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Abstract

Understanding the generation and evolution of cratonic lithospheric keels requires
detailed knowledge of their age, timescale of formation, and the relationship between
the crust and mantle part of the lithosphere. The Re-Os isotope system has been
instrumental in providing an improved understanding of the timing of formation of
cratonic lithospheric keels because of the large fractionation of Re from Os during
mantle melting and the relative immunity of Os during mantle metasomatism. This
study uses combined full PGE (Platinum Group Elements; Os, Ir, Ru, Pt, Pd) and Re-Os
isotope analyses to place better constraints on the significance of Re-Os model ages in
sub-continental lithospheric mantle suites from northern Canada and Lesotho, southern
Africa. When combined with major-element studies, the coherence of major-elements
with PGE fractionation trends, (Pd/Ir),, provide a firm basis for evaluating the
significance of Trp and Tya model ages obtained from Re-Os isotope systematics. The
fractionation of PGEs track melt depletion and melt enrichment end-member processes,
and allow us to discern samples which have experienced Pd and Re enrichment at
varying stages.

The Re-Os isotope and PGE analyses of peridotite xenoliths from the Jericho
kimberlite clearly indicate the presence of Archean mantle beneath the Slave craton
(Trp range from 3.1 to 2.6 Ga), extending down into the high-temperature garnet facies.
Archean ages are also evident in peridotite xenoliths from Somerset Island in the
Churchill Province (oldest Trp ca. 2.8 Ga). This is the first indication of Archean sub-
continental lithosphere beneath this region that is characterised by early to mid-
Proterozoic crustal ages. Some peridotites from the Jericho and Somerset Island
peridotite suites have noticeably disturbed Re-Os isotope and PGE systematics and
produce anomalously young model ages for cratonic lithospheric mantle overall. Many
of the young model ages observed at Jericho and Somerset Island are coincident with
major tectonomagmatic events manifested in the overlying crust and may represent new
lithospheric mantle added at this time.

Depleted peridotite xenoliths from Lesotho (Kaapvaal craton) have very tightly
clustered Tgp model ages (2.8 + 0.1 Ga, n = 26). The model age of the lithospheric
mantle beneath this region is significantly younger than the age of the oldest overlying
crust on the Kaapvaal craton, but correlates well with the end of major crustal
differentiation and stabilisation of the Kaapvaal craton. This indicates that large
fractionation of lithospheric mantle beneath the Kaapvaal craton could have formed in
the late-Archean.
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Chapter 1

Introduction

1.1 The Continental Lithospheric Mantle

The continental lithosphere can be described as the outer, rigid layer of the Earth.
This layer cools by conduction and is distinct both mechanically and chemically from
the convecting asthenosphere. The continental lithosphere itself is comprised of two
components. The upper crustal component is represented by metamorphic, igneous and
sedimentary rocks of varied compositions, and the lower mantle component by buoyant
and refractory peridotite produced from the extraction of melt from a more fertile
asthenospheric mantle.

To form an understanding of the mechanism and rate of formation of cratonic
lithosphere, it is essential to understand the processes involved in the formation and
evolution of both crustal and mantle components, and their inter-relationship. The
evolution of continental crust is in general well constrained for most Archean cratons.
However, the timing and processes involved in the stabilisation of the underlying sub-
cratonic lithospheric mantle remain poorly understood.

Due to the incompatible nature of the elements in the Rb-Sr, Sm-Nd and U-Pb
isotopic systems during partial melting, both mother and daughter isotopes are highly
depleted in mantle residues. To obtain sufficient material for analysis requires
extensive handpicking of mineral separates. In addition, the depleted nature of these
clements results in these systems being susceptible to metasomatic alteration. This is
exacerbated by the relatively cool nature of continental lithospheric mantle, where the
low temperatures may act as a trap for incompatible element enriched partial melts or
fluids. This may lead to the enrichment of the mantle peridotite and this process
obscures the older, initial isotopic signature that recorded the original melt depletion
event. A large portion of the lithospheric mantle is above the closure temperatures of
many isotope systems. This will inevitably produce a diffusive exchange of isotopes
between minerals within the peridotite. The resulting isochrons produced by minerals
may therefore reflect the cooling of the peridotite during emplacement, as opposed to

the time of extraction from the convecting mantle. Finally, during transport to the
AW,




surface and emplacement as xenoliths, the peridotites are free to interact with
incompatible-element enriched fluids such as the host kimberlite or alkali basalt.

To investigate the timing of melt extraction and evolution of the lithospheric mantle
therefore requires an isotopic system whose elements are either compatible, or not
significantly enriched in metasomatic fluids. The Re-Os isotope system generally fulfils
these conditions and has been utilised in many studies of continental lithospheric mantle
underlying Archean cratons, using kimberlite hosted ultramafic xenoliths (Walker ef al.,
1989; Carlson and Irving, 1994; Pearson ef al., 1995a; Pearson et al., 1995b; Carlson et
al., 1999). Similar studies have been carried out on ultramafic xenoliths from regions of
younger crustal ages (Pearson et al., 1994; Meisel et al., 1996; Handler et al., 1997,
Peslier et al., 2000), and tectonically emplaced slices of mantle material (Reisberg ef al.,

1991; Reisberg and Lorand, 1995).

1.2 The Re-Os Isotope System

Rhenium is a natural, but weak B-emitter with the primary isotope '*’Re decaying to

a minor isotope of Osmium.
W Re—>"O0s+ f +v+Q

The half-life of '®"Re, ~ 43 Ga (Luck ef al., 1980; Luck and Allégre, 1983; Lindner et
al., 1986; Lindner et al., 1989), falls within the range of the Rb-Sr, Sm-Nd and U-Pb
systems and therefore makes it useful for applications in geochronology and
cosmochronology. The geochemical behaviour of Re and Os however allows this
system to provide unique insights into the processes affecting mantle rocks and mantle-

derived partial melts.

1.2.1 Geochemical nature of Re and Os

Re and Os appear to be either siderophile or chalcophile under most conditions,
though in detail their behaviour remains poorly understood. The chalcophile and
siderophile behaviour means that the Re-Os isotope system can be employed to
investigate processes that are inaccessible to other isotopic systems, due to either the
low abundance of incompatible elements or later alteration. Re and Os also allow for
the assessment of processes that produce differing effects on metal, sulfide and silicate
phases. Osmium abundances in continental lithospheric mantle are relatively high

compared to crustal rocks, and sulfides are generally present in all but the most depleted
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harzburgitic peridotites (Lorand, 1991). The Re-Os isotope system is therefore ideal for

analysing these processes within the lithospheric mantle.

1.2.2 Fractionation of Re and Os during mantle melting

In fertile, undepleted mantle material the ratio of Re to Os does not differ greatly
from chondritic. During mantle melting however, the two elements behave quite
differently resulting in the possibility of extreme fractionation. In general, during
partial melting of the mantle, Re is mildly incompatible, with concentrations in the melt

greater than those of the mantle source (see evolution of '#70s/'#0s in Figurel.1).
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Figure 1.1 Mantle evolution of '*’0s/'®0s through time. Two single-stage evolutionary curves are
illustrated; solid line, evolutionary curve of Meisel er al (1996), corresponding to a present day
1870g/'%80s ratio of 0.1287 and "*’Re/'**Os ratio of 0.4243; dashed line, evolutionary curve for a plume-
source mantle source (Martin, 1991), corresponding to a present day '*’0s/'®*0Os ratio of 0.1324 and
'#7Re/'®0s ratio of 0.49. Chondritic line defines the average modern '*’0s/'**Os ratio of chondritic
meteorites at 0.12700 (Luck and Alleégre, 1983; Walker and Morgan, 1989). The inset diagram illustrates
the calculated evolution of *’Os/'*80s in two mantle melts formed at 2 Ga, and their mantle residues. The
'87Re/'®0s ratio of the basalt is 40, and the komatiite is 3.3. Residue 1 is wholly depleted in Re
(**'Re/'®0s = 0) and represents 30-40% extraction of komatiitic melt. Residue 2 formed from the
extraction of approximately 15% basalt ("*’Re/'®Os = 0.24). Residue 2 demonstrates Tgp and Tya model
ages.

Osmium, by way of contrast, is highly compatible in the mantle residue during low

to moderate degrees of partial melting and Os concentrations in the melt tend to be two



or three orders of magnitude less than the source (Shirey and Walker, 1998, and
references therein). Oceanic and continental crust are ultimately formed from such
melts, therefore almost all crustal rocks are distinguished by low Os concentrations and
slightly higher Re concentrations relative to the mantle (Martin, 1990). Crustal rocks
tend to have a higher Re/Os ratio than the mantle and therefore, with time, crustal Os
becomes enriched in radiogenic '*’Os, compared to the mantle. The residual mantle,
after partial melting, evolves with a Re/Os ratio less than that of the original source, and
therefore a '#’0s/'®0s ratio less than that of the bulk earth (Figure 1.1). In the case of
high degrees of melt extraction that typifies Archean sub-cratonic lithospheric mantle,
Re may be removed wholly from the mantle source with a resulting lack of evolution of
'870s/'%80s with time, thus preserving the initial value prior to melting.

The high abundances of Os in the lithospheric mantle compared to mantle-derived
melts means that ultramafic xenoliths are relatively insensitive to contamination by their
host magma, in contrast to incompatible elements such as Sr, Nd and Pb. Variations in
the Os isotopic composition within mantle peridotites should therefore reflect previous
periods of Re loss, possibly related to initial melt removal, rather than metasomatic

alteration (Walker et al., 1989).

1.2.3 Timing of lithospheric mantle formation

The timing of melt depletion in peridotites can be determined from the Re-Os

systematics in one of several ways.

@) the Re-Os isotopic compositions of the peridotites may produce isochrons
defined by a line on a '¥"Re/'*0s vs. ¥70s/ 1805 diagram (Shirey, 1997), the

slope of which equals the age of the melt event;

(i1) the correlation of melt depleted major elements such as Al with Os isotopic
compositions can be used to infer the age of the melting event from the model
age of the intercept on an ALO; vs. '*"0s/'®0s diagram (Reisberg and

Lorand, 1995),
(i)  alternatively, model ages can be calculated directly for each peridotite sample
by referencing the Os isotopic composition to upper mantle evolution curves.

Using the latter technique two model ages can be described (Figure 1.1), the mantle

separation age (Tma), and the Re-depletion age (Trp). The Tua model age assumes that



the Re/Os ratio of the sample has remained unchanged since its time of fractionation
from a fertile mantle reservoir in a single-stage process. The measured '¥’Re/'®0s is
used to extrapolate the '*’0s/'®0s composition of the sample back to a chondritic

reservoir, according to

_(|87 OS/ ISBOS)mmple
_ (187 188 +1
("' Re/ ™ Os)

sample

mantle

T, =

1 (1870s/1880S)
X]Il 187 188
| (" Re/™0s)

mantle

where (*70s/"*308)mantic = 0.1287 and ("*’Re/'**0s)mame = 0.4243 (Meisel et al., 1996),
and Ag. is the decay constant of 187Re = 1.666 x 107! (Smoliar et al., 1996; Shirey and
Walker, 1998).

The Trp model age is similarly calculated but assumes that the initial '*’Re/!*0s
ratio of the sample is zero (Walker et al., 1989). This assumption is valid for mantle
residues if the peridotite has experienced large degrees of partial melt extraction,
depleting the sample wholly of Re. In this case, the Trp and Tma should approach one
another. If the sample contains residual Re the Trp represents a minimum age for the
Re-depletion event.

The Twma model ages produced for lithospheric mantle peridotites will be erroneous if
the Re/Os ratio of the samples has changed more than once during the sample’s
evolution. Re enrichment through metasomatic processes would elevate the
evolutionary trajectory of the Os isotopic composition resulting in a displacement of the
intercept with fertile mantle to older ages. Re loss, as may be expected from
weathering, would have the opposite effect, resulting in an underestimation of Tma
model ages. The Tgrp model age, by contrast, will always provide a minimum age, as it
is independent of the Re/Os ratio.

Previous studies of cratonic sub-continental lithospheric mantle have illustrated large
discrepancies between Trp and Tya model ages for many samples (Walker et al., 1989;
Pearson ef al., 1995a; Pearson et al., 1995b; Carlson et al., 1999). If the systematics of
the whole Platinum Group Element (PGE) suite are considered in conjunction with Re-
Os age systematics it may be possible to evaluate the significance of Trp and Tma

model ages and better constrain the age of the lithospheric mantle beneath cratons.



1.3 Platinum Group Elements in the mantle

The PGEs, including Os, are highly siderophile elements (HSEs), and are
preferentially partitioned into metallic iron. In the absence of metallic iron, PGEs
behave as chalcophiles and concentrate in sulfides. If we assume that the Earth accreted
from chondritic material early in its history, during the formation of the core, separating
metal and sulfide phases would have scavenged the HSEs leaving the upper mantle
depleted in PGE:s relative to chondrite (Chou ef al., 1983, Morgan ef al., 1981, Morgan,
1986).

