures to those of off-craton eclogites, the geotherms suggest
lower heat flow than other off-craton areas, indicative of a thicker lithospheric setting (Nyblade

& Pollack, 1993).

The trace element compositions of the kyanite eclogites are distinctly different from the

remaining eclogite groups, as are the major element compositions. Garnets of the kyanite
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eclogites have higher Sr, Eu and Sm abundances than the orthopyroxene-bearing or bimineralic
eclogites, whereas clinopyroxenes from the kyanite eclogites have the lowest Sc, Y and REE
abundances. Orthopyroxene-bearing and bimineralic eclogites exhibit similar abundances of all
trace elements in both garnet and clinopyroxene. REE patterns for the kyanite eclogite minerals
are distinctly different to patterns for the bimineralic and orthopyroxene-bearing eclogites.
Gamets from the kyanite eclogites are extremely depleted in LREE, exhibit positive Eu
anomalies and have relatively flat middle to heavy REE patterns. Garnets from the bimineralic
and orthopyroxene-bearing eclogites have very similar REE patterns, being depleted in LREE
with flat to smoothly increasing middle to heavy REE patterns. Clinopyroxenes from the kyanite
eclogites have an overall convex upwards appearance and are depleted in LREE, with mostly flat
MREE patterns, decreasing towards HREE. Bimineralic and orthopyroxene-bearing eclogitic
clinopyroxenes show smoothly decreasing REE patterns from the light to heavy REE, some with
a slight negative Eu anomaly. These REE patterns are similar to those exhibited by eclogites
from a number of on-craton localities, such as Roberts Victor and Udachnaya. Trace element
partitioning between garnet and clinopyroxene within the Rietfontein eclogites is strongly
dependent on the Ca content of garnet, with D for most elements decreasing with increasing
Ca content. The Mg content of garnet and Al' in clinopyroxene are seen to exert moderate
controls on trace element partitioning and there is no temperature dependence of partitioning at

all.

The main differences between the calculated major element whole rock compositions, based on
modal mineralogy of the kyanite, orthopyroxene-bearing and bimineralic eclogites are illustrated
by the Al,O,, MgO and Na,O contents. The kyanite and high Na-Al eclogites all have Al,O,
contents greater than 17 wt%, MgO < 10 wt% and Na,O > 2 wt%, whereas the bimineralic and
orthopyroxene-bearing eclogites have Al,0, < 15 wt%, MgO > 15 wt% and Na,O <2 wt%. The
Mg#’s of the kyanite eclogites are all lower (< 68) than those of the remaining eclogites (all >
75). Major element compositional similarities between oceanic gabbros and boninites can be
noted. The Sc, Zr and Ce abundances within the kyanite eclogites are also lower, on average,
than the abundances found in the bimineralic and orthopyroxene-bearing eclogites. The
eclogites have a basaltic whole-rock composition, with the kyanite eclogites showing many
major element compositional similarities to oceanic gabbros and MORB. Whole-rock REE

patterns of the kyanite eclogites can be distinguished from those of the bimineralic and
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orthopyroxene-bearing eclogites by way of extreme LREE depletion and positive Eu anomalies.
These positive Eu anomalies are similar to those expressed by many gabbros, whereas the flatter
REE patterns of the bimineralic and orthopyroxene-bearing eclogites are more similar to MORB,
komatiite and, for some samples, even boninite REE patterns. The positive Eu anomalies
observed within the kyanite eclogites provide convincing evidence of a plagioclase-rich

precursor rock.

Garnets from the Rietfontein eclogites yield §'°0 values of 5.16-6.84%o, which, disregarding the
outlier value of 6.84%o, fall within the mantle range of Deines et al. (1991). These data provide
no clear evidence of a crustal precursor for the Rietfontein eclogites, although it must be
remembered that the sample size is small and a larger data set may indicate 6'*0 values offset
from “normal” mantle values. Correlations of "0 values with the Cr, Ca and Mg contents of
garnet could be indicative of high-temperature fractionation (magmatic) processes or
hydrothermal alteration of a basaltic precursor. High temperature fractionation processes were
initially suggested to account for the large ranges in oxygen isotope compositions observed in
the Roberts Victor eclogites (Garlick et al., 1971) and it was only at a later stage that
hydrothermal alteration was suggested as the mechanism responsible for the 8'°0 values in these
eclogites (MacGregor & Manton, 1986). Considering the nature of the Rietfontein eclogites -
mantle derived, with mineral and whole-rock compositions suggesting a possible basaltic,
oceanic crustal precursor - it seems likely that the correlations of major element compositional
trends with 'O values are due to hydrothermal alteration. Such a hypothesis has been
suggested for compositional correlations within the on-craton eclogites of Roberts Victor

(MacGregor & Manton, 1986).

Two main hypotheses for the origin of mantle eclogites now exist. The first petrogenetic model
postulates a magmatic origin as mantle cumulates or melts, involving igneous fractionation
processes (eg. MacGregor & Carter, 1970; Hatton, 1978; Smyth et al., 1989; Caporuscio &
Smyth, 1990) within the garnet stability field in the upper mantle. More recently, models
proposing an origin for eclogites as subducted oceanic crust have been suggested (eg.
Helmstaedt & Doig, 1975; Jagoutz et al., 1984; MacGregor & Manton, 1986; Shervais ef al.,
1988; Taylor & Neal, 1989; Neal et al., 1990; Jerde et al., 1993a; Snyder et al., 1997). Both
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models should be taken into account when considering an origin and possible protoliths for the

Rietfontein eclogites.

The Rietfontein kyanite eclogites most likely represent subducted, metamorphosed, plagioclase-
rich, basaltic oceanic crust. A number of characteristics observed in the eclogites support this
theory. The overall major element characteristics of the kyanite eclogites are very similar to
those of oceanic gabbros and MORB. The positive Eu anomalies, observed in both the garnet
and whole-rock REE kyanite eclogite patterns, are known to be indicative of plagioclase
accumulation in a magma chamber (Pallister & Knight, 1981) and can be expressed by both
gabbros and MORB (eg. Puchelt et al., 1977). Despite noted LREE depletion in MORB (le
Roex et al., 1996), it does not reach the extreme depletion observed in the Rietfontein kyanite
eclogites. This depletion could be accounted for by partial melting within the system after
eclogite formation. The interlocking textures and triple junctions observed in the kyanite
eclogites imply metamorphic recrystallisation and the relatively higher (although still within the
mantle range) 8'%0 values (> 5.5%o) suggest possible low-temperature hydrothermal alteration

(Muehlenbachs & Clayton, 1972) of protoliths at crustal levels.

The possibility exists that Rietfontein bimineralic and orthopyroxene-bearing eclogites are a high
pressure crystallisation product of a mantle melt or magma. Unlike the kyanite eclogites, these
eclogites exhibit no positive Eu anomalies and derivation from a plagioclase-rich protolith is
thus not directly implied. A magma chamber situated within the garnet stability field in the
mantle could crystallise garnet and clinopyroxene directly from the magma (O’Hara ef al.,
1975). Accumulation of these garnet and clinopyroxene crystals would result in the formation
of an eclogite with a basaltic composition. Primary magmas would have high Mg#’s
(Mg/(Mg+0.85Fe*) > 0.68) (Dawson & Carswell, 1990) and crystallisation of the Rietfontein

eclogites from such magmas would result in eclogites with high Mg#’s.