HSEs in mantle xenoliths originating from the Earth’s upper mantle are chondritic,
and their abundances higher than expected from core-mantle equilibrium. It has been
speculated that a chondritic component was added to the earth, following core
formation, from late meteorite bombardment (Chou et al., 1983, Morgan et al., 1981,
Morgan, 1986).

PGEs can be subdivided into two groups based upon their geochemical behaviour.
The Ir group, or IPGEs, consists of the elements Ir, Os and Ru. The Pd group, or
PPGEs comprise the elements Rh, Pt and Pd.

1.3.1 Location of PGEs in the mantle

PGEs are thought to reside predominantly in solid-solution in the intergranular base-
metal sulfide phases present in the mantle (Mitchell and Keays, 1981). High measured
abundances of PGEs in sulfides have been the main argument for sulfides being the
primary host for PGEs in the mantle (Jagoutz er al., 1979; Hart and Ravizza, 1996;
Pattou et al., 1996; Burton et al., 1999; Alard et al., 2000; Pearson et al., 2000). From
studies of Pyrenean orogenic lherzolites Lorand et al (1999) suggested that PGEs,
although differing widely in chemical properties and geochemical behaviour, were
strongly partitioned into the same phases based upon good PGE correlations.

It has often been speculated however that IPGEs are controlled by refractory phases
such as Ir-Os alloys rather than sulfides (Mitchell and Keays, 1981; Fryer and
Greenough, 1992; Garuti ef al., 1997; Brennan and Andrews, in press). Sulfides would
normally be present as monosulfide solid solutions (mss) or molten sulfides under
normal lithospheric mantle conditions but would re-equilibrate to low-temperature
phases during emplacement of the xenolith (Keays et al., 1981). Consensus in the
literature suggests that IPGEs are controlled by separate phases to PPGEs, in peridotite
samples collected at the surface. It does not exclude the possibility that within the
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lithosphere or asthenosphere, PGEs and Re reside primarily in monosulfide solid
solutions (mss) or sulfide liquid. Peridotites undergoing >30% partial melt removal will
begin to lose their mss component. It has been suggested by Brennan and Andrews (in
press), that mss in peridotites undergoing melt extraction may breakdown into micro-
sulfides such as laurite or Ru-Os-Ir alloys with much higher solidi than mss. The
existence of sulfide phases that are PGE specific, such as Pt in PtS and Ru in laurite,
suggests that PGEs may not necessarily partition equally. This is consistent with the
fractionation seen between IPGEs and PPGEs in depleted peridotites.

Os is considered to be somewhat heterogeneously distributed on a whole rock scale
in the mantle (Martin, 1990). The root cause of the observed variability in absolute
abundances of PGEs between individual samples of lithospheric mantle (a “nugget
effect”), is likely to be from the heterogeneous distribution of sulfides or alloys and

further detailed study is required to search for these samples.

1.3.2 Fractionation of PGEs during mantle melting

The differing chemical properties of IPGEs and PPGEs means that they fractionate
differently during partial melting of the mantle. IPGEs, including Os, are compatible
and remain in the residue whereas PPGEs, in contrast, are mildly incompatible and
partition into the melt.

CI chondrite-normalised PGE abundances are plotted as recommended by Naldrett
and Duke (1980), in order of decreasing melting point of the pure metal. Re is
introduced to the PGE pattern and placed to the right of Pd due to the similarity in
geochemical behaviour and similar compatibility. Chondrite-normalised PGE patterns
present us with a method of assessing whether the Re-Os isotope system has remained
closed since initial melt extraction and to what extent it has been disturbed by
metasomatism. If melt/fluid enrichment or disturbance affects the peridotite subsequent
to melt depletion, this should be reflected in the PGE pattern and PGE-major element

systematics.

1.4 Inter-relationship of crust and lithospheric mantle

Previous Re-Os isotope studies of the sub-cratonic lithospheric mantle underlying the
Archean Kaapvaal and Siberian cratons have demonstrated that the lithospheric mantle
yields broadly similar ages to the age of the overlying crust (Pearson ef al., 1995a;

Pearson et al.,, 1995b; Carlson et al., 1999). This evidence suggested that the
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stabilisation of the lithospheric mantle possibly coincided with periods of crust
formation, with a potential association between the generation of both mantle and crust
in the Archean. Similar conclusions were arrived at from studies of Proterozoic circum-
cratonic peridotite xenoliths and overlying Proterozoic crust in southern Africa (Pearson

et al., 1994).

1.5 Objectives of this study

Our present understanding of the timing of formation and stabilisation of Archean
cratons, and their buoyant lithospheric mantle keels, is dominated by studies of
kimberlite-hosted peridotite xenoliths from the Kaapvaal and Siberian cratons. One of
the principle aims of this study was to expand the present database to include samples
from other cratonic settings, specifically the Slave craton and Churchill province of
Canada, to assess proposed models of craton formation and to allow better assessment
of how representative samples from the Kaapvaal craton are as a whole. This
comparison has only recently become possible because of the intense efforts in diamond
exploration and mining taking place in northern Canada.

In addition to studying xenoliths from other cratonic settings, this study provides a
very detailed examination of Re-Os isotope systematics of peridotite xenoliths from the
SE part of the Kaapvaal craton; the Lesotho kimberlite field. These kimberlites contain
exceptional xenolith inventories and provide an excellent opportunity to investigate the
lithospheric mantle beneath the region. In addition, existing studies of xenoliths in the
immediately adjacent off-craton area of E. Griqualand allow investigation of the nature
of the lithosphere at the craton margin.

Previous studies of cratonic lithospheric mantle beneath the Kaapvaal and Siberian
cratons were based upon well-constrained peridotite suites, biased towards xenoliths
rich in garnet and clinopyroxene (CPX), which permit pressure-temperature calculations
to be made. A further aim of this project was to focus on depleted Kaapvaal ultramafic
xenoliths with lower garnet and CPX abundances, to examine whether such samples
provide less disturbed Re-Os isotope systematics.

The over-riding theme of the study was to further constrain the link between ages
recorded for crustal formation and modification, with Re-Os ages obtained for the
lithospheric mantle, especially in the light of new geochronological data for lower

crustal xenoliths from the regions studied.



Chapter 2

Analytical Techniques for the Determination
of Re-Os isotopes and PGEs

2.1 Introduction

Numerous analytical techniques have been used to determine PGE abundances in
geological samples, complemented by various chemical and pre-concentration
techniques. Advances in inductively coupled mass spectrometry (ICP-MS) allow for
pg/g detection limits for all PGEs. It has also been shown that negative ion thermal
mass spectrometry (N-TIMS) is capable of determining pg/g levels of Os and Ir,
together with Re (Creaser et al., 1991; Vélkening et al., 1991; Walczyk and Heumann,
1993). The ease with which individual PGEs can be chemically separated from their
matrices varies, and is related to their physical and chemical properties. The application
of PGE analysis and instrumental techniques to geological samples is therefore limited
by the ability to separate the PGEs at pg/g levels whilst retaining the low-level blanks

necessary to match instrument detection levels.

2.2 Summary of analytical methods

In general, many of the PGE analytical techniques available do not allow for the
determination of Re-Os isotopic compositions and other PGE abundances on the same
aliquot. These methods are therefore unable to provide the geochronological
information offered by the Re-Os decay system, and allow investigation of the
relationship between Os isotope variations and PGE fractionation (Pearson and
Woodland, 2000).

Ni-S fire assay

Ni-sulfide fire assay has been a favoured preconcentration method for PGEs for
many analytical techniques including instrumental neutron activation analysis (INAA,
Hoffman et al., 1978; van Loon and Barefoot, 1991; McDonald ef al., 1994) and ICP-
MS (Hall and Pelchat, 1994; Pattou ef al., 1996). The method has also been applied to
Os-isotope analysis by N-TIMS (Martin, 1990; Hauri and Hart, 1993). This
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preconcentration method is attractive because of the ability to use large sample aliquots
(20g or more) to maximise the PGEs available for analysis, minimising PGE
heterogeneity and “nugget effects”.

The difficulty in dbtaining high-purity nickel and reagents to allow determination of
low-levels of PGEs in geological samples is a disadvantage of this method (Jarvis et al.,
1997b; Ravizza and Pyle, 1997; Woodland and Pearson, 1999). The blanks for nickel
are both high and variable, and their contribution to the samples analysed is unclear
(Woodland and Pearson, 1999). High Re blanks are common in flux materials (Martin,
1990), and the Ni-S fire assay technique does not quantitatively separate Re for
analysis. Martin (1990) found that when fusions were spiked for isotope dilution,
equilibrium of isotopes between the glass and bead was not accomplished. Re is
therefore determined from separate aliquots and heterogeneity becomes an issue.
Isolation of Os by aliquoting the concentrate reduces the sensitivity in low-level
samples. Oxidising the Os to OsO4 enhances ionisation (Gregoire, 1990), and also
raises problems of memory effects if using ICP-MS (Pearson and Woodland, 2000).
The nickel used in this method may also produce Ni-Ar interference on Ru, if Ni is
carried over from the bead dissolution.

The Ni-S fire assay method, though useful for many applications, is not suitable for
accurate geochronology or analysis of low-level PGE samples by ICP-MS.

Acid dissolution and sodium peroxide fusion

Acid dissolution techniques have very low-level blanks, and often employ isotope
dilution (e.g. Enzweiller ef al., 1995). An advantage of this method is that the sample is
in a suitable form for many preconcentration techniques. The method however often
has poor recovery of PGEs due to refractory host phases (Hall and Pelchat, 1994), and
may be susceptible to loss of volatile Os and Ru.

The fusion of samples with sodium peroxide can effectively dissolve refractory
phases such as chromite. However, sample sizes are restricted (< 1g), and any
heterogeneity of PGEs in the sample may cause serious analytical errors. Blank levels
from the sodium peroxide or zirconium crucibles are also significant, particularly for
Re-Os determinations (Morgan et al., 1991), limiting this method and making it

impossible for work on low-level Re samples (Pearson and Woodland, 2000).
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2.3 Carius tube — Anion exchange chromatography preconcentration

method

For combined Re-Os isotope and PGE studies, a low-blank, isotope dilution
technique is required allowing analysis of Re, Os, Ir, Ru, Pt and Pd from the same
aliquot. A new Carius tube — anion exchange chromatography method was developed at
Durham University, and is described by Woodland (2000) and Pearson and Woodland
(2000). A comparison of this technique with Ni-S fire assay is summarised by
Woodland (1999).

2.3.1 Carius tube digestion of samples

Carius tube digestion is an old technique that has only recently been applied to the
dissolution of geological samples, particularly for Re-Os isotope analysis (Shirey and
Walker, 1994; Shirey and Walker, 1995). This method involves high-temperature
(inverse) aqua regia digestion of geological samples between 220 and 240 °C (Shirey
and Walker, 1995), in sealed carius tubes. Although silicates may not be completely
digested by this method, under the highly oxidising conditions Re and Os are effectively
and quantitatively released from refractory Pt-group phases (Shirey and Walker, 1995;
Cohen and Waters, 1996). In recent studies, Rehkdmper and Halliday (1997)
demonstrated the effectiveness of carius tube digestion techniques in measuring other
PGEs in geological samples. During digestion the aqua regia oxidises the Os to its
highest valence state and creates the volatile OsO4 (Shirey and Walker, 1995). The Os
however is retained by the impervious, sealed carius tube and allows complete
equilibration between spike and sample.

Carius tube method:

e Carius tubes pre-cleaned in boiling aqua regia

e Carius tubes chilled to —10°C in water-ethanol mix

e 1-2 g of sample weighed and transferred to carius tube via a funnel

e add pre-weighed spike to carius tube

e Add 2 ml conc. HCl to carius tube

e Add 5 ml conc. HNO; to carius tube

e Carius tube neck sealed using gas torch

e Carius tube warmed to room temperature and shaken to mix samples and acids

o Carius tube placed in steel jackets and heated in oven for 3 days

1



o Carius tube cooled to room temperature and then chilled before opening

A disadvantage of the carius tube technique is the small sample size. This is
particularly a problem for the analysis of PGEs where heterogeneous distribution is
possible (McDonald, 1998). This can be solved by replicate analyses of samples and
ensuring that the samples are well powdered and homogenised. The advantage of this
method, especially for low-level PGE analysis, is the low blank levels. Procedural
blanks are dependent on reagents and are typically < 7pg for Os, < 1pg for Ir, < 10pg for
Ru and Re, ~ 10pg for Pd and < 25pg for Pt (Woodland and Pearson, 1999; Pearson and
Woodland, 2000).