The kyanite eclogites are extremely depleted in LREE (incompatible elements) and they all have
low (< 70) Mg#’s, thus making it possible to discount the kyanite eclogites as having a high
pressure crystal cumulate origin. All of the bimineralic and orthopyroxene-bearing eclogites
however, have Mg#’s > 70, although the compositional similarities (of both the major and rare

earth elements) to MORB are a good indication that they may represent a basaltic oceanic crustal
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protolith. The lack of Eu anomalies in the bimineralic and orthopyroxene-bearing eclogites
mean that these eclogites cannot be directly linked to plagioclase-rich crust. However, many of
the REE patterns of these eclogites are flat and show trends similar to those of MORB. These
eclogites tend to have higher Mg#’s than average MORB. If however, a MORB was a picritic
cumulate basalt, it would be olivine-rich and, as a result, would have a high whole-rock Mg#.
MORB therefore cannot be discounted as a possible protolith for the Rietfontein bimineralic and

orthopyroxene-bearing eclogites.

Major element compositions of the bimineralic and orthopyroxene-bearing eclogites show some
overlap with major element compositional fields of MORB and oceanic gabbros and also show
compositional similarities to boninites. REE patterns for some of the eclogites show strong
similarities to boninitic rocks. Magma segregation at increasing depths from 20-100km in
subduction-zone settings may generate a range of primary magma compositions, ranging from
high-Si, high-Mg boninitic compositions, to low-Si, high-Mg picritic or olivine tholeiite end-
members (Crawford ef al., 1989). The association of boninitic-type magmas, gabbros, and
basalts in ophiolite complexes (Crawford et al., 1989; Kelemen et al., 1997) implies that all three
rock types may be associated with, or form oceanic crust. Most of the bimineralic and
orthopyroxene-bearing eclogites from Rietfontein have interlocking metamorphic type textures
and triple junctions that suggest recrystallisation. Such textures would be in agreement with a
proposed origin as subducted and metamorphosed oceanic crust. The characteristics observed
in the bimineralic and orthopyroxene-bearing eclogites of Rietfontein are thus not inconsistent
with these eclogites being remnants of subducted oceanic crust. If a section of basaltic oceanic
crust that was not plagioclase-rich but contained magmas of boninitic affinities, was initially
hydrothermally altered, subducted to lithospheric depths and subsequently metamorphosed to

eclogite, eclogites of the Rietfontein bimineralic and orthopyroxene-bearing varieties may result.

Magmas with boninitic affinities are known to be important constituents of some greenstone
belts and ophiolites (Crawford et al., 1989). Ophiolites are generally recognised as representing
transported slabs of oceanic crust and upper mantle that have been emplaced upon continental
margins (eg. McCulloch et al., 1981; Serri, 1981). This indicates that even though modern-day
boninites appear to be restricted to intra-oceanic arcs (Coish, 1989), processes conducive to the

generation of boninite magmas may have been active in other tectonic settings as recently as the
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Mesozoic (McCulloch ef al., 1981). Crawford et al. (1989) believe that ocean-floor spreading

at a mid-ocean ridge spreading centre can generate the type of boninites incorporated into
ophiolites. If this is the case, it would thus be possible to generate a slab of oceanic crustal
material exhibiting boninitic affinities, together with the basalt and gabbro crustal components.
Movement of this crustal material away from the mid-ocean ridge at which it was generated,
towards a subduction zone would lead to eventual subduction of the slab of oceanic crust.
Subsequent metamorphism of this crust may generate eclogites showing the compositional
characteristics observed in the Rietfontein eclogites. This model is proposed to account for the
generation of the bimineralic and orthopyroxene-bearing eclogites sampled by the Rietfontein

kimberlite.

The temperatures and pressures of equilibration of the Rietfontein eclogites indicate
equilibration within a mantle setting. Not only are the kyanite eclogites compositionally distinct
from the remaining Rietfontein eclogites but they also have higher average equilibration
temperatures, indicating a greater depth of origin. This suggests that the oceanic crust which
yielded the kyanite eclogites was subducted to deeper mantle levels than the oceanic crust which
gave rise to the bimineralic and orthopyroxene-bearing eclogites. The equilibration pressures
indicated by the orthopyroxene-bearing eclogites represent a large vertical mantle range, of
almost 50km. It is unlikely that this range represents a single large eclogitic body. What may
be possible however, is that the Rietfontein kimberlite has sampled a number of eclogite bodies,
all of which formed by the metamorphism of subducted oceanic crust. The metasomatic effects
visible in the bimineralic and orthopyroxene-bearing eclogites but not the kyanite eclogites
suggest different petrogenetic histories for the different eclogite bodies. If these kyanite
eclogites originated at deeper lithospheric levels, they should logically have been entrained in
the kimberlite before the bimineralic and orthopyroxene-bearing eclogites. Kimberlite-related
metasomatism would have affected all entrained xenoliths, not just one particular eclogite group.
A kyanite eclogite body, separate to the eclogite body which yielded the bimineralic and

orthopyroxene-bearing eclogites, thus seems to be indicated.

The nature and characteristics of the Rietfontein eclogites therefore seem to imply derivation
from two different sources, one giving rise to the kyanite and high Na-Al eclogites, the other

yielding the bimineralic and orthopyroxene-bearing eclogites. Slight low-temperature,
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hydrothermal alteration of oceanic crust consisting of basalt and gabbro, followed by subduction
into the lithosphere and subsequent metamorphism to eclogite probably gave rise to the kyanite
eclogites. A similar process of subduction and metamorphism of both low- and high-
temperature hydrothermally altered oceanic crust with boninitic, gabbroic and basaltic affinities
could have resulted in the formation of an eclogite body yielding the bimineralic and
orthopyroxene-bearing eclogites. Each of these eclogite bodies may have, at different times,
separately under plated the continental lithosphere in the Rietfontein area. These bodies would
then have been sampled at different stages in the ascension of the Rietfontein kimberlite. It is
possible that the crustal section which eventually gave rise to the bimineralic and orthopyroxene-
bearing eclogites was subducted first and the resultant eclogite body was the first to under plate
the Rietfontein continental lithosphere. This initial under plating may then have been followed
by welding of the kyanite eclogite body to the lithosphere, accounting for their greater depths
of equilibration. In this way the Rietfontein kimberlite would sample the kyanite eclogites first
and then, as the kimberlite proceeded towards the surface, go on to sample the bimineralic and

orthopyroxene-bearing eclogites.
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Ia: Electron Microprobe (EMP)

Major element mineral analyses were determined on double-polished, 60um thick probe
sections. Analyses were carried out using the Cameca Camebax electron microprobe at the
University of Cape Town (UCT). For the purposes of analyses, the beam current was set at
approximately 40nA, and an accelerating voltage of 15kV was used. The size of the incident
electron beam can be focussed to a diameter of approximately 0.1um, whilst the flourescent x-
ray beam has a diameter of 2-5um, depending on the nature of the matrix. Ten second counting
times at peak and background positions were used for all elements, except Na in garnet, and K
in clinopyroxene, for which counting times of 30 seconds were used. Na, Mg, Si and Al were
analysed using the TLAP analysing crystal; Fe and Mn using LIF200, and Ca, K, Ti and Cr using
the PET analysing crystal. Data was reduced online using the PAP reduction method, as
described by Pouchouz & Pichoir (1984).