2.3.2 Isotope dilution

Isotope dilution allows for accurate measurement of elemental abundances,
providing isotope ratios can be measured accurately (Heumann, 1988). It is limited
however by the requirement to find two isotopes that are unaffected by isobaric
interferences (see review of isobaric interferences for PGEs in Pearson and Woodland,
2000), and the need to predict the sample concentration to optimise spikes. Rhodium,
which is monoisotopic, is the only PGE not amenable to isotope dilution. All other
PGEs have at least two isotopes, and a number of studies have used this method
(Enzweiller et al., 1995; Ravizza and Pyle, 1997; Rehkdmper and Halliday, 1997).

To reduce weighing errors it is optimal to have a mixed single spike. The enriched
isotopes chosen for the Durham peridotite spike were *Ru, '%pd, '®Re, '°0s, "'Ir and
194pt (Pearson and Woodland, 2000). Spike concentrations are optimised so that

approximately 0.1 ml of spike are required for each sample analysed.

2.3.3 Chemical separation of Re and PGEs

The Carius tube - anion exchange method allows the separation of all PGEs, and
therefore maximises detection limits by reducing the number of masses that need to be
measured. In addition, Re and Os are separated in the same dissolution.
Preconcentration of samples removes most of the matrix, and thus minimises isobaric
interferences and reduces matrix suppression in the plasma. The separation procedure
comprises of several stages including solvent extraction and anion exchange columns,

with yields rarely achieving 100%, and therefore isotope dilution is necessary.
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2.3.3.a Solvent extraction of Os

The procedure of solvent extraction generally follows the methodology of Cohen and

Waters (1996). Prior to opening, carius tubes are chilled to reduce internal pressure and

prevent the escape of volatile OsOjs.

Os extraction

e

The aqua regia solution and sample residue is removed and added to 4 ml chilled
carbon tetrachloride. The mixture is allowed to warm and shaken for ~ 2 min to
ensure thorough mixing.

The organic fraction is separated from the aqua regia and added to 4 ml of chilled
9N HBr.

Organic extraction of the aqua regia is repeated twice more to ensure consistent
Os yields.

After the final organic extraction and the maximum amount of CCly has been
removed from the aqua regia, the aqua regia is ready for further preconcentration
of the other PGEs and Re.

The HBr - CCl; mixture, with the Os, is sealed in its vial and allowed to warm to
room temperature and then thoroughly shaken. This mixture is heated gently
under a heat lamp for ~ 1 hour, or left overnight to ensure equilibration and
transfer of the Os from the CCl4 to the HBr.

The HBr - CCly mixture is allowed to cool and the HBr is pipetted from the
organic phase and dried down. The Os is now ready for analysis by ICP-MS after
being taken up in 1 ml of 3.5% HNOs, or further purified for N-TIMS analysis.

The method for further purification of the Os for N-TIMS analysis follows the
procedures of Roy-Barman and Allégre (1995) and Cohen and Waters (1996).
Micro-distillation of Os for N-TIMS analysis

HBr and Os drydown taken up in 20 gl of chilled 9N H,SOj4.
Sample transferred to the cap of a 7 ml Savillex® teflon conical vial.
5 ul of 9N CrO; pipetted onto the sample and thoroughly mixed.

20 ul of 9N HBr pipetted into the bottom of the conical vial. PTFE tape is applied
to the thread of the vial.

Conical vial carefully inverted and screwed onto the cap taking care not to
dislodge the HBr.

Teflon vial wrapped in foil leaving a gap below HBr to avoid overheating.

13



e Vial heated at 80 °C for 2 hours. Os is oxidised by CrO; and causes a micro-
distillation of the Os into the HBr.

e Vials are removed from the hotplate and the cap unscrewed before inverting the
base to the upright position

o The HBr is dried down and the sample is ready for N-TIMS analysis.

2.3.3.b Chromatographic separation of Ir, Ru, Pt, Pd and Re

To improve sensitivity and for effective analysis of PGEs by ICP-MS it is
advantageous to separate the individual elements into different fractions. As a result of
the differing behaviour of individual PGEs on anion resin (Korkisch and Klakl, 1989),
ion-exchange chromatography is an ideal method for separating the PGEs. This method
of separation has been used widely for analysis of combinations of PGEs (e.g. Morgan
et al., 1991), and Rehkédmper and Halliday (1997) proposed a method for the separation
of PGEs and Re using mixed acid elutions. Unfortunately, the method presented by
Rehkdmper and Halliday (1997) did not include the ability to separate Os. Pearson and
Woodland (2000) presented an anion-exchange separation technique that compliments
the extraction of Os. PGEs have an affinity for anion-exchange resin and therefore
chromatography is an obvious means of PGE separation. Application of this method
however requires isotope dilution because of difficulties in quantitative elution from the
resin (Jarvis et al., 1997b; Jarvis et al., 1997a).

Sample preparation

The residual aqua regia and silicate residue from the Os extraction procedure
contains the other PGEs, and requires preparation for column chemistry.

e The aqua regia is dried down under a heat lamp in a clean environment.

e 1 ml conc. HNO; is added to the drydown, refluxed and dried down again to

remove residual CCly.

e 2 ml conc. HF and 0.5 ml conc. HNO; are added to the sample and refluxed.
Residual SiO; is removed as SiF4, reducing the matrix before adding to the
column and freeing PGEs from silicate phases. Sample dried down.

o 2 ml conc. HNO; added to the samples to remove residual HF. Sample dried
down.

e 2 ml conc. HCl added to the sample to convert PGEs to a chloride form necessary

for the column chemistry. Sample dried down.
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Sample taken up in 10 m! of 0.5N HCI and centrifuged to remove insoluble
precipitate.

Cl, is bubbled through the sample solution and it is left overnight to ensure
oxidation of PGEs (after Anbar et al., 1997). |

The valence state of the PGEs is important for their adsorption onto the anion-

exchange resin (Korkisch and Klakl, 1989), in particular Ir which is more strongly

retained as IrCls. Chlorine gas is used as a strong oxidant to achieve this oxidation

state of Ir, as it has the advantage of introducing no matrix to the sample and minimises
the blanks.

Anion-exchange separation method

1 ml pre-cleaned (Pearson and Woodland, 2000) Biorad® AG1-X8 100-200#
resin is loaded into a standard Biorad® column with 2 ml resin capacity and 10 ml
reservoir.

Resin cleaned with 20ml warm 12N HNO; followed by 35 ml MQ water.

Resin conditioned with 30 ml 6N HCI followed by 35 ml chlorinated 0.5N HCl to
ensure oxidation of resin.

Sample loaded onto column.

5 ml 0.8N HNO; added to column to elute transition elements, e.g. Zn (after
Rehkdmper and Halliday, 1997), followed by 10 ml 1N HF/HCI to elute Hf and
Zx.

20 ml of 0.1M H,S0; are eluted to reduce Ir (after Anbar et al., 1997).

30 ml of MQ water are eluted to remove traces of H,SO;.

Ir is eluted and collected in 20 ml of 2N HCL

Pt is eluted and collected in 20 ml of 6N HCl.

5 ml of MQ water is eluted to remove traces of HClL.

Re and Ru are eluted and collected in 20 ml of 4N HNO;.

Pd is eluted and collected in 20 mi of warm 12N HNO;

This procedure allows the separation of five fractions. The yields for Os are between
70 and 90% (Cohen and Waters, 1996). Yields for Re are ~ 90%, yields for Ir, Pt and
Pd are between 60-70% and yields for Ru are variable between 30 and 60% (Pearson
and Woodland, 2000).
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2.4 Mass Spectrometry

Analyses of Re and PGEs were performed at Durham University using a Perkin
Elmer Sciex Elan 6000 quadrupole ICP-MS. Analyses of Os by N-TIMS were
performed at the Carnegie Institution of Washington using their in-house 15” magnetic

sector thermal ionisation mass spectrometer.

2.4.1 Re and PGE analyses by ICP-MS

2.4.1.a Nebulisation

Two types of nebuliser were used in conjunction with the ICP-MS during

measurement of PGE data.

i. A standard cross-flow nebuliser with Scott-type double pass spray chamber.

ii. CETAC Technologies Aridus® de-solvating micro-concentric nebuliser.

The instrument was optimised prior to PGE analysis, and performance monitored, by
a daily check solution from which oxide production and machine sensitivity could be
assessed.

The standard cross-flow nebuliser was used to obtain Re and occasionally Ir, Ru, Pt
and Pd abundance data. The standard rate of up-take for this nebuliser was ca. 1
ml/min. Detection limits were controlled by the requirement to dilute samples to ca. 1.5
—2 ml. The cross-flow nebuliser has a low memory for PGEs, and oxide production for
elements producing isobaric interferences range from 0.8 to 2.5% as metal-oxide to
metal ratio (Pearson and Woodland, 2000).

The CETAC Aridus® nebuliser was used to obtain Ir, Ru, Pt and Pd data. Sample up-
take rates ranged from 45 — 70 ul/min, dependant on optimisation of the ICP-MS, and
oxide production was generally < 0.03%. The Aridus nebuliser produces a higher
magnitude of signal than the cross-flow nebuliser. Additionally, sensitivity can be
enhanced by the low up-take rate of the Aridus, which permits better pre-concentration

of samples by taking up in smaller volumes of liquid.
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24.1.b  I[nstrument mass-bias and precision

Throughout PGE data collection, mass bias was estimated using standard solutions,
ranging in concentration from 0.1 to 10 ppb, dependant on the approximate
concentration of the element within the sample. Typical mass bias correction factors for

the measured ratios are illustrated in Table 2.1.

Element Ir Ru Pt Pd Re
Ratio Measured 193/191 | 101/99 | 195/194 | 105/106 | 187/185
Natural Ratio 1.681 | 1346 | 1.027 | 0.817 1.674
Measured Ratio 1.717 | 1.421 1.04 0.794 1.692
20 error 0.008 0.02 | 0.006 | 0.029 | 0.005
MBCF 0.979 | 0.947 | 0.988 1.029 | 0.989

Table 2.1 Typical mass bias correction factors for PGEs (2 errors based on approximately 20 individual
analyses).

The mass bias effects for the ratios measured are summarised in Figure 2.1. The
lower étomic mass PGEs, Ru and Pd, show the largest mass bias (Figure 2.1) at ca. 2.5
% per atomic mass unit (AMU™). The mass bias, though variable between analytical
sessions, is reproducible within individual sessions, 2¢ relative standard deviations
(RSDs) ranging between 0.1 and 0.4 %. The variability of mass bias for Ru (2.41 +
0.61 % AMU"") is more than three times that of Pd (2.49 + 0.19 % AMU™). This may
be attributable to errors induced by the lower signals measured for Ru compared to Pd,
or greater isobaric interferences (see review by Pearson and Woodland, 2000).

The higher atomic mass PGEs (Re, Ir and Pt) produce lower mass bias values, with
all elements lower than 1.5 % AMU™! (Figure 2.1). Within individual sessions 26 RSDs
were generally less than 0.4 %. Elements that are close in mass, such as Ir and Re, do
not necessarily show the same degree of mass bias on the ICP-MS e.g. 0.91 + 0.24 %
AMU ~! for Ir vs. 0.82 + 0.25 % AMU ~! for Re. For this reason the Re standard is not
used as a mass-bias for Ir, nor spiking with non-PGEs of similar atomic mass. The
long-term mass-bias for Pt is higher than both Ir and Re at 1.14 + 0.36 % AMU ~'. The
quality of standard reproducibility for mass-bias means the error from correction in the

isotope dilution calculation is negligible.
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Figure 2.1  Mass bias per atomic mass unit for measured PGE isotope ratios. Each data point represents
between 15 and 25 separate analyses of standard solutions in the 0.1 to 10 ng/g concentration range. Two-
sigma error bars of the mean standard for each analysis are smaller than symbols. Dashed line represents
the overall mean for the plotted values.

2.4.1.c Analytical procedure

" The RF power for the ICP-MS during analysis of PGEs ranged from 1200 to 1300
W, dependant on nebulisation. The cross-flow nebuliser generally requires higher
power settings than the CETAC Aridus® desolvating nebuliser. Twenty-five to thirty
mass sweeps were performed for one isotopic ratio measurement, with 25 to 30
replicates. Peak dwell time ranged from 20 to 40 ms. Ion-lens settings were optimised
for the mass-range being measured during any given session, and during individual
sessions normally only one element was measured. Elemental and oxide interferences
were corrected on-line.

The dried-down column cuts were taken up in 3.5 % HNOs;, up to 3 hrs prior to

analysis, and refluxed to ensure the PGEs were taken up into solution. The samples
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were then transferred to micro-centrifuge tubes for analysis and storage. The volume of
diluent used to take the samples up into solution is dependant on the element being
analysed and the number of masses that are required to be measured, and which
nebuliser is used.

Prior to sample analysis PGE standard solutions were run to establish mass-bias
corrections, and oxide generation levels were monitored using pure element solutions of
Hf, Mo, Zr and Y. The corrections for oxide production were updated in the software
for on-line correction. During sample analysis, the samples were interspersed with
standard and pure element solution to monitor oxide-production, sensitivity and mass-

bias drift. All further data reduction was performed off-line with spreadsheets.