Lower limits of detection (LLD) and 10 errors for EMP analyses are presented in Table I.1

Ib: Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS)

Trace element concentrations of garnet and clinopyroxene grain mounts were analysed using a
Perkin Elmer ELAN6000 ICP-MS and CETAC LSX-200 laser ablation system at UCT. The
laser is a frequency-quadrupled Nd-YAG laser, operating at a pulse repetition rate of SHz,
resulting in an ablation pit approximately 100.m in diameter. The main gas flow in the ICP-MS
was approximately 15L/min, whilst the nebuliser and auxiliary gas flows were set at 1.10 and
0.75 L/min respectively. The vacuum operated under a pressure of 2.38 x 10™ Torr, and the

autolens (set at **Ti: 5.0V, ¥*Sr: 5.2V and "7*Yb: 6.0V) manipulated the ion beam.

Recommended values for NIST 610 and 612 glass standards (Pearce et al., 1997) were used to
standardise the instrument every hour, and isobaric interference corrections were automatically
made using '“*Sm on '“Nd, "**Gd on **Sm, '**Dy on '**Gd and '"*Hf on '"*Yb. After an initial
read delay of 40s, counts were accumulated for three replicates each of 100 readings, for a total

counting time of 55.08s. *'Ca was used as the internal standard during analyses.

Al



Appendix I - Analytical Techniques

LLD and 10 and 20 errors for trace elements measured using LA ICP-MS are presented in Table
I1. Graphical representations of the 20 errors for garnet and clinopyroxene for two

representative samples (Rtfn 54.1 and CMA 8) are illustrated in Figure 1.1.

Ic: Laser Flourination Oxygen Isotope Analysis

Garnets from the Rietfontein eclogites were analysed at UCT using a laser flourination vacuum
line, based originally on the system described by Sharp (1990). Garnet grains were cleaned first
in warm HF, and then acetone, and 1-3 grains of each sample, collectively weighing 1-2mg, were
loaded into pure Ni sample holders. Samples were directly loaded into the reaction chamber
from a 110°C oven to prevent moisture absorption. Details of the analytical method are given
in Harris et al. (in press). The laser is a 40mW Synrad CO, laser with an exit beam diameter of
approximately 4mm, which, after passing through a 7x beam expander, is combined with a He-

Ne sighting laser.

Each sample was reacted in the presence of approximately 15kPa CIF,, and once the reaction had
been completed, any excess CIF; and Cl, that formed as a result of dissociation was frozen out
of the system. The remaining gas was then expanded into the stainless steel double-U trap, and
the purified O, was expanded into the glass line and converted to CO,. The yield of CO, is then
measured, and is transferred to “break-seal tubes” for mass spectrometric analysis. The standard
in use at UCT for laser flourination analyses is MON GT, garnet derived from a garnet
megacryst retrieved from the Monastery Kimberlite (Moore, 1986). For the Rietfontein sample
run, the garnet standard (MON GT) was run three times, resulting in values of 5.57%o, 5.69%o
and 5.40%o. This gave an average value of 5.55+0.15%o. All data was normalised so that MON
GT = 5.55%o relative to SMOW (Standard Mean Ocean Water).
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Table 1.1 Lower limits of detection (LLD) and 1 o errors for garnet and

clinopyroxene. Major element values for EMP in wt%, trace element values
for LA-ICP-MS in ppm

EMP |Garnet Clinopyroxene
LLD 10 LLD 10
Sio, 0.04 0.20 0.05 0.20
TiO, 0.01 0.01 0.02 0.02
Al O3 0.04 0.16 0.04 0.10
Cr,0; 0.01 0.02 0.02 0.01
FeO 0.06 0.18 0.06 0.07
MnO 0.03 0.03 0.01 0.01
MgO 0.04 0.13 0.05 0.11
CaO 0.03 0.11 0.03 0.14
Na,O 0.01 0.01 0.09 0.11
K,0 0.02 0.00
LA-ICP- |Garnet Clinopyroxene
MS LLD 10 LLD 10
Sc 0.58 0.34 0.33 0.33
Ni 1.9 0.73 1.2 9.5
Sr 0.17 0.070 0.072 8.4
Y 0.14 0.31 0.060 0.078
Zr 0.30 0.080 0.13 1.4
La 0.020 0.013 0.046 0.47
Ce 0.060 0.013 0.048 0.57
Nd 0.22 0.047 0.040 0.18
Sm 0.20 0.066 0.14 0.094
Eu 0.099 0.039 0.15 0.056
Gd 0.31 0.11 0.067 0.048
Dy 0.32 0.095 0.18 0.094
Er 0.20 0.032 0.15 0.031
Yb 0.22 0.085 0.089 0.018
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Figure 1.1 20 errors on REE measurements by LA-ICP-MS for garnet (a) and clinopyroxene
(b) from the Rietfontein eclogites.
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JJG 105

Bimineralic Eclogite. Group I. Gt:Cpx = 60:40

Coarse textured rock, garnet grains reach 1.5¢m in diameter. Grains are cloudy and extensively fractured.
Garnets are irregular and vary in size, as do the clinopyroxene grains. Serpentinization is found along
grain boundaries. Phlogopite is present in the rock, mostly as fine grained laths along grain boundaries.
Signs of strain can be seen within some of the clinopyroxene grains. Disaggregated pieces of
clinopyroxene occur along grain boundaries. Accessory pyrite and chalcopyrite blebs are found within
the sample.

JJG 2104

Kyanite eclogite. Group II. Gt:Cpx:Ky = 20:60:20.

Equigranular rock - garnet, kyanite and clinopyroxene grains are all 1-2mm in diameter. Most of the
kyanite grains are rounded to euhedral, and simple twinning is common. Garnet grains range from
rounded to elongate. Most are fractured and some have kyanite inclusions. Grains are fresh-looking, with
small amounts of alteration occurring along grain boundaries. Clinopyroxene grains are irregular and
seem to be interstitial to the garnet and kyanite grains. Clinopyroxenes also fractured, but fresh looking.
Triple junctions are common. Grain sizes vary from 0.5 - 6mm in diameter.

PC1

Bimineralic eclogite. Gt:Cpx = 70:30.

Fractured, altered rock with serpentinization along fractures and grain boundaries. Both garnet and
clinopyroxene are cloudy. Clinopyroxene grains show strain in the form of undulose extinction and are
small and irregular, with large amounts of serpentinization. Garnet grains reach a maximum of lcm in
diameter. Triple junctions are observed.

PC3

Bimineralic eclogite. Group II. Gt:Cpx = 60:40.

Much serpentinization and alteration in the sample. Strained clinopyroxene grains. Garnets are all
fractured, but still fresh looking. Clinopyroxene seems to be interstitial between garnet grains. Garnet
grains are fractured, but seem to have an overall subhedral to rounded shape. Some clinopyroxene grains
are completely serpentinized. Clinopyroxene grains are irregular and anhedral. Spinel (or rutile) needles
are enclosed in some garnets. Secondary phlogopite is present as a metasomatic alteration product.

PC5.2/1

Orthopyroxene eclogite. Gt:Cpx:Opx = 60:35:5.