2.4.1.d Accuracy and precision

Before investigating the PGE results for samples, it is useful to perform replicate
analyses on appropriate standards to characterise inter-element fractionation
(McDonald, 1998), and outline accuracy and reproducibility. Eight replicate analyses
were performed on the in-house Durham University peridotite PGE standard, sample

GP13, a spinel lherzolite from the Beni Bousera peridotite massif (Table 2.2).

Sample Os (ppb) | Ir (ppb) | Ru(ppb) | Pt(ppb) | Pd (ppb) | Re (ppb)
GP13 (1) 3.72 3.22 7.04 6.70 5.92 0.33
GP13 (2) 3.67 3.23 6.72 6.38 5.36 0.33
GP13 (3) 3.85 341 6.95 7.46 5.44 0.34
GP13 (4) 4.15 4.09 7.34 7.28 5.28 0.33
GP13 (5) ] 3.72 3,28 6.71 6.49 5:87 0.32
GP13 (6) 3.83 3.75 6.76 7.19 5.68 0.33
GP13 (7) 3.99 3.86 7.00 6.66 5.31 0.32
GP13 (8) 4.02 3.67 7.23 7.85 6.27 0.33
Mean 3.87 3.56 6.97 7.00 5.64 0.33
stdev 0.17 0.33 0.23 0.52 0.35 0.01
206 % RSD 8.77 18.36 6.66 14.89 12.56 3.23
Primitive mantle 3.4 3.2 5.0 7.1 3.9 0.28
CI chondrite 490 455 710 1010 550 40

Table 2.2 Replicate analyses of Durham peridotite standard GP13. CI chondrite values from McDonough
and Sun (1995). Primitive mantle values taken as 0.007 x CI chondrite after method of McDonough and
Sun (1995).

The data in Table 2.2 are based on the analyses of either 1 or 2 g sample aliquots. In
general elements show reproducibility better than 15 % (2o RSD), except Ir which is
slightly higher at 18.36 % (Figure 2.2).
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Figure 2.2 Chondrite and primitive mantle normalised PGE abundances for replicate analyses of
sample GP13 (a spinel therzolite form the Beni Bousera orogenic massif), from Table 2.2. Normalising
factors after Table 2.2 (McDonough and Sun, 1995). Error bars are 26 RSD.

The variation observed between the individual analyses may originate from
incomplete digestion of refractory phases such as spinel during Carius tube digestion.
Two groups of elements are apparent in sample GP13, those with exceptional
reproducibility less than 10 %, i.e., Os, Ru and Re (8.77, 6.66 and 3.23 % 2 RSD), and
those with reproducibility between 10 and 20%, i.e. Ir, Pt and Pd. Although there is a
variation in the reproducibility between IPGEs in standard GP13, such as Os and Ir, the
mean concentrations of Os and Ir produce a chondritic ratio overall (Figure 2.3a).
Analysis of peridotite samples during this study consistently produced near chondritic
Os/Ir ratios (Figure 2.3b), suggesting good access to all PGE phases during digestion
using the carius tube technique.

The PGE abundances in GP13 are comparable to those of typical orogenic spinel

lherzolites analysed by other methods (e.g. Pattou et al, 1996). The levels of
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2.4.2 Os analyses by N-TIMS

2.4.2.a Sample preparation

For analysis of Os by N-TIMS, samples are loaded onto Pt filaments. The Pt
filament is prepared from Pt-ribbon, rolled from a high-purity Pt-wire. The Pt ribbon is
pre-cleaned by heating for 1 to 4 hrs in molten sodium carbonate or potassium
pyrosulfate and leaching in 8N HNO;. Dried down Os samples are taken-up in 9N HBr
and loaded onto the Pt filaments. The HBr, with Os sample, are then dried-down under
heatlamps and placed in an outgasser. Osmium samples are metalised for 3 hrs at a
pressure < 10 torr, and filament temperatures of 300-400 °C. After removal of the
filaments from the outgasser, 20 ug Ba(NO;), are loaded and dried onto the filaments at
the location of the Os sample to act as an electron-donor. The samples are then ready

for loading into the mass-spectrometer.

2.4.2.b Operating conditions

Os is run as OsO5’ ions (after Creaser ef al., 1991; and Vo6lkening ef al., 1991) on the
157, 60° sector DTM mass spectrometer. Os is run on Pt filaments at temperatures of
between 800 and 900 °C, and an oxygen leak degrading the vacuum to approximately 8
x 107 Pa, maintained by an oxygen bleed valve. '°?Os beams are maintained at less
than 500 Kcps for 4 to 6 hours, during which time all Os isotopes are measured (masses
240, 238, 237, 236, 235 and 234), along with mass 233 (‘®*Re'®03). These are peak-
hopped into the single electron-multiplier detector. Osmium isotope compositions are
corrected for mass-dependant isotope fractionation using a linear law, normalised to
19205/'80s = 3.082614 (Creaser et al., 1991). Osmium isotopic compositions are
corrected for oxygen interference using the accepted values of Nier (1950), '"0/'°0 =
0.0003708 and '*0/'°0 = 0.002085.

2.4.2.c Accuracy and precision

To investigate the reproducibility of individual Os isotope ratios determined by N-
TIMS, repeat analyses of the DTM Os standard were made during the period of this
study. The standards were run under normal operating conditions applied to the
samples. The fractionation and oxide corrected Os isotope ratios for the standards are

presented in Table 2.3. Replicate determinations of the in-house DTM Os standard
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gave external reproducibility for '*’0s/'*0s of less than + 2.4 %o at the 20 level (Table

2.3).

Sample B20s/®0s | 0s/0s | P0s/™0s | P0s/P0s | T0s/ P0s
DTM std. 3.082614 1.98314 1.22029 0.17391 0.12031
DTM std. 3.082614 1.98487 1.21998 0.17448 0.11962
DTM std. 3.082614 1.98322 1.22071 0.17426 0.11997
DTMstd. | 3.082614 1.98262 1.21853 0.17445 0.12009
DTM std. 3.082614 1.98373 1.21969 0.17412 0.12011
DTM std. 3.082614 1.98245 1.21958 0.17413 0.12025
DTM std. 3.082614 1.98278 1.22089 0.17405 0.11985
Average 3.082614 1.98326 1.21995 0.17420 0.12003
26 0.00166 0.00159 0.00042 0.00048
DTMstd® | 3.082614 | 1.9832+12 [ 12196+ 10 | 0.17396+38 | 0.1203 +29
DTM std.® 3.082614 | 1.9842+54 | 1.2197+39 | 0.17429+55 | 0.1202+ 16

Table 2.3 Replicate analyses of DTM Os standard solution over period of study. Blanks during analysis
ranged from 1 to 5 pg. Os isotopic compositions are corrected for Oxygen interference using accepted
values (Nier, 1950) and for mass fractionation to '*>Os/*®®0s of 3.082614 (Creaser et al., 1991). For
comparative purposes, analyses of the DTM Os standard by Shirey (1997) are presented, ® 13 samples
analysed using analog counting, ® 22 samples analysed using pulse counting, with 2c errors of the
population of measurements.
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Chapter 3

Peridotite Xenoliths from the Lesotho
Kimberlite Field

3.1 Introduction

Tomographic studies have shown that Archean cratons are underlain by thick, cold
lithospheric mantle roots with high seismic velocities (Jordan, 1988; James er al., 2001).
The low-density, residual peridotite root contributes to the long-term stability of
Archean continental lithosphere (Boyd and McCallister, 1976; Jordan, 1979). Samples
of sub-cratonic mantle, erupted by kimberlitic magmatism, are dominated by xenoliths
from both the Kaapvaal and Siberian cratons (Boyd and Mertzman, 1987; Boyd, 1989).
These xenoliths have highlighted the refractory nature of mantle roots beneath Archean
cratons i.e., residues depleted in fusible major elements from melt extraction (Nixon,
1987a; Herzberg, 1993; Boyd ef al., 1997), and similarities between mantle samples
from these two areas have dominated thoughts on the evolution of cratonic lithospheric
mantle (Boyd et al., 1997).

Initial work on the Sr-Nd isotope chemistry of Kaapvaal peridotites indicated their
antiquity (Menzies and Murthy, 1980; Richardson ef al., 1985). Previous Re-Os isotope
studies of Kaapvaal lithospheric peridotites erupted by kimberlites have shown that the
mantle part of the lithospheric keel is very ancient (generally > 2.5 Ga) over large areas
(Walker et al., 1989; Pearson ef al., 1995a; Carlson et al., 1999), with the oldest ages
being broadly coincident with major crust building. However, the xenoliths analysed in
these studies produced a large variation in both Re-Os Trp and Tya model ages, and the
cause and significance of this variation in age is not obvious. In the initial studies,
peridotites were analysed that had been selected from a group of samples previously
examined for their mineral composition in order to deduce their pressure and
temperature of origin. As the technique of geothermobarometry is based on chemical
exchange reactions between garnet, pyroxene and olivine, the samples selected for
geothermobarometry, and thereafter Re-Os analysis, were among the more garnet and

diopside-rich, and hence fertile, peridotites from South African kimberlites. Recent
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3.2 Geological Setting

3.2.1 Regional Geology

Lesotho and the Kaapvaal craton have a long geological history, rooted in the
Archean during craton formation and stabilisation, and continuing through to the
Cretaceous. The geological record for Lesotho and the Kaapvaal craton is summarised

in Table 3.1.

3.2.1.a The Kaapvaal craton

The Kaapvaal craton covers an area of approximately 1.2 x 10° km? (Figure 3.1),
with the outer limits defined largely by geological mapping and geochronology (de Wit
et al., 1992), aided by geophysics and image processing (Corner, 1991; Chicowich and
Green, 1992). The craton is bounded to the north by the Zimbabwean craton; to the
west and south by Proterozoic mobile belts; and to the east by the Lebombo monocline
composed of Jurassic volcanic rocks associated with the break-up of Gondwana.

The Kaapvaal craton formed between 3.7 and 2.7 Gyr ago, and its Archean history of
approximately 1 Gyr can be conveniently separated into two distinct periods (de Wit et
al., 1992). The first period between 3.7 and 3.1 Ga records the initial formation of the
Kaapvaal shield and may represent processes resembling those of modern-day oceanic
basins, though at shallower depths (de Wit ez al., 1992). The second period of Archean
history between 3.1 and 2.7 Ga appears to represent intra-continental and continent-
margin processes with growth of the craton through tectonic accretion and subduction-
related igneous processes ending with the final stabilisation of the craton (de Wit et al.,
1992).

Early Archean History

The Kaapvaal craton is not a homogeneous province, but is composed of several sub-
domains or terrains (Figure 3.2). The oldest, core domain is located in the eastern part
of the craton. This Ancient Gneiss terrain, containing tonalitic intrusions as old as
3.644 Ga (Compston and Kroner, 1988; Hunter, 1991; Helmstaedt and Gurney, 2001),
is tectonically juxtaposed next to the Barberton greenstone belt. The Onverwacht
Group, part of the southern Barberton greenstone terrain, has been dated at ca. 3.5 Ga
(de Wit et al, 1992; Helmstaedt and Gurney, 2001). This group, known as the
Jamestown ophiolite (de Wit ef al., 1992), has been compared to Phanerozoic ophiolites

and is thought to represent the remnants of an early oceanic lithosphere (de Wit ef al.,
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Table 3.1 Summary of Geological events for the Kaapvaal craton and Lesotho.
Type Geology Age Comments Reference
Early Archean \
Basement Gneisses and intrusives 3.65 - 3.55 Ga | Ancient Gneiss terrain and trodhjemite-tonalite basement. 1,2,3,4
Mafic and ultramafic rock with associated sediments | Greenstone belts 3.5-33Ga Barberton greenstone belts (or ophiolite) and Natal granite- | 4, 5,6
greenstone terrain,
Syntectonic intrusives Trodhjemite-tonalite 33-32Ga Thrusting and amalgamation of Ancient Gneiss, Barberton | 5
and Natal terrains.
Syntectonic intrusives Granite sheets 3.15-3.07 Ga | Transcurrent shearing across amalgamated terrains and last | 7, 8
major anatexis affecting central Kaapvaal 3.08 +/- 0.01 Ga.
Western Kaapvaal
Diamonds Harzburgitic inclusions 32Ga Diamonds from Finsch and Kimberley. 9
Mafic and ultramafic rocks with associated sediments | Greenstone belts 3.0-2.8Ga Colesberg, Amalia and Kraaipan greenstone terrains. 10
Deformation Crustal shortening 2.84-2.72 Ga_| East-west shortening during amalgamation of terrains. 11
Late Archean
Volcano-sedimentary sequence Basalts - rhyolite and ~2.94 Ga Pongola supergroup. Extensional rift basin? 12
fluvial shelf sediments
Volcano-sedimentary sequence Alkali basalts - rhyolite | 3.07-2.71 Ga | Witwatersrand supergroup incl. Dominion group. Dominion | 7, 12, 13
and flysch-type  to possibly continental rift, Lower Wits continental shelf and
molasse-type sediments. Upper Wits foreland compressional basin.
Flood basalt volcanism Mafic to intermediate | 2.71-2.55 Ga | Ventersdorp supergroup. Major extension forming northeast | 13, 14
volcanics. trending grabens. _
Metamorphism Transient thermal pulse 2723 Ma Granulite xenoliths from kimberlites record transient thermal | 14, 15, 16
pulse >1000°C at 1.0-1.5 GPa. Synchronous with
Ventersdorp. .
Proterozoic
Sedimentary rocks Quartzite and shallow ~2.56 Ga Transvaal supergroup. Tectonic and thermal subsidence.
water carbonates. :
Metamorphism Zircon growth 1114-1000 Ma | Metamorphic zircon growth in lower crustal xenoliths from | 17, 18