Garnets are fractured with some alteration, but relatively fresh garnets are also present. Fractures are
generally serpentinized with traces of mica. Very irregular grain boundaries occur between clinopyroxene
and garnet. Small amounts of fresh-looking orthopyroxene occur in the sample. Clinopyroxene is cloudy
and pale green in colour, with diameters of 0.5 - 4mm. Garnet grains reach 1-5mm in diameter.
Serpentinization occurs along grain boundaries. A small amount of clinopyroxene is surrounded by
garnet in one case. Interstitial sulphide is found within the sample.

PC5.2/2

Bimineralic eclogite. Group II. Gt:Cpx = 40:60.

Garnet grains range in diameter from 2-8mm. Garnet grains are fresh, some clinopyroxene is
cloudy, whilst other grains are fresh. Clinopyroxene grains are 0.5-5Smm diameter, anhedral, and
irregularly shaped. Grain edges are embayed and grain boundaries are curved to irregular.
Grains are fractured with serpentinization along fractures.
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PC12

Bimineralic eclogite. Group II. Gt:Cpx = 30:70.

Fresh sample, although garnet is fresher than the clinopyroxene. All grains are fractured. Triple junctions
exist between some of the clinopyroxene grains. Small amounts of serpentinization occur around some
of the clinopyroxene grains (undulose extinction). Clinopyroxenes are anhedral and irregularly shaped.
Clinopyroxene seems to be interstitial around the garnet grains. Grains sizes are 1-4mm in diameter.

Rtfn 31.1

Bimineralic eclogite. Gt:Cpx =45:55.

Entirely garnet, with only small amounts of clinopyroxene along the edges of the sample. Small amount
of phlogopite. Garnetis fractured, with both fresh and cloudy areas. Accessory amphibole also observed
in the sample, forming fine-grained irregular interlocking plates. It is pale green in colour, pleiochroic
and occurs mostly around garnet grain boundaries.

Rifn 31.2

Bimineralic eclogite. Group II. Assumed Gt:Cpx = 50:50.

Most of the sample is garnet, with a small amount of clinopyroxene around the edge of the grain. Garnets
are fractured, with serpentinization and alteration along the fractures. Clinopyroxene is altered and
cloudy. Garnets are angular and anhedral, with diameters of 1.5 - 3mm.

Rtfn 31.3

Bimineralic eclogite. Group II. Gt:Cpx = 45:55.

Clinopyroxene grains have embayed edges and undulose extinction is visible in some grains. Garnet
grains reach 6mm in diameter, clinopyroxene grains 4mm. Garnet and clinopyroxene grains seem to be
interlocking. Triple junctions are visible in the rock. Garnet grains are subhedral, clinopyroxene grains
are more anhedral. Curved and irregular grain boundaries occur between garnet and clinopyroxene.
Garnets are fractured, but fresh, with inclusions of microscopic rutile needles. Clinopyroxene is also
fractured with embayed edges. Ilmenite and rutile occur as interstitial accessory minerals.

Ritfn 43.1

Bimineralic eclogite. Group II. Gt:Cpx = 60:40.

Garnet grains reach 3mm in diameter. Clinopyroxene grains are irregularly shaped, smaller (1-3mm) and
not as fresh as the garnet. Clinopyroxene also occurs as an inclusion in garnet. Curved and irregular
grain boundaries are observed between clinopyroxene grains. Garnets are fractured, but fresh looking.
Sericitization is found within clinopyroxene grains and along fractures. Accessory rutile and ilmenite
occur interstitially.

Rifn 43.7

Bimineralic eclogite. Gt:Cpx = 40:60.

Large mica (phlogopite) in sample, 3mm in diameter, with a tabular, plate-like habit. Cumulus textured
rock, with euhedral/subhedral garnets set in a clinopyroxene matrix. Garnets are large, up to Smm in
diameter and are fractured but look fresh. Clinopyroxenes are irregular in shape, also reaching Smm in
diameter. Clinopyroxene is not as fresh as the garnet, grains are cloudy and show undulose extinction
(strain). Serpentinization occurs in the rock, along grains boundaries and within clinopyroxene. Small
rutile grains occur interstitially.

Rifn 43.9

Bimineralic eclogite. Group II. Gt:Cpx = 40:60.

Fresh, well-equilibrated rock with straight grain boundaries and triple junctions between grains. Possibly
a cumulus textured rock where garnet grains have sunk into clinopyroxene. Clinopyroxene is not quite
as fresh as the gamet and all grains are fractured. Garnet contains inclusions of small rutile or spinel
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needles. Disintegration of clinopyroxene occurs along some of the grain boundaries. Garnet grains reach
4mm in diameter, whilst clinopyroxene grains are slightly smaller at approximately 3mm. A small
amount of kimberlite matrix occurs at the edge of the sample.

Rifn 43.10

Bimineralic eclogite. Gt:Cpx = 45:55.

Much alteration is found along grain boundaries (calcite, chlorite, phlogopite and amphibole). Garnet
grains are irregular, fractured and reach 5mm in diameter. Clinopyroxene grain enclosed by garnet in one
part of the sample. Grains in sample are not particularly fresh looking, most show some degree of
clouding. Garnet-clinopyroxene grain boundaries are curved to irregular.

Ritfn 48.1

Bimineralic eclogite. Group II. Gt:Cpx = 55:45.

Fractured, but very fresh garnet and clinopyroxene grains. All mineral grains are anhedral. Sericitization
and serpentinization occurs along fractures. The alteration product in the sample includes chlorite,
calcite, serpentine and phlogopite, and is found as patches between grains. Some garnets contain rutile
or spinel needles. Embayed edges are visible in some of the grains. The rock is coarse grained with 1-
Smm diameter grains. Rutile is an interstitial accessory mineral.

Rifn 48.2

Bimineralic eclogite. Group I. Assumed Gt:Cpx = 50:50.

Coarse grained rock where rounded garnet grains are set in clinopyroxene. Altered rock, with much
phlogopite in areas of alteration. Garnets are fractured, but relatively fresh looking, whilst the
clinopyroxene is cloudy. Clinopyroxene grains are irregular and strained. Much serpentinization is found
within the sample. Garnets reach Smm in diameter.

Rifn 54.1

Kyanite eclogite. Group II. Gt:Cpx:Ky = 60:30:10.

Equigranular texture. Mostly anhedral grains, but some kyanites are euhedral or rounded. Some
serpentine replacement of minerals has occurred, but most are fresh looking, if not fractured. Irregular
and rounded gamet grains are surrounded by clinopyroxene. Garnets are fresh, some fractures within
garnet contain calcite and chlorite. Kyanites are mostly twinned. Medium grained rock, with grains
reaching a maximum of 1.5 - 2mm. Most grain boundaries are regular with some triple junctions.

Ritfn 54.2

Kyanite eclogite. Group Il. Gt:Cpx:Ky = 30:60:10.

Rounded garnets are set in kyanite and clinopyroxene. Clinopyroxene grains are irregularly shaped, and
twinning occurs in some of the kyanite grains. Most grains are fresh, but some do show signs of
alteration. Garnets are all fresh, but fractured. Clinopyroxene encloses garnet in one instance. Grain
sizes vary from 0.5-3mm in diameter. Kyanite grains are subhedral. Grain boundaries are straight,
curved and irregular, and some triple junctions can be observed. Rutile occurs as an accessory mineral
with a golden brown colour and high relief.