southern Kaapvaal suggests major thermal modification,
possibly related to the Namaqua-Natal orogeny
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Table 3.1 (Continued)
Type Geology Age Comments Reference
Lesotho- Karroo
Sedimentary rocks Permian The Ecca series. These unconformably overlie the crystalline | 19
basement.
Sedimentary rocks Shales, mudstones and Triassic The Beaufort series. Plant and reptile remains. 19,20
sandstones
Sedimentary rocks Arkoses, sandstones, Triassic The Stormberg series 19
shales, mudstones
Extrusive volcanics — flood basalts Explosive intrusive vents, Jurassic The Drakensberg beds. Explosive intrusive vents precede | 12, 19
basalts, ash, tuff and Drakensberg basalts (190 - 150 Ma). Ash, tuff and
agglomerates agglomerates occur locally.
Intrusives Dolerites Jurassic Dolerite sheets occur throughout the Karroo as vertical dykes | 19
and horizontal sheets
Lesotho- kimberlites
Kimberlite magmatism Kimberlite pipes and Cretaceous Kimberlite dykes and pipes intrude the Karoo sequence. | 19,20
dykes. (~87.1Ma.) | Kimberlite 'pipes appear to post-date kimberlite dyke
emplacement. Caontrolled by WNW-trending fractures and
occasionally! WSW-fractures.
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1 - Compston and Kroner (1988), 2 - Hunter (1991), 3 - Helmstaedt and Gurney (2001), 4 -Armstrong et al. (1990), 5 - de Wit (1991), 6 - Hunter (1991), 7 - de Wit ez al. (1992), 8 -
Moser et al. (2001), 9 - Richardson et al. (1984), 10 - Poujol et al. (2000), 11 - Carney et al. (1994), 12 - Windley (1995), 13 - Cheney and Winter (1995), 14 - Armstrong et al.
(1991), 15 - Dawson et al. (1997), 16 - Schmitz et al. (1998), 17 - Schmitz and Bowring (1999), 18 - Schmitz and Bowring (2000), 19 - Dempster and Richard (1973), 20 - Turner
(1972), 20 - Davis (1977).







1991). Amalgamation of the Natal terrain with the Barberton-Ancient Gneiss core is
likely to have occurred by 3.2 Ga with final stabilisation by 3.0 Ga.

To the north of the ancient core, greenstone terrains including the Murchison, Giyani
and Pietersburg Greenstone terrains, and possibly high-grade metamorphic greenstone
remnants in the southern margin of the Limpopo Province (de Wit et al., 1992), are
believed to include some rocks as old as those of the Barberton Greenstone terrain
(Poujol and Anhaeusser, 2001). It is uncertain when these terrains amalgamated with
each other and with the ancient core to the south, but they were securely joined by 3.1
Ga (Helmstaedt and Gurney, 2001).

Although obscured by Late Archean and younger strata, the east-west trending
terrains of the ancient core are believed to continue as far west as the Vredefort
structure (de Wit et al, 1992; Helmstaedt and Gurney, 2001), and are probably
truncated by the north-south trending Colesberg lineament. To the west of this
lineament are the north-south trending Colesberg, Amalia and Kraaipan granite-
greenstone terrains which are considerably younger (Helmstaedt and Gurney, 2001).
Crust-lithosphere coupling and the last major anatexis affecting the crust of the central
Kaapvaal has been dated at 3.08 +/- 0.01 Ga in the Vredefort section (Moser et al.,
2001).

Western Kaapvaal Province

The Colesberg, Amalia and Kraaipan granite-greenstone terrains in the west of the
Kaapvaal craton yield young Archean ages between 3.01 and 2.79 Ga (Poujol et al.,
2000). The Kraaipan Greenstone terrain, which occurs in highly deformed gneisses,
extends into Botswana where it is intruded by the Gabarone granite at 2.83 Ga
(Helmstaedt and Gurney, 2001). East-west shortening related to the amalgamation of
the north trending terrains has been dated between 2.84 and 2.72 Ga by Carney ef al
(1994).

The oldest crustal ages of ca. 3.0 Ga are younger than harzburgitic garnet inclusions
of diamonds from Finsch and Kimberley at ca. 3.2 Ga (Richardson ef al., 1984), both
located in the western part of the Kaapvaal province. This may indicate that the
lithospheric root of the older eastern part of the province extends under the younger
crust of the western part of the province.

Late Archean History

Following stabilisation of the Kaapvaal shield, the craton became a basement for a

series of unconformity bounded volcano-sedimentary sequences. These include the

Pongola, Dominion, Witwatersrand, Ventersdorp, Transvaal, Soutpansberg and
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Waterberg sequences (Cheney and Winter, 1995). The oldest sequences (older than
2.714 Ga), including the Dominion, Witwatersrand and Lower Ventersdorp are confined
to the southeastern Kaapvaal. The Middle Ventersdorp, which is older than 2.709 Ga,
partly covers the northern and western areas of the province. The Upper Ventersdorp,
post 2.709 Ga and pre 2.552 Ga, covers much of the western province and is the first
sequence that overlaps the boundary between the younger western and older eastern
parts of the Kaapvaal province (Cheney and Winter, 1995). The history of deformation
in these sequences suggest that the basement rocks at first overthrust the Dominion and
Witwatersrand sequences followed by the Lower and Middle Ventersdorp. The Upper
Ventersdorp sequence unconformably overlaps the earliest east-verging thrusts. The
sedimentary record is consistent with tectonic accretion of the western over the eastern
part of the province (Helmstaedt and Gurney, 2001).

The Lower Witwatersrand basin probably formed as a continental platform on a
passive margin facing open-ocean to the south and west (de Wit er al., 1992). The
Upper Witwatersrand basin is interpreted as a foreland compressional basin possibly
related to the convergence of the Kaapvaal and Zimbabwe cratons (de Wit ef al., 1992),
or alternatively the convergence of the eastern and western parts of the Kaapvaal
province (Helmstaedt and Gurney, 2001). The Central Rand deposition, 2.84-2.71 Ga
(Armstrong et al., 1991), overlaps with 2.9-2.7 Ga north-directed overthrusting of the
Kaapvaal over the Limpopo province (Helmstaedt and Gurney, 2001), suggesting that
the Witwatersrand basin was in the hinterland of the thrust belt. Westerly accretion
supports the westerly provenance of Upper Witwatersrand sediments (Helmstaedt and
Gurney, 2001), a problem for a Limpopo foreland basin model (de Wit et al., 1992).

Sapphirine granulite xenoliths from the Lace, Voorspoed and Star kimberlites
preserve evidence of a transient thermal pulse in the deep crust of the southwestern
Kaapvaal craton. Thermobarometry indicate peak temperatures > 1100°C at pressures
of 1.0 to 1.5 GPa (Dawson et al., 1997), and Zircon and Monazite produce U-Pb ages
recording early cooling ages of 2723 Ma (Schmitz er al., 1998). This episode of ultra-
high temperature metamorphism in the lower crust appears to be synchronous with the
initiation of Ventersdorp flood basalt volcanism (Armstrong et al., 1991). The
combined western and eastern parts of the province to the south of the Thabazimbi-
Murchison lineament experienced major extension resulting in the deposition of the
volcano-sedimentary Upper Ventersdorp sequence, deposited between 2.7 and 2.6 Ga in
a series of northeast trending grabens (Armstrong ef al, 1991). The origin of this

extension episode is uncertain and may represent oblique convergence between the
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Kaapavaal and Zimbabwe cratons (Helmstaedt and Gurney, 2001), or the failed arm of a
triple-junction related to the speculated rifting of the Kaapvaal and Pilbara provinces
(Nelson et al., 1992).

Proterozoic Evolution

Tectonic and thermal subsidence in the early Proterozoic formed the Transvaal
sedimentary basins. The Transvaal supergroup overlies the Ventersdorp group
unconformably. The basal quartzite grades up into shallow water carbonates that
dominate the sequence (Eriksson et al, 1993). Dating of stromatilitic carbonates
provide an age of 2.56 Ga for the Transvaal Dolomite (Jahn ef al., 1990). The Bushveld
Igneous complex was emplaced into the Upper Transvaal sediments at 2.05 Ga (Eales
and Cawthorn, 1996).

Garnet bearing granulite and upper amphibolite facies lower crustal xenoliths from
the Markt kimberlite on the southwestern margin of the Kaapvaal craton yield
Mesoproterozoic metamorphic zircon U-Pb ages ranging from 1114 to 1092 Ma
(Schmitz and Bowring, 2000). Similarly felsic and mafic granulite xenoliths from the
northern Lesotho kimberlites on the southern margin of the craton produce metamorphic
zircon and monazite U-Pb ages of 1050-1000 Ma (Schmitz and Bowring, 1999). This
suggests that lower parts of the thickened crust along the southern and eastern margins
of the Kaapvaal craton underwent major thermal modification in the Mesoproterozoic.
This indicates a metamorphic history post-dating cratonisation and possibly related to

the Namaqua-Natal orogeny (Schmitz and Bowring, 1999).

3.2.1.b Lesotho

Sedimentary and Igneous Geology

The crystalline basement underlying Lesotho does not outcrop at surface and the
rocks in Lesotho mainly belong to the overlying Karroo system. The Karroo overlie a
large part of southern Africa as relatively flat-lying sandstone and shale sequences. The
Karroo system consists of four large series ranging in age from Carboniferous to lower
Jurassic, the Dwyka, Ecca, Beaufort and Stormberg. The Stormberg sediments are
overlain by a thick succession of tholeiitic lavas, the Drakensberg Beds (Dempster and
Richard, 1973).

Borehole data (SOEKOR hole W1/1/72) from neighbouring parts of South Africa, in
the Ficksburg area (Figure 3.3), suggest that the Carboniferous Dwyka series is absent

from northern Lesotho and that lower parts of the Ecca series are attenuated (Dempster
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massive cream-coloured fine grain sandstone 70-75 m thick, and a lower succession of
finer-grained red, green and purple sandstones and mudstones 60-65 m thick.

The early Jurassic Drakensberg basalts were preceded by the explosive intrusion of
vents in the sedimentary sequence and basal lavas in the lowlands (Dempster and
Richard, 1973). Thin beds of ash, tuff and agglomerate are found in the south of
Lesotho. The vents occur generally northeast of Leribe (Figure 3.3) and occur both
singularly and in groups, with no evidence of tectonic control (Dempster and Richard,
1973). No lavas appear to be associated with the vents. The largest group of vents
(over 400 m diameter) penetrate not only the Cave sandstone but also the lowermost
lava flows. The throat is filled with a volcanic agglomerate composed of sandstone
fragments and lapilli of vesicular basalt grading into a tuff indistinguishable from fine-
grained sandstone (Dempster and Richard, 1973). The Drakensberg beds are a series of
monotonous lava flows of varying thickness, erupted between 190 and 150 Ma
(Windley, 1995), or 183.7 +/- 0.6 Ma (Encarnacion et al., 1996). Occasional sandstone
beds form bands and lenses in the lowermost lava flows indicating the continuation of
sedimentation after the first outpouring of lava. The Drakensberg basalts are flood
basalts that represent a remnant of a more extensive lava field that once covered a large
area of southern Africa. The remaining basalts in Lesotho exceed 1600 m in places
(Dempster and Richard, 1973).

Dolerites occur throughout the upper Karroo and form horizontal sheets and vertical
dykes.

Kimberlite Geology

The Geology of Lesotho kimberlites has been summarised by Nixon (1973b).
Kimberlite dykes and pipes were intruded into the Karroo sequences and are situated on
WNW-trending fracture zones (Dempster and Richard, 1973). Emplacement of
kimberlite pipes appears to post-date emplacement of dykes, as no dyke crosscuts the
pipe-country-rock contact. Kimberlite emplacement has produced little disturbance or
deformation of the country-rock and what fracturing exists is limited in extent to a few
metres from the contact (Dempster and Richard, 1973).

Although the kimberlites are controlled by WNW-trending fractures, several pipes
are located at the intersection with WSW-fractures and in several cases these contain
kimberlite dykes

Kimberlite pipes in northern Lesotho form four main clusters at Butha-Buthe (north

of Leribe), Kao, Letseng and Robert (to the east of Letseng). The tendency for
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International Kimberlite Conference Lesotho field trip (1998). Petrological and textural
summaries are provided in Appendix A.

All samples were selected so that large, 500g (minimum) bulk samples could be cut
and powdered to provide representative bulk compositions. In addition, sufficient
material remained to allow further petrological and geochemical studies. The methods
of sample preparation and whole-rock analysis are described in detail in Appendix B.
Large sample sizes were used to obtain representative analyses of both major and trace
elements. Major elements were analysed by wavelength-dispersive X-ray fluorescence,
the precision determined by replicate analysis of internal standard and reference
materials. Trace elements and REE were determined by ICP-MS. The precision was

estimated from duplicate analyses of rock standards.

3.3.1 Letseng-la-terae

The xenolith samples used in this study were collected from the former Letseng-la-
terae mine stockpile (Figure 3.3), and are a subset of 70 peridotite xenoliths. The
Letseng kimberlite hosts a well-preserved suite of, generally large ovoid (10 to 20 cm),
mantle-derived xenoliths. Garnet peridotite predominates over spinel peridotite in the
collection and over 60% of samples analysed were garnet peridotite with the remainder
garnet-spinel (17%) and spinel peridotite (22%). The xenoliths are mainly lherzolites
with minor harzburgite. Using the textural nomenclature of Harte (1977), most
xenoliths are classified as coarse equant to coarse tabular. However, subordinate
porphyroclastic examples do occur. Eighteen representative samples were chosen for

different textural types, facies and degrees of alteration.

3.3.2 Matsoku

The Matsoku kimberlite hosts a well-preserved suite of mantle-derived xenoliths,
with mantle xenoliths up to /¢ m*® volume recorded (Cox et al., 1973). The Matsoku
pipe contains on average 20-30% xenolithic material (Dawson, 1968), with up to 45%
of xenoliths represented by mantle-derived rocks. Six representative samples were
selected from different facies (3 spinel, 2 spinel-garnet and one garnet peridotite) and
textural types. The majority of the peridotite xenoliths analysed have coarse equant to
coarse tabular textures, based on the textural classification of mantle-derived rocks by
Harte (1977). Minor examples of porphyroclastic textures occur. The xenoliths

analysed are mainly lherzolites but harzburgites also occur. Composite xenoliths or
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those showing obvious signs of compositional banding, which are common at Matsoku

(Cox et al., 1973), we specifically avoided.

3.3.3 Lighobong

The SE blow of the Lighobong kimberlite intrusion hosts a well-preserved suite of,
generally large ovoid-rounded (10 to 30 ¢cm), mantle-derived xenoliths. These can be
assigned to five groups based on mineralogy: i) spinel harzburgite (2%), ii) garnet-
spinel lherzolite (4%), iii) garnet harzburgite (8%), iv) garnet lherzolite (56%), and v)
garnet lherzolite with phlogopite (30%, Nixon and Boyd, 1973b). The Durham
peridotite xenolith collection from Lighobong is dominated by garnet lherzolites with
minor phlogopite bearing samples. Five representative samples were selected for
analysis. Using the textural nomenclature of Harte (1977), the xenoliths analysed are
classified as coarse equant to coarse tabular, with one example of a porphyroclastic

peridotite.

3.3.4 Thaba Putsoa

The xenoliths used in this study were collected from the surface workings of the
Thaba Putsoa kimberlite blow (Figure 3.3). Four representative samples were selected
from different facies (1 spinel, 3 spinel-garnet) and textural types. The majority of the
peridotite xenoliths analysed have coarse equant to coarse tabular textures, based on the
textural classification of mantle-derived rocks by Harte (1977) with one example of a
porphyroclastic peridotite. The xenoliths analysed are generally lherzolitic but

harzburgites also occur.

3.4 Petrology of Lesotho lithospheric mantle xenoliths

3.4.1 Xenolith Petrography

Polished thin sections were prepared for all Lesotho peridotite samples analysed in

this study. Petrographical descriptions for each sample are summarised in Appendix A.
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34.1.a Letseng-la-terae

Coarse Peridotite

Coarse peridotite xenoliths from the Letseng kimberlite are composed of olivine
(50-70%), and lesser amounts of OPX (20-40%), CPX (0-4%), spinel (0-1%) and/or
garnet (0-8%). The peridotites are predominantly lherzolitic, but harzburgite is also
prominent. Coarse peridotite occurs in spinel, spinel-garnet and garnet facies. The
coarse texture of the peridotites derives from early crystallisation of large subhedral
olivine (up to 12 mm) and OPX (3-8 mm) and these dominate the mineral assemblage
(Figure 3.6a). Clinopyroxene occurs as equant, emerald-green anhedral crystals (0.5-3
mm). Clinopyroxene also occurs in close association with garnet, and as narrow, late
stage interstitial veins. Reddish-brown to opaque spinel forms late anhedral, irregular
crystals up to 1 mm in size. These are interstitial and sometimes show
poikilitic/symplectic intergrowth with OPX (Figure 3.6b). Garnet is lilac coloured, 3-8
mm in size, subhedral to anhedral and is variably surrounded by kelyphitic rims
containing spinel and occasional phlogopite. The kelyphitic alteration rims show
complex zonation patterns with various distinct zones (Figure 3.6c). Two kelyphite
zones are generally apparent in the Letseng garnets. An inner zone of fibrous or
feathery aggregates, and an outer zone of small equant pyroxene crystals. Reid and
Dawson (1970) have described similar kelyphitic coronas in xenoliths from the
Lashaine volcano in Tanzania. Phlogopite occurs, with CPX, in close association with
garnet. Possibly these grew from garnet during hydrous reaction, alternatively garnet
may have grown from phlogopite during dehydration.

The majority of peridotite specimens show coarse tabular, and occasionally coarse
equant, texture (Figure 3.6a) based on the classification of Harte (1977).

Olivine crystals in sample LET25 form long laths that appear to form an orientated
texture within the sample. Application of a red-tint indicates that the crystal axes are
aligned (Figure 3.6d). Rarely OPX shows exsolution lamellae of CPX aligned along the
cleavage in tabular sections. Secondary alteration includes serpentine after olivine and
OPX.

Porphyroclastic Peridotites

Low-temperature peridotite xenoliths from the Letseng kimberlite occasionally
exhibit non-fluidal porphyroclastic textures (Figure 3.6e). The porphyroclastic non-
fluidal peridotites comprise olivine (60-65%), OPX (30-35%), with minor CPX (2-4%),
spinel (0-1%) and / or garnet (0-3%). Olivine porphyroclasts (5-7 mm) show undulose
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extinction and kink banding, and are associated with strain-free olivine neoblasts (0.1-
0.5 mm). Orthopyroxene occurs as large porphyroclasts (up to 6 mm), and show
undulose extinction and kink banding. CPX (up to 3mm), spinel (up to 0.5 mm) and
garnet (up to 5Smm) are optically similar to those found in coarse peridotites. Phlogopite
occasionally forms subhedral tabular crystals that may be in textural equilibrium with
the primary mantle mineralogy, which would suggest a primary metasomatic origin (e.g.
(Winterburn et al., 1990). Generally phlogopite is found in close relationship with
CPX.

3.4.1.b Thaba Putsoa

Coarse Peridotite

Nixon and Boyd (1973c) have previously described numerous ultrabasic nodules
from Thaba Putsoa. Within the Durham collection, xenoliths of coarse spinel-garnet
facies lherzolite are composed of olivine (65-68%), and lesser amounts of OPX (28-
30%), CPX (up to 1%), spinel (up to 1%) and/or garnet (3-4%). The coarse texture
derives from early crystallisation of large subhedral olivine (up to 7 mm) and OPX (3-7
mm), which dominate the mineral assemblage (Figure 3.7a). Clinopyroxene occurs as
discrete emerald-green anhedral equant crystals (1-2.5 mm). Clinopyroxene also occurs
in close association with garnet and as narrow, late stage interstitial veins. Reddish-
brown to opaque spinel forms late, interstitial anhedral crystals up to 2 mm in size, and
sometimes show poikilitic/symplectic intergrowth with OPX (Figure 3.7a). Subhedral
to anhedral, lilac coloured garnet (1-2 mm) is variably surrounded by kelyphitic rims,
which contain phlogopite and spinel. Orthopyroxenes often show exsolution lamellae
of CPX aligned along the cleavage.

The peridotite xenoliths have a coarse tabular texture and show similar features as
xenoliths from Letseng. Secondary alteration includes serpentine after olivine and
OPX.

Porphyroclastic Peridotites

One of the low-temperature xenoliths from Thaba Putsoa analysed in this study
exhibits a non-fluidal porphyroclastic texture (Figure 3.7b). This peridotite comprises
olivine (61%), OPX (30%), CPX (1%), spinel (1%) and garnet (7%). Olivine
porphyroclasts (up to 3 mm) show undulose extinction and kink banding. These are

associated with strain-free olivine neoblasts (up to 0.5 mm). Orthopyroxene occurs as
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derives from early crystallisation of these phases. Clinopyroxene occurs as emerald-
green anhedral equant crystals (0.5-3 mm), and occasionally interstitially as small veins.
Clinopyroxene also occurs in close association with garnet. Garnet forms subhedral to
anhedral, lilac coloured (1-2 mm) crystals and shows varying degrees of kelyphitisation.
Kelyphite rims are variably zoned (inner fibrous and outer crystalline), and are often
associated with phlogopite and spinel. Orthopyroxenes often show exsolution lamellae
of CPX aligned along the cleavage. The peridotite xenoliths show many similar
features to xenoliths from Letseng.
Porphyroclastic Peridotites

One xenolith from Lighobong analysed in this study exhibits a non-fluidal
porphyroclastic texture. This peridotite comprises olivine (55%), OPX (40%), CPX
(1%), and garnet (4%). Strained olivine porphyroclasts (up to 7 mm) show undulose
extinction and kink banding, and these are associated with strain-free olivine neoblasts
(0.1-0.3 mm). Strained OPX occurs as large porphyroclasts (up to 6 mm).
Clinopyroxene (up to 2mm) and garnet (up to 4mm) are optically similar to those found

in coarse peridotites.

3.4.2 Mineral Chemistry

Electron-microprobe analyses of olivine, OPX, CPX and garnet mineral
compositions were performed at the Carnegie Institution of Washington using a JEOL
JXA-8900L electron probe (see Appendix C for operating conditions). Mineral
analyses are listed in Tables 3.2 to 3.5.

3.4.2.a Olivine

Representative olivine analyses for the Lesotho low-temperature peridotite suite are
presented in Table 3.2. In general, compositions are comparable to those reported in
Nixon (1973b). Individual olivine crystals appear to be homogenous in thin section but
show slight evidence of chemical zonation. Serpentine veins crosscut many individual
olivine crystals, but grains generally have fresh cores.

Olivine from the Lesotho peridotites is magnesium rich and ranges in magnesium
number (Mg* = Mg/{Mg+Fe}) from 0.914 to 0.937 (average 0.928), with one example
from Matsoku having a Mg" of 0.886 (Figure 3.9). This is comparable to the reported
range of 0.92 to 0.93 (average 0.926), from previous studies of Kaapvaal peridotite

xenoliths (Boyd, 1989). The most magnesian olivine (Fogz.93) in Lesotho peridotite
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Table 3.2

Representative olivine analyses for Lesotho peridotites. These yield cation totals, based on 4 oxygens, between 3.008 and 3.017 (average 3.012), comparable with a
theoretical 3.000 cation total. Olivines from lherzolites and harzburgites produce a range and average in cation totals identical to that for the whole suite. Silicon per formula unit is
also variable ranging from 0.983 to 0.992 (average 0.988) atoms per formula unit (AFU) in Iherzolites, and 0.983 to 0.989 (average 0.987) AFU for harzburgites. The sum of
octahedrally co-ordinated cations within the Kaapvaal suite is approximately 2.016, close to the theoretical value of 2.