Rifn 54.3

Kyanite eclogite. Group Il. Gt:Cpx:Ky = 45:45:10.

Euhedral, angular garnet grains. Garnets are fresh, but fractured. Garnet-garnet grain boundaries are
straight, whilst garnet-clinopyroxene/kyanite boundaries are curved. Carbonate and clinopyroxene
inclusions can be found in some garnet grains. Kyanite and clinopyroxene grains are rounded to
subhedral. Some grains have embayed edges and twinning is common in the kyanite grains. Garnet
grains reach 2-4mm in diameter, whilst clinopyroxene and kyanite grains average 2mm.
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Rtfn 54.4

Kyanite eclogite. Group II. Gt:Cpx:Ky = 30.60.10.

Subhedral to rounded kyanite grains. One kyanite grain occurs as an inclusion in clinopyroxene. Grain
boundaries are curved and irregular, and are often embayed and altered. Grains are fractured, but mostly
fresh looking (with the exception of some cloudy clinopyroxene grains). Clinopyroxene grains are
irregular, possibly of a cumulate texture. Some garnets are irregularly shaped, others are rounded.
Clinopyroxene occurs as inclusions in some of the garnet grains. Serpentinization occurs along fractures
in the rock. Kyanite grains range in size from 0.5-1.5mm in diameter, whilst clinopyroxene grains reach
amaximum of 6mm. Interstitial rutile and a sulphide inclusion in clinopyroxene are accessory minerals.

Rifn 55.1

Bimineralic eclogite. Group 1. Gt:Cpx = 60:40.

Grains in this rock are fractured, and the sample shows much alteration. Garnet and clinopyroxene grains
are both fractured and cloudy, but overall the garnet grains have a fresher appearance. Garnet grains are
fractured and disaggregated. Much interstitial alteration is found between grains. Sericitization and
serpentinization occurs along fractures in the minerals. Grains are anhedral with clinopyroxene grains
showing undulose extinction and embayed grain boundaries. Grains reach Smm in diameter.

Rtfn 55.2

Bimineralic eclogite. Group I. Gt:Cpx = 80:20.

Altered sample. Garnets are large (3-6mm diameter) and angular, enclosing smaller (1.5mm)
clinopyroxene grains. Rock is very fractured, and minerals have a cloudy appearance. Clinopyroxene
is also serpentinized with undulose extinction. Grain boundaries are both straight and curved, with a few
triple junctions. Phlogopite occurs as an alteration product.

Rtfn 55.3

Bimineralic eclogite. Assumed Gt:Cpx = 50:50.

Garnets are orange-brown in colour, whilst clinopyroxenes have a murky green appearance. Garnets are
slightly clouded and fractured. Mica is common along grain boundaries. Clinopyroxenes are fractured,
but overall have a relatively fresh looking appearance. Garnet grains are large (Smm and greater) and
seem to be rounded. Clinopyroxene grains are much smaller (1-2mm), although one grain is
approximately Smm in diameter. Clinopyroxene grains are irregularly shaped, fractured and altered.
Chlorite is present along grain boundaries, as part of the alteration material, and occurs as irregular laths
and subhedral grains. Small, fine-grained fragments of clinopyroxene also occur in this matrix.

Rtfn 55.4

Bimineralic eclogite. Group II. Gt:Cpx = 30:70.

Sample consists of small (1-2mm, max 3mm) garnet grains set in clinopyroxene. Clinopyroxene is
intercumulus to the garnet grains, and triple junctions can be found between the clinopyroxene grains.
Some garnets are subhedral with some relatively well-formed crystal faces whilst other garnets are
rounded. Clinopyroxene grains are both irregular and euhedral, with diameters of 0.5 - Smm.
Clinopyroxenes are clouded, whilst garnet grains are relatively fresh but fractured. Serpentinization
occurs around the edge of the sample and along some grain boundaries.

Rtfn 56.1

Orthopyroxene eclogite. Group II. Gt:Cpx:Opx = 58:37:5.

Both garnet and clinopyroxene range from cloudy to fresh in appearance. Grains are irregular and
anhedral. There is a moderate amount of alteration within the rock, serpentinization has affected the
clinopyroxene to varying extents - almost entirely replacing one grain, and causing embayed grain
boundaries in other instances. Phlogopite is visible along grain boundaries. Undulose extinction occurs
in some clinopyroxenes. Grain boundaries are relatively straight, and garnets are dark coloured.
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Rifn 57.1

Bimineralic eclogite. Group II. Gt:Cpx = 50:50.

Irregularly shaped clinopyroxene grains. Triple junctions are visible, but scarce. Garnets are fresher than
the clinopyroxene. Some serpentinization of grains has taken place. Clinopyroxene-garnet grain
boundaries are irregular. Clinopyroxene grains are irregular and cloudy, and up to 3mm in diameter.

Rifn 57.2

Bimineralic eclogite. Group II. Gt:Cpx = 40:60.

Angular garnet grains with straight grain boundaries occur in this sample, but there are also rounded
grains, set in clinopyroxene. Garnets are fractured and very fresh looking. Clinopyroxenes are fractured,
but more cloudy in appearance. Grain boundaries between clinopyroxene grains are irregular. Much
serpentinization occurs in the rock, along with alteration products (phlogopite, brucite, calcite). A coarse
grained rock, with grain sizes 1-3mm in diameter.

Rtfn 57.3

Bimineralic eclogite. Group II. Gt:Cpx = 50:50.

Garnet grains are rounded and 2-3mm in diameter. Triple junctions are visible between some of the
clinopyroxene grains. Clinopyroxenes are mostly fresh, with one or two clouded by small amounts of
alteration. Cumulus textured rock — rounded garnets with interstitial clinopyroxene. Clinopyroxene -
garnet grain boundaries are curved. Sulphides occur as interstitial accessory minerals, and also as an
inclusion in garnet.

CMA 1

Bimineralic eclogite. Group II. Gt:Cpx = 30:70.

Garnets are rounded, up to 2mm diameter, and form linear necklaces in some parts of the rock. Garnet
exsolution is visible in 2 clinopyroxene grains — relatively fresh garnet laths, approximately 0.25-0.5mm
in diameter, run parallel through large, optically continuous clinopyroxene grains. Clinopyroxene grains
are large in some instances, up to Smm diameter. Some garnets also have irregular shapes, whilst others
are rounded, and up to 2mm in diameter. Clinopyroxene is rounded with curved grain boundaries.
Grains are fractured with small amounts of clouding and some triple junctions are present. Garnets are
fractured, but mostly fresh looking. Serpentinization and sericitization occurs along fractures and within
grains. Pale green pleiochroic amphibole is found along some grain boundaries.

CMA 2

Bimineralic eclogite. Group II. Gt:Cpx = 40:60.

Garnets are rounded, often with irregular shapes, 0.5-5mm in diameter. Garnet grain boundaries are
occasionally straight, whilst clinopyroxenes have both curved and straight boundaries. Clinopyroxene
grains are on average larger than the garnets, and are 1-5mm in diameter. All grains are fractured, with
clouding, although the garnets are generally fresher than the clinopyroxene. Schillerisation can be seen
in clinopyroxene, and along grain boundaries. Triple junctions are visible in some areas. Secondary
amphibole is observable along grain boundaries.