Sample LET2 | LET2 | LET6 | LET6 | LET8 | LETS | LET12 | LET12 | LET13 [ LET13 | LETI14 | LET14 | LET25 | LET25
Type core rim core rim core rim core rim core rim core rim core rim

Analyses 16 13 13 15 15 15 16 17 12 13 11 11 11 11

Si0, 40.77 | 40.83 | 40.64 | 40.60 | 40.79 [ 40.79 | 40.59 | 40.54 | 40.77 | 40.85 40.81 40.83 40.68 40.71
TiO, 0.01 0.01 0.03 0.03 0.00 | 0.00 0.00 0.09 0.01 0.01 0.00 0.00 0.00 0.00
ALO; 0.00 0.01 0.00 0.01 0.00 [ 0.01 0.01 0.04 0.00 0.01 0.01 0.01 0.00 0.01
Cr,0; 0.02 0.02 | 0.04 | 0.04 0.01 0.01 0.02 0.05 0.01 0.02 0.01 0.02 0.00 0.01
FeO 6.51 6.50 7.24 724 | 6.45 6.45 7.25 7.24 6.63 6.63 6.23 6.23 7.04 7.06
MnO 0.08 0.08 | 0.10 [ 0.10 0.07 [ 0.08 0.08 0.14 0.08 0.08 0.08 0.08 0.08 0.09
| MgO 5213 | 52.08 | 51.50 [ 51.52 [ 5221 | 52.17 | 51.56 51.28 52.03 51.92 52.38 52.35 51.73 51.63
CaO 0.02 002 [ 0.02 0.02 0.01 0.01 0.02 0.06 0.02 0.02 0.02 0.02 0.01 0.01

Na,O 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.06 0.00 0.01 0.01 0.00 0.00 0.00
NiO 046 | 046 | 042 0.42 0.46 0.47 0.46 0.50 0.44 0.44 0.46 0.46 0.44 0.46
Cations O =4

Si 0987 | 0.988 | 0.987 | 0.986 | 0987 [ 0987 | 0.98 [ 0.986 0988 | 098 | 0987 | 0.987 [ 0.987 | 0.988
Al 0.000 | 0.000 | 0.000 [ 0.000 [ 0.000 [ 0.000 | 0.000 | 0.001 0.000 | 0.000 0.000 [ 0.000 | 0.000 0.000
Ti 0.000 | 0.000 | 0.000 [ 0.000 | 0.000 [ 0.000 | 0.000 | 0.002 0.000 0.000 | 0.000 0.000 | 0.000 [ 0.000
Fe 0.132 | 0.132 [ 0.147 | 0.147 | 0.131 | 0.131 | 0.147 | 0.147 | 0.134 [ 0.134 [ 0.126 | 0.126 0.143 0.143
Mn 0.002 | 0.002 | 0.002 | 0.002 | 0.001 | 0.002 | 0.002 | 0.003 0.002 | 0.002 0.002 | 0.002 0.002 0.002
Mg 1.882 | 1.879 | 1.865 | 1.866 | 1.884 | 1.883 | 1.868 1.859 1.879 1.874 1.888 1.887 1.872 1.868
Ca 0.000 | 0.000 [ 0.001 [ 0.001 | 0.000 [ 0.000 [ 0.000 0.002 | 0.000 0.001 0.000 [ 0.000 0.000 0.000
Na 0.001 | 0.000 [ 0.001 { 0.000 [ 0.000 | 0.000 | 0.000 | 0.003 0.000 [ 0.001 0.000 0.000 | 0.000 0.000
Cr 0.000 | 0.000 | 0.001 | 0.001 | 0.000 | 0.000 [ 0.000 0.001 0.000 [ 0.000 [ 0.000 | 0.000 | 0.000 0.000
Ni 0.009 [ 0.009 | 0.008 | 0.008 | 0.009 | 0.009 [ 0.009 | 0.010 0.009 [ 0.009 [ 0009 [ 0.009 [ 0.009 | 0.009
Sum 3.013 | 3.011 | 3.012 | 3.013 | 3.013 | 3.012 | 3.013 3.013 3.012 3.010 | 3.013 3.012 3.013 3.012
| Mg# | 0935 [ 0935 [ 0927 | 0927 | 0935 | 0935 | 0.927 | 0927 | 0933 | 0933 | 0937 | 0937 [ 0929 | 0.929
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Table 3.2 (continued) Olivine analyses.

Sample LET28 | LET28 | LET29 | LET29 | LET30 | LET30 | LET31 | LET31 | LET38 | LET38 | LET47 | LET47 | LET48 | LET48
Type core rim core rim core rim core rim core rim core rim core rim

Analyses 12 12 13 12 10 14 11 10 10 15 12 12 11 11

Si0, 40.53 | 40.62 | 40.48 | 40.48 | 40.44 | 40.56 40.47 40.42 40.79 40.71 40.55 40.73 40.66 40.72
TiO, 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.01
AlLO; 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Cr,0; 0.00 0.01 0.02 0.03 0.02 0.03 0.02 0.03 0.02 0.02 0.03 0.03 0.02 0.03
FeO 6.70 6.72 7.07 7.11 7.10 7.12 7.32 7.34 6.64 6.71 7.28 7.30 7.05 7.05
MnO 0.08 0.08 0.08 0.09 0.08 0.09 0.09 0.09 0.08 0.09 0.09 0.09 0.09 0.09
MgO 52.17 | 52.05 | 51.84 | 51.77 | 51.86 | 51.70 51.59 51.58 51.97 51.95 51.58 51.38 51.71 51.63
Ca0 0.01 0.01 0.02 0.03 0.02 0.03 0.02 0.03 0.02 0.03 0.02 0.03 0.02 0.02
Na,O 0.00 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01
NiO 0.50 0.50 0.47 0.48 0.44 0.44 0.46 0.48 0.46 0.46 0.43 0.42 0.43 0.43
Cations O =4

Si 0983 | 0985 | 0983 | 0984 | 0.983 [ 0.985 0.984 0.983 0.988 0.987 0.985 0.989 0.987 0.988
Al 0.000 | 0.000 | 0.000 [ 0.000 | 0.000 | 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ti 0.000 | 0.000 | 0.000 | 0.000 | 0.000 [ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe 0.136 | 0.136 | 0.144 | 0.144 | 0.144 | 0.145 0.149 0.149 0.135 0.136 0.148 0.148 0.143 0.143
Mn 0.002 | 0.002 | 0.002 [ 0.002 | 0.002 | 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
Mg 1.886 1.881 1.877 | 1.875 1.878 1.872 1.870 1.870 1.877 1.877 1.869 1.861 1.871 1.868
Ca 0.000 | 0.000 | 0.001 | 0.001 0.001 | 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Na 0.000 | 0.001 | 0.001 | 0.001 0.001 | 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.001
Cr 0.000 | 0.000 | 0.000 [ 0.001 | 0.000 | 0.001 0.000 0.001 0.000 0.000 0.001 0.001 0.000 0.001
Ni 0.010 | 0.010 | 0.009 | 0.009 [ 0.009 | 0.009 0.009 0.009 0.009 0.009 0.008 0.008 0.008 0.008
Sum 3.017 | 3.015 | 3.017 | 3.016 | 3.017 | 3.014 3.016 3.016 3.012 3.013 3.014 3.010 3.013 3.011
| Mg# [ 0933 | 0933 | 0929 [ 0928 | 0.929 | 0928 | 0.926 | 0.926 | 0.933 [ 0932 | 0927 | 0926 | 0929 [ 0.929
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Table 3.2 (continued) Olivine analyses.
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Sample | LET49 | LET49 | LETSS | LET58 | LET64 | LET64 | LQ5 LQ5 Mt Ml M5 M5 M9 M9 TP9 TP9
Type core rim core rim | core rim core rim core rim core rim core rim core rim
Analyses 12 12 10 10 8 8 11 12 12 13 14 12 15 11 9 10
SiO, 40.44 | 40.45 | 40.61 | 40.68 | 40.92 | 40.73 | 40.89 40.90 39.86 39.99 40.68 40.78 40.74 40.73 40.84 40.85
TiO, 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.03 0.04 0.00 0.01 0.03 0.04 0.00 0.00
AlL,0, 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.03 0.01 0.02 0.00 0.00 0.01 0.01 0.00 0.00
Cr,0; 0.04 0.04 0.02 0.03 0.03 0.03 0.02 0.02 0.01 0.02 0.00 0.00 0.02 0.03 0.01 0.02
FeO 8.39 8.43 7.74 7.77 6.94 6.99 6.92 6.95 11.04 11.07 7.55 7.59 7.52 7.54 7.14 7.17
MnO 0.11 0.10 0.10 0.10 0.09 0.10 0.08 0.08 0.10 0.11 0.10 0.10 0.09 0.10 0.08 0.09
| MgO 50.53 | 50.48 [ 51.10 | 50.98 [ 51.63 | 51.75 | 51.58 51.52 48.51 48.32 51.23 51.08 51.12 51.06 51.49 51.43
CaO 0.05 0.05 0.03 0.03 0.02 0.02 0.03 0.04 0.03 0.04 0.01 0.01 0.02 0.02 0.02 0.02
Na,O 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.04 0.03 0.01 0.01 0.01 0.01 0.00 0.01
NiO 0.41 0.39 0.39 0.38 0.35 0.36 0.46 0.44 0.37 0.38 0.43 0.42 0.46 0.46 0.41 0.41
Cations O =4

Si 0.988 | 0.988 | 0.988 | 0.990 | 0.992 | 0.988 | 0.991 0.992 0.985 0.989 0.989 0.992 0.990 0.991 0.991 0.991
Al 0.001 | 0.001 | 0.000 | 0.000 | 0.000 | 0.000 [ 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ti 0.000 | 0.000 | 0.000 [ 0.000 | 0.000 [ 0.000 [ 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.001 0.000 0.000
Fe 0.171 | 0.172 | 0.158 [ 0.158 | 0.141 [ 0.142 [ 0.140 0.141 0.228 0.229 0.153 0.154 0.153 0.153 0.145 0.146
Mn 0.002 | 0.002 | 0.002 | 0.002 | 0.002 [ 0.002 | 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
[ Mg 1.839 | 1.838 | 1.854 | 1.850 | 1.865 | 1.871 | 1.864 1.862 1.788 1.780 1.857 1.851 1.853 1.851 1.862 1.860
Ca 0.001 | 0.001 | 0.001 | 0.001 [ 0.001 | 0.001 | 0.001 0.001 0.001 0.001 0.000 0.000 0.001 0.001 0.000 0.000
Na 0.001 | 0.001 | 0.000 [ 0.000 | 0.001 [ 0.001 | 0.000 0.001 0.002 0.001 0.000 0.000 0.001 0.001 0.000 0.000
Cr 0.001 | 0.001 | 0.000 [ 0.001 [ 0.000 [ 0.001 | 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000
Ni 0.008 [ 0.008 | 0.008 | 0.008 | 0.007 | 0.007 | 0.009 0.009 0.007 0.007 0.008 0.008 0.009 0.009 0.008 0.008
Sum 3.012 [ 3.012 | 3.011 | 3.010 | 3.008 | 3.012 | 3.008 3.008 3.015 3.011 3.011 3.008 3.009 3.009 3.009 3.009
Mg# [ 0915 | 0914 | 0922 | 0.921 [ 0.930 | 0930 | 0930 [ 0930 | 0.887 | 0388 | 0924 | 0923 [ 0924 | 0924 | 0.928 [ 0.927




occurs in harzburgitic xenoliths (Figure 3.9), and ranges in Mg* from 0.927 to 0.937
(average 0.933). The Mg for Iherzolites ranges from 0.914 to 0.933 (average 0.927),
implying that higher values of Mg" occur in the more refractory, harzburgitic peridotites
(Figure 3.9). If we compare the xenoliths in terms of facies, peridotites from the spinel
facies (0.923-0.935, average 0.929) and garnet-spinel facies (0.926-0.937, average
0.931) are only slightly more magnesian rich than those from garnet facies (0.914-
0.935, average 0.927). Low-temperature porphyroclastic samples analysed lie within
the range for coarse peridotites suggesting that there is no compositional difference

between textural types.
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Figure 3.9 Histograms of Mg® of olivine {Mg/(Mg+Fe)} for Lesotho peridotites.

The average Lesotho olivine Mg” for this study at 0.928 +/- 0.005 is slightly higher,
but within error of that reported for the Kaapvaal low-T peridotite suite as a whole by
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Boyd (1989) at 0.926. Concentrations of Ni in olivine range from 0.35 to 0.5 wt%
(average 0.44 wt% NiO). Ni concentrations in olivines from harzburgites (0.46-0.5
wt% NiO, average 0.47 wt%) tend to be more Ni-rich than olivines from lherzolites
(0.35-0.48 wt% NiO, average 0.43 wt%). Ni concentrations in olivines from spinel,
spinel-garnet and garnet facies span similar ranges. A negative correlation exists
between MnO and MgO.

Olivines from the Lesotho peridotites contain negligible levels of Al, Cr, Ca and Ti.
Extended counting times were not used to quantify these elements. In general olivines
appear to be unzoned, but rims may have slightly elevated concentrations of Al, Cr, Ca,
Fe and Ti. No systematic variation was observed for these elements in relation to other

oxide components within the mineral.

3.4.2.b Orthopyroxene

Representative OPX analyses for the Lesotho peridotite suite are presented in Table
3.3. Although OPX crystals appear to be homogenous in thin section they show slight
evidence of chemical zonation.