CMA 3

Orthopyroxene eclogite. Group II. Gt:Cpx:Opx = 30:50:20.

Grain sizes range from 0.5-5mm in diameter. Garnets are subhedral to rounded, fractured, but overall
they are remarkably fresh. Pyroxenes reach diameters of Smm. Clinopyroxenes are fresh, but the
orthopyroxene is very altered — brown alteration along the edges of grains and replacing opx.
Clinopyroxene grains are irregularly shaped with curving grain boundaries, sometimes showing
serpentinization. Fine grained, green pleiochroic amphibole occurs interstitially. Decompression melting
veins with carbonate-filled vesicles are present.

A9



Appendix 1l - Petrography

CMA 4

Bimineralic eclogite. Gt:Cpx = 40.60.

Garnets are fractured, but relatively fresh, as is the clinopyroxene in this sample. Coarse grained rock,
complete anhedral grains up to Smm diameter. Fine to medium grained secondary alteration comprises
brucite, calcite, pyroxene and phlogopite.

CMA S5

Bimineralic eclogite. Gt:Cpx = 50:50.

Coarse textured rock — garnets up to 1.5cm diameter, but most are smaller. Garnets look rounded and
irregularly shaped. Clinopyroxenes are also large, reaching diameters of Smm. Garnets are fractured,
and are both fresh and clouded. Clinopyroxene grains show more alteration than garnet. Most grain
boundaries are curved, but some are straight. Patches of alteration material consisting of phlogopite,
amphibole, calcite and brucite observed.

CMA 6

Bimineralic eclogite. Group Il. Gt:Cpx = 35:65.

Garnets are subhedral to rounded but can also be irregular. Medium sized grains — 1-3mm diameter.
Clinopyroxene grains have irregular shapes with curving grain boundaries. Garnets are both relatively
fresh and cloudy. Clinopyroxenes are more altered than garnet, and show serpentinization in areas.

CMA 7

Bimineralic eclogite. Group I. Gt:Cpx = 50:50.

Very coarse grained rock with rounded garnets reaching diameters of 1.5cm. Grain boundaries are
curved, and in one case, garnet is enclosed within clinopyroxene. Some clinopyroxenes have embayed
grain boundaries. Interstitial rutile is an accessory mineral.

CMA 8

Bimineralic eclogite. Group Il. Gt:Cpx = 50:50.

Garnet grains are both anhedral and irregularly shaped and 4-5mm in diameter. Very altered rock, all
grains are “cloudy”. Large amount of serpentinization and sericitization in the rock. Clinopyroxene
grains are irregularly shaped, some grains however have euhedral outlines. Grain boundaries are both
curved and straight, and embayments are common. Alteration is found along grain boundaries and
fractures, and accessory amphibole occurs along grain boundaries.

CMA Y9

Bimineralic eclogite. Group I. Gt:Cpx = 70:30.

Garnets are rounded, some irregularly shaped, up to lcm in diameter. Clinopyroxene seems largely
interstitial and grains can be subhedral, rounded or irregular, and up to 3mm diameter. Some grains show
strain in the form of undulose extinction. Garnet and clinopyroxene are both fresh, despite evidence for
pervasive fluid movement through the rock. Garnets are fractured with fine grained alteration products
along fractures and grain boundaries. Ilmenite blebs occur interstitially in the rock, and fine grained
amphibole or chlorite is visible along grain boundaries.

CMA 10

Bimineralic eclogite. Gt:Cpx = 50:50.

Garnets range in size from 1mm to lem, and are irregularly shaped. Rock is very altered, clinopyroxene
and garnet are both cloudy and altered. Clinopyroxene reaches 6mm in diameter, and grains are mostly
irregularly rounded with curving boundaries. There are also some straight boundaries, complete
serpentinization of some clinopyroxene grains has occurred and undulose extinction is common.
Alteration of minerals has occurred along fractures and grain boundaries. Garnets contain small needles
of rutile. Ilmenite and rutile occur interstitially.

A.10



Appendix 1I - Petrography

CMA 11

Orthopyroxene eclogite. Gt:Cpx:Opx = 60:35:5,

Large (1cm) rounded garnets with smaller clinopyroxene grains (2mm - lcm) occur. Garnets are
fractured, but fresh looking, as are the clinopyroxenes. Orthopyroxene grains are intensely altered around
rims and along fractures to a reddish-brown material, only the cores remain and it is impossible to see the
original grain outline. Clinopyroxene grains are rounded, although some are irregular, and show undulose
extinction.

CMA 12

Orthopyroxene eclogite. Group II. Gt:Cpx:Opx = 45:45:10.

Garnets up to 7mm in diameter occur here, with rounded to irregular outlines. All grains are very
fractured. Garnets are fresh looking, whilst the clinopyroxene is cloudy. Orthopyroxene is altered to a
reddish brown product around grain edges. Serpentinization of pyroxene grains is common. Grain
boundaries mostly seem to be curving. Clinopyroxene grains have rounded edges but are irregularly
shaped and show undulose extinction. Decompression melting veins with carbonate-filled vesicles occur.

CMA 13

Orthopyroxene eclogite. Group II. Gt:Cpx:Opx = 35:60:5.

Finer grained rock, with garnet grains reaching a maximum diameter of approximately 2mm,
orthopyroxene grains are about the same size. Clinopyroxene grains are larger, up to 5Smm in diameter.
Garnets are subhedral to rounded. Some clinopyroxene grains are very euhedral, others have a more
rounded irregular shape. Grain boundaries are both curved and straight. Serpentinization and alteration
has mostly affected orthopyroxene grains. Clinopyroxene and garnet grains are both clouded — garnets
are slightly fresher though. Some clinopyroxene edges are embayed, with grains showing partial
replacement by alteration minerals. Carbonate filled vesicles form decompression melting veins. Rutile
is present as an accessory phase.

CMA 14

Bimineralic eclogite. Gt:Cpx = 40:60.

Very altered rock. Garnets are rounded and up to 1cm in diameter. Garnet is fractured but relatively
fresh looking. Clinopyroxenes show sizes varying from 1-6mm. Some clinopyroxene is relatively fresh,
others are more clouded. Clinopyroxene has been most affected by alteration — grains have been fractured
and alteration occurs along fracture zones, and grains show undulose extinction. Accessory interstitial
rutile is present.

CMA 15

Bimineralic eclogite. Group II. Gt.Cpx = 40:60.

Very altered. Small rounded garnets, 1-2mm in diameter, with clinopyroxenes varying between 1 and
6mm. Small tablet shaped garnet grains can also be observed. All grains are fractured, and much of the
clinopyroxene is serpentinized. Clinopyroxene grains are irregular, embayed with curving grain
boundaries. Slight clouding is seen in both clinopyroxene and garnet. Interstitial ilmenite blebs are
present.

CMA 16

Bimineralic eclogite. Gt:Cpx = 50:50.

Very little clinopyroxene in sample, most of which is a huge (1.5cm) garnet grain. Very altered rock,
garnet is fractured and very cloudy, as is the clinopyroxene. Irregularly shaped clinopyroxene has curving
grain boundaries, is 3mm in diameter and shows undulose extinction. Embayed grains have irregular
grain boundaries. Clinopyroxene is much finer grained in areas of alteration. Fine grained secondary
amphibole is present in altered areas.
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Appendix II - Petrography

CMA 17

Bimineralic eclogite. Group II. Gt:Cpx = 70:30.

Coarse grained garnet and clinopyroxene grains set in a medium grained matrix of metasomatic material
(brucite, amphibole, calcite, chlorite). Garnet and clinopyroxene grains themselves are relatively fresh.
Most grains are irregularly shaped, sometimes with rounded outlines.

CMA 18

Bimineralic eclogite. Group II. Gt:Cpx = 60:40.

Subhedral to rounded garnets, approximately Smm in diameter, although some are as small as 1mm.
Clinopyroxene grains also reach Smm in diameter, and are rounded, but with irregular outlines. Grain
boundaries are both straight and curved. Garnets are fresher than the clinopyroxenes, which show
undulose extinction.
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Table I11.7 Compositions of accessory sulphide minerals in the Rietfontein eclogites
Sulphides |Grain S Fe Cu Ni Zn Co Total
JJG105 [S71rim 32.99 33.28 16.35 14.60 0.00 0.06 97.27
S71 rim 30.37 34.92 14.94 12.58 0.00 0.10 92.91
S™1 core 32.38 48.76 0.00 14.22 0.00 0.17 95.53
S™1 core 30.45 45.39 0.00 16.70 0.21 0.95 93.70
S™1rim 26.72 32.12 23.85 442 0.00 2.39 89.50
S71 rim 31.75 34.13 14.21 16.58 0.00 0.20 96.87
S™2 core 32.71 33.59 16.55 14.91 0.10 0.23 98.10
S72rim 16.43 19.58 36.98 5.53 0.02 4.39 82.93
873 core 33.82 47.95 0.07 18.00 0.29 0.17 100.32
S73 rim 30.59 34.07 15.24 15.51 0.10 0.36 95.87
PC521 |S™1 core 22.06 0.68 2.33 57.55 0.46 1.13 84.21
S™1 core 19.86 1.25 3.23 55.42 0.53 2.62 82.90
S™2 core 25.80 2.89 0.52 70.90 0.16 0.12 100.39
S$73(incl.) | 30.72 1.60 0.55 55.74 0.37 1.06 90.03
PC 3 S71(incl.) 29.06 3.07 27.07 30.45 0.28 1.39 91.33
Rtfn 31.1 |S 1 core 22.46 21.76 11.38 20.30 0.53 2,57 79.00
S72 27.45 27.48 5.18 20.67 0.82 0.67 82.28
Rtfn 54.4 |S™1 core 6.25 20.30 0.46 12.66 0.17 10.53 50.37
Rtfn 57.3 |S71rim 33.96 7.1 5.45 53.18 0.18 0.02 99.89
S™1 core 24.90 6.21 0.87 46.36 0.35 3.89 82.58
S72 core 27.83 2453 7.57 28.02 0.48 2.02 90.44
S72 rim 15.59 22.94 1.05 21.28 0.41 7.20 68.48
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Table IIL.8 Trace element abundances in garnets from the Rietfontein eclogites
n.d. = not determined

Garnet | CMA1 CMA3 CMA 4 CMA5 CMA8 CMA12 CMA14 CMA17

Sc 157 145 32.5 51.4 89.8 53.5 66.8 53.8
Ni 24.3 21.2 39.5 24.7 23.1 21.2 24.0 14.2
Sr 0.65 0.67 3.51 0.33 0.46 0.12 0.15 1.62
Y 18.2 17.2 13.1 24.2 11.8 26.9 17.2 17.1
Zr 3.37 6.83 57 11.2 19.9 10.1 4.5 5.95
La 0.009 n.d. 0.003 0.011 0.020 n.d. 0.008 0.034
Ce 0.046 0.028 0.083 0.071 0.13 0.063 0.047 0.32
Nd 0.14 0.13 2.67 0.25 0.53 0.38 0.31 149
Sm 0.28 0.17 1.70 0.45 0.67 0.52 0.42 1.40
Eu 0.18 0.12 0.91 0.29 0.36 0.31 0.26 0.73
Gd 1.26 0.69 1.87 1.83 1.52 2.05 1.29 244
Dy 3.00 2.32 2.26 3.91 1.89 4.08 2.58 3.14
Er 2.09 2.32 1.51 2.79 1.28 2.88 2.24 1.84
Yb 1.83 2.57 1.98 3.19 1.18 3.56 2.33 1.97
Garnet | JUG105 JJG2104 PC1 PC 5.2[1 Rtfn 31.1 Rtfn 43.1 Rtfn 48.2 Rtfn 54.1
Sc 47.1 17.2 32.2 48.5 51.3 775 79.4 27.9
Ni 255 28.1 26.8 40.8 22.4 17.4 24.4 30.1
Sr 0.16 1.49 0.82 0.12 0.12 0.097 0.099 2.10
Y 10.2 8.26 9.23 11.6 9.60 20.8 6.70 16.0
Zr 4.71 2.24 3.48 4.26 5.84 21.8 20.2 6.147
La 0.014 n.d. n.d. 0.007 0.009 0.006 0.016 n.d
Ce 0.070 0.072 0.071 0.037 0.053 0.075 0.11 0.12
Nd 0.15 1.27 0.71 0.21 0.25 0.33 0.48 3.40
Sm 0.24 0.92 0.58 0.44 0.44 0.42 0.53 3.24
Eu 0.19 0.80 0.50 0.25 0.24 0.30 0.21 1.62
Gd 0.77 1.26 1.02 1.02 0.86 1.43 0.94 3.28
Dy 1.58 1.40 1.49 1.70 1.46 2.93 1.12 3.20
Er 1.15 0.95 1.05 1.29 1.06 2.39 0.65 1.54
Yb 1.23 0.84 1.04 1.40 1.10 2.68 0.78 1.23
Garnet | Rtfn 54.4 Rtfn 55.1 Rtfn 55.2 Rtfn 57.1

Sc 39.3 65.3 534 48.7

Ni 19.8 234 254 24.7

Sr 1.98 0.17 0.079 0.12

Y 21.4 19.7 7.37 10.6

Zr 6.64 23.5 11.0 4.48

La n.d. 0.006 n.d. 0.003

Ce 0.14 0.11 0.033 0.064

Nd 2.75 0.43 0.47 0.35
Sm 2.55 0.39 0.72 0.29

Eu 1.37 0.18 0.24 0.19

Gd 3.33 1.16 0.84 0.95

Dy 4.14 2.85 1.17 1.79

Er 2.30 2.50 0.91 1.27

Yb 1.94 2.78 0.86 1.23
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Table IIL9 Trace element abundances in clinopyroxenes from the Rietfontein eclogites

n.d. = not determined

Cpx CMA1 CMA 3 CMA 4 CMA S CMA8 CMA12 CMA14 CMA17

Sc 413 47.7 71 20.5 23.0 22.0 24.9 17.7
Ni 442 382 449 299 327 293 292 179
Sr 26.0 33.6 185 166 215 241 210 107
Y 0.62 117 0.24 3.98 5.16 3.82 1.19 0.37
Zr 2.25 6.30 7.57 36.2 43.9 32.7 7.18 6.73
Nb 0.01 0.37 0.00 0.23 2.22 0.09 0.09 0.03
Th 0.06 0.15 0.00 0.42 0.82 0.45 0.36 0.11
La 1.13 1.60 0.003 6.85 10.9 11.2 4.45 1.30
Ce 2.48 3.33 0.100 18.3 26.9 28.3 8.02 3.92
Nd 1.24 2.02 2.13 12.2 16.2 13.9 5.02 2.67
Sm 0.40 0.55 0.56 3.01 3.92 3.06 1.26 0.62
Eu 0.11 0.13 0.16 0.93 1.18 0.93 0.39 0.17
Gd 0.41 0.50 0.26 2.65 3.34 2.48 0.84 0.36
Dy 0.24 0.35 0.063 1.30 1.64 1.27 0.37 0.13
Er 0.062 0.12 0.032 0.29 0.43 0.23 0.112 0.025
Yb 0.050 0.041 0.031 0.21 0.21 0.13 0.027 0.017
Cpx JJG105 JJG105 JJG2104 PC1 PC 5.211 Rtfn 31.1 Rtfn 43.1 Rtfn 48.2
Sc 17.9 20.9 4.57 15.5 16.4 20.6 26.1 244
Ni 346 334 419 149 508 350 213 324
Sr 388 211 138 168 328 178 327 417
Y 3.05 2.25 0.074 2.77 1.70 1.39 3.72 2.16
Zr 42.7 20.9 3.30 9.84 18.3 11.5 43.9 447
Nb 24 nd. 0.44 0.53 0.7 0.1 0.9 n.d.
Th 0.5 n.d. 0.60 0.26 0.5 0.1 1.1 nd.
La 15.7 8.56 0.008 4.09 9.03 3.01 19.9 253
Ce 42.9 21.5 0.184 9.02 20.3 9.22 455 62.7
Nd 227 12,5 0.72 0.28 11.6 6.74 216 28.0
Sm 3.81 2.38 0.22 2.71 2.37 1.57 3.76 4.00
Eu 1.06 0.76 0.078 0.68 0.68 0.50 1.09 1.06
Gd 247 1.76 0.068 1.97 1.49 1.11 2.33 2.30
Dy 0.99 0.66 0.041 0.83 0.60 0.50 1.16 0.77
Er 0.21 0.19 0.053 0.21 0.11 0.10 0.28 0.20
Yb 0.14 0.070 0.021 0.15 0.045 0.074 0.13 0.069
Cpx Rtfn 54.1 Rtfn 54.4 Rtfn 55.1 Rtfn 55.2 Rtfn §7.1 Rtfn 57.1
Sc 6.32 0.76 22.3 16.7 19.2 18.6
Ni 294 226 281 313 363 388
Sr 288 372 215 221 208 274
Y 0.26 0.38 3.03 0.98 1.52 3.14
Zr 8.56 11.6 429 19.6 141 34.6
Nb 0.36 0.0 0.6 0.2 1.0 nd.
Th 0.00 0.0 0.8 0.6 0.3 n.d.
La 0.026 0.069 11.0 6.96 7.80 11.3
Ce 0.52 0.93 259 19.8 19.2 33.6
Nd 2.68 3.28 13.9 17.4 9.91 19.7
Sm 0.68 0.73 2.67 3.37 1.89 3.74
Eu 0.24 0.27 0.76 0.62 0.54 1.03
Gd 0.39 0.29 1.83 1.18 1.13 2.41
Dy 0.065 0.13 0.98 0.38 0.47 0.91
Er 0.036 0.038 0.25 0.087 0.10 0.20
Yb 0.041 0.017 0.090 0.058 0.051 0.044
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Table IIL.11 Calculated whole rock trace element abundances for the Rietfontein eclogites,
reconstructed using equal proportions of garnet and clinopyroxene. N.d. = not determined

Sample | CMA 1 CMA3 CMA4 CMA5 CMA8 CMA12 CMA14 CMA17

Sc 98.9 96.2 19.8 35.9 56.4 378 459 35.8
Ni 233 202 244 162 175 157 158 96.7
Sr 13.3 17.2 94.4 83.2 108 120 105 54.1
Y 9.42 9.17 6.68 14.1 8.49 15.3 9.22 8.75
Zr 2.81 6.56 6.61 23.7 31.9 21.4 5.83 6.34
Nb 0.006 0183 0002  0.115 1.11 0.045  0.043  0.015
Th 0.030  0.075 n.d. 0210 0409 0226 0182  0.053
La 0569  0.801 0.003 3.43 5.47 5.61 2.23 0.668
Ce 1.26 1.68 0.092 9.18 135 14.2 4.03 2.12
Nd 0.692 1.07 2.40 6.25 8.34 7.13 2.67 2.08
Sm 0.338  0.360 1.13 1.73 2.29 1.79 0.839 1.01
Eu 0148 0125 0534 0613 0767 0619 0326 0451
Gd 0.836  0.599 1.07 2.24 2.43 2.26 1.07 1.40
Dy 1.62 1.33 1.16 2.60 1.76 2.67 1.48 1.64
Er 1.07 1.22 0.771 1.54 0.858 1.56 117 0.935
Yb 0.940 1.30 1.01 1.70 0.695 1.84 1.18 0.994
Sample | JJG105 JJG2104 PC1 PC52/1 Rtin31.1 Rtin 43.1 Rtin 48.2 Rtfn 54.1
Sc 325 10.9 23.9 324 35.9 51.8 51.9 171
Ni 186 223 87.90 274 186 115 174 162
Sr 194 69.63  84.27 164 89.20 163 209 145
Y 6.62 417 6.00 6.63 5.50 12.2 4.43 8.11
zr 23.7 2.77 6.66 11.27 8.67 32.8 3247  7.354
Nb 1.20 0220 0267 0375  0.056 0433 n.d. 0.181
Th 0.244 n.d. 0.131 0245 0075 0538 n.d. n.d.
La 7.86 n.d. 2.04 4.52 1.51 9.97 12.6 0.007
Ce 21.5 0.128 4.54 10.18 4.64 22.8 31.4 0.323
Nd 114 0.997 4.99 5.90 3.50 11.0 14.3 3.04
Sm 2.03 0.571 1.64 1.40 1.00 2.09 2.27 1.96
Eu 0626  0.441 0587 0465 0372 0699 0638  0.928
Gd 1.62 0.664 1.49 1.25 0.984 1.88 1.62 1.83
Dy 1.29 0.719 1.16 1.15 0.980 2.04 0.945 1.63
Er 0679 0503 0629 0699  0.580 1.33 0422  0.786
Yb 0685 0430  0.591 0724  0.587 1.40 0424  0.635
Sample | Rtfn 54.4 Rtfn 55.1 Rtfn 55.2 Rtfn 57.1

Sc 245 438 35.0 33.9

Ni 123 152 169 189

Sr 187 107 111 104

Y 10.9 11.3 417 6.05

zr 9.12 33.2 15.3 9.27

Nb n.d. 0278  0.094  0.498

Th n.d. 0418 0324  0.132

La 0.027 5.52 3.48 3.90

Ce 0.535 13.0 9.94 9.65

Nd 3.01 7.17 8.96 5.13
Sm 1.642 1.53 2.04 1.09

Eu 0.820 0470 0433  0.364

Gd 1.81 1.49 1.01 1.04

Dy 2.14 1.91 0.778 113

Er 117 1.38 0498  0.687

Yb 0.978 1.44 0460  0.642

A29