Orthopyroxene composition varies little within the Lesotho peridotite suite and is
generally characterised by high Mg*, ranging from 0.922 to 0.945 (average 0.936). If
we compare the xenoliths in terms of facies, the Mg” of spinel facies peridotites (0.925-
0.939, average 0.933) is slightly lower than garnet-spinel (0.933-0.945, average 0.938)
and garnet facies peridotites (0.922-0.942, average 0.936). The most magnesian OPX in
the Lesotho peridotite suite occurs in harzburgitic xenoliths, and ranges in Mg" from
0.936 to 0.945 (average 0.940). The Mg" for Iherzolites ranges from 0.922 to 0.941
(average 0.934), implying that higher values of Mg occur in the more refractory
peridotites. In all cases OPX in the peridotites is more Mg-rich than co-existing olivine,
and suggests that the parageneses are equilibrated (Boyd, 1970).

Within the Lesotho low-T peridotite suite OPX generally has low CaO content.
However, OPX often shows evidence of CPX exsolution suggesting that they were
saturated with respect to diopside at high-temperature. This either suggests that partial
melting did not progress far past the four-phase field of Ol-OPX-CPX and an Al-phase,
or that the OPX was subjected to later Ca enrichment prior to eruption.

Orthopyroxenes appear to show slight zonation with slightly elevated concentrations

of Al, Cr, Ca, Fe and Ti in the rims.
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Table 3.3

theoretical 4.000 cation total. OPX from lherzolites and harzburgites produce a range and average in cation totals identical to that for the whole suite.

Representative OPX analyses for Lesotho peridotites. These yield cation totals, based on 6 oxygens, between 4.004 and 4.016 (average 4.009), comparable with a

Sample LET2 | LET2 | LET6 | LET6 | LET8 | LETS | LET12 | LET12 | LET13 | LET13 | LET14 | LET14 | LET25 | LET25
Type core rim core rim core rim core rim core rim core rim core rim
Analyses 12 12 12 15 11 10 8 10 13 11 10 12 11 12
SiO, 57.796 | 57.757 | 57.689 | 57.674 | 57.356 | 57.338 | 57.680 | 57.805 | 57.653 | 57.704 | 57.740 { 57.836 | 57.160 | 57.019
TiO, 0.005 [ 0.010 [ 0.110 | 0.115 | 0.003 | 0.008 | 0.006 0.009 0.018 0.021 0.009 0.020 0.009 0.010
ALO, 0.794 | 0.843 | 0.541 | 0.558 | 1.362 | 1.373 | 0.685 0.690 0.770 0.799 0.752 0.777 1.593 1.764
Cr,0, 0351 | 0.376 | 0.420 | 0429 | 0378 | 0422 | 0.353 0.356 0.265 0.271 0.301 0.310 0.315 0.342
FeO 3973 | 3.988 | 4.381 | 4.411 | 4211 [ 4211 | 4.363 4.366 4.133 4.111 3.848 3.819 | 4.673 4.702
MnO 0.092 | 0.096 [ 0.113 | 0.119 | 0.094 | 0.098 | 0.107 0.101 0.097 0.091 0.093 0.089 0.111 0.111
MgO 36.527 | 36.379 | 36.055 | 35.976 | 36.156 | 36.103 | 36.161 | 36.028 | 36.626 | 36.535 | 36.859 | 36.744 | 35.762 | 35.560
CaO 0268 | 0311 | 0.423 | 0439 | 0322 | 0326 | 0.464 0.467 | 0293 | 0.305 0.243 0.245 0.272 0.370
Na,O 0.094 [ 0.130 | 0.155 | 0.165 | 0.032 | 0.027 | 0.065 0.064 0.045 0.051 0.037 0.032 0.024 0.033
NiO 0.100 | 0.111 [ 0.113 [ 0.113 [ 0.085 [ 0.093 | 0.116 0.115 0.099 0.111 0.118 0.127 0.082 0.088
Cation O =6

Si 1973 [ 1973 | 1.976 | 1.976 | 1.961 | 1.960 | 1.974 1.978 1.970 1.971 1.970 1.973 1.957 1.954
Al 0.032 | 0.034 | 0.022 | 0.023 | 0.055 | 0.055 | 0.028 0.028 0.031 0.032 0.030 0.031 0.064 0.071
Ti 0.000 | 0.000 [ 0.003 | 0.003 [ 0.000 | 0.000 | 0.000 0.000 0.000 [ 0.001 0.000 0.001 0.000 0.000
Fe 0.113 | 0.114 | 0.125 | 0.126 | 0.120 [ 0.120 | 0.125 0.125 0.118 0.117 0.110 0.109 0.134 0.135
Mn 0.003 { 0.003 [ 0.003 | 0.003 | 0.003 [ 0.003 | 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003
Mg 1.859 | 1.852 | 1.841 | 1.837 [ 1.842 | 1.840 | 1.845 1.838 1.866 1.861 1.875 1.869 1.826 1.816
Ca 0.010 | 0.011 | 0.016 | 0.016 | 0.012 | 0.012 | 0.017 0.017 0.011 0.011 0.009 0.009 0.010 0.014
Na 0.006 | 0.009 [ 0.010 | 0.011 | 0.002 | 0.002 | 0.004 0.004 0.003 0.003 0.002 0.002 0.002 0.002
Cr 0.009 [ 0.010 | 0.011 | 0.012 | 0.010 | 0.011 [ 0.010 0.010 0.007 0.007 0.008 0.008 0.009 0.009
Ni 0.003 | 0.003 [ 0.003 | 0.003 | 0.002 | 0.003 [ 0.003 0.003 0.003 0.003 0.003 0.003 0.002 0.002
Sum 4.009 | 4.009 [ 4.010 | 4.010 | 4.008 | 4.007 | 4.009 | 4.005 4,012 4.010 | 4.011 4.008 4.007 | 4.007
Mgt | 0942 [ 0942] 0936] 0936] 0939] 0939 0937] 0936] 0940] 0941] 0945] 0945] 0932] 0931
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Table 3.3 (continued) OPX analyses.

Sample LET28 [ LET28 { LET29 | LET29 | LET30 | LET30 | LET31 | LET31 | LET38 |, LET38 | LET47 | LET47 | LET48 | LET48
Type core rim core rim core rim core rim core rim core rim core rim
Analyses 11 11 10 13 11 11 11 11 10 10 9 8 9 10
SiO, 56.969 | 56.928 | 57.454 | 57.485 | 57.477 | 57.564 | 57.502 57.470 57.921 | 57.858 57.680 57.721 57.741 57.756
TiO, 0.001 0.003 0.007 0.008 0.008 0.020 0.030 0.039 0.004 0.010 0.005 0.010 0.017 0.025
AlLO; 1.519 1.609 0.833 0.849 [ 0.723 0.744 0.827 0.838 0.772 | 0.794 0.737 0.749 0.710 0.802
Cr,0; 0.355 0.385 0.332 0.360 0.343 0.356 0.313 0.355 0.279 |' 0.314 0.361 0.365 0.348 0.398
FeO 4.403 4.448 4.307 4.302 4.253 4,250 4.430 4.437 4.199 4.189 4.542 4.569 4.417 4416
MnO 0.109 0.101 0.100 0.095 0.104 0.105 0.101 0.106 0.092 | 0.096 0.105 0.105 0.104 0.109
MgO 36.179 | 36.046 | 36.288 | 36.199 | 36.449 | 36.318 | 36.061 36.012 36.069 36.048 35.933 35.832 36.003 35.782
Ca0 0.357 0.385 0.428 0.446 0.441 0.447 0.462 0.465 0.453 0.467 0.438 0.448 0.414 0.442
Na,O 0.005 0.007 0.144 0.139 0.083 0.086 0.153 0.154 0.097 |. 0.101 0.074 0.080 0.117 0.150
NiO 0.103 0.087 0.107 0.117 0.119 0.109 0.120 0.124 0.115 |' 0.122 0.125 0.121 0.131 0.120
Cation 0 =6

Si 1.951 1.950 1.967 1.968 1.968 1.970 1.970 1.969 1.979 1.978 1.975 1.977 1.976 1.977
Al 0.061 0.065 0.034 0.034 0.029 0.030 0.033 0.034 0.031 0.032 0.030 0.030 0.029 0.032
Ti 0.000 0.000 [ 0.000 | 0.000 | 0.000 | 0.001 0.001 0.001 0.000 | 0.000 0.000 0.000 0.000 0.001
Fe 0.126 0.127 | 0.123 0.123 0.122 | 0.122 0.127 0.127 0.120 0.120 0.130 0.131 0.126 0.126
Mn 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003
[ Mg 1.847 | 1.840 | 1.852 | 1.847 | 1.860 | 1.853 1.841 1.839 1.837 1.837 1.835 1.829 1.837 1.826
Ca 0.013 0.014 0.016 0.016 0.016 0.016 0.017 0.017 0.017 | 0.017 0.016 0.016 0.015 0.016
Na 0.000 0.000 0.010 0.009 0.006 0.006 0.010 0.010 0.006 0.007 0.005 0.005 0.008 0.010
Cr 0.010 0.010 0.009 0.010 0.009 0.010 0.008 0.010 0.008 0.008 0.010 0.010 0.009 0.011
Ni 0.003 0.002 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.004 0.003
Sum 4.014 | 4.013 4016 | 4.014 | 4.016 | 4.013 4.014 4.013 4.004 4.005 4.007 4.006 4.008 4.006
Me# | 0936] 0936] 0938[ 0938] 0939] 09381 0936] 0935] 0939 0939] 0.934] 0933] 0936] 0935
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Table 3.3 (continued) OPX analyses.
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Sample | LET49 | LET49 { LET58 | LET58 | LET64 | LET64 | LQ5 | LQS | Ml M1 M5 M5 M9 M9 TP9 TP9
Type core rim core rim core rim core rim core rim core rim core rim core rim

Analyses 10 9 9 11 10 10 11 12 10 10 10 11 11 11 10 9

SiO, 57.419 [ 57.457 | 57.767 | 57.652 | 57.942 [ 57.875 | 57.649 [ 57.652 | 56.895 [ 56.931 | 56.562 | 56.427 | 57.500 | 57.512 [ 57.654 | 57.673
TiO, 0.029 | 0.040 | 0.004 | 0.023 | 0.012 | 0.031 | 0.004 0.010 0.148 0.159 0.018 0.033 0.119 0.146 0.003 0.009
AL, 0.870 [ 0.867 | 0.739 [ 0.754 [ 0.759 [ 0.815 [ 0.785 0.799 0.860 0.872 [ 2.124 2.241 0.838 0.841 0.866 | 0.869
Cr,0, 0326 | 0332 | 0334 | 0.365 | 0.298 | 0325 | 0.251 0.257 0.193 0.204 0.279 0.308 0.300 0.312 0.308 0.318
FeO 5215 | 5235 | 4714 | 4751 | 4.110 | 4.132 | 4.253 4254 6.672 6.685 5.081 5.125 4.593 4.609 4454 | 4482
MnO 0.124 | 0.115 | 0.107 [ 0.108 | 0.102 [ 0.102 | 0.092 0.088 0.116 0.121 0.124 0.126 0.101 0.104 0.101 0.106
MgO 34.677 | 34.619 | 35.635 | 35.628 | 36.079 | 35.988 | 36.294 | 36.273 | 34.336 | 34.188 | 35.527 [ 35.410 [ 35.855 | 35.766 | 36.146 | 36.045
Ca0 1.041 | 1.019 | 0499 | 0.506 | 0.474 | 0.481 | 0.429 0.438 0.494 0.513 0.198 0.231 0.431 0.437 | 0.328 0.344
Na,O 0.173 [ 0.179 | 0.095 [ 0.099 [ 0.119 [ 0.149 [ 0.125 0.119 0.190 0.218 0.020 0.023 0.144 0.157 | 0.048 0.050
NiO 0.126 | 0.137 | 0.106 | 0.115 | 0.106 | 0.103 | 0.118 0.110 0.097 | 0.108 0.067 0.075 0.118 0.117 | 0.094 0.103
Cation Q=6

Si 1.976 | 1.977 | 1.979 | 1.977 | 1.980 | 1.978 | 1.972 1.972 1.969 1.970 1.941 1.938 1.970 1.971 1.973 1.973
Al 0.035 | 0.035 | 0.030 [ 0.030 | 0.031 | 0.033 | 0.032 0.032 0.035 0.036 0.086 0.091 0.034 0.034 0.035 0.035
Ti 0.001 | 0.001 | 0.000 | 0.001 [ 0.000 [ 0.001 | 0.000 0.000 0.004 0.004 [ 0.000 0.001 0.003 0.004 0.000 0.000
Fe 0.150 [ 0.151 | 0.135 | 0.136 | 0.117 | 0.118 [ 0.122 0.122 0.193 0.193 0.146 0.147 0.132 0.132 0.127 0.128
Mn 0.004 | 0.003 | 0.003 | 0.003 | 0.003 [ 0.003 | 0.003 0.003 0.003 0.004 | 0.004 0.004 0.003 0.003 0.003 0.003
| Mg 1.779 | 1.776 | 1.820 | 1.821 | 1.838 | 1.834 | 1.851 1.850 1.771 1.764 1.817 1.812 1.832 1.827 1.843 1.839
Ca 0.038 | 0.038 | 0.018 | 0.019 [ 0.017 [ 0.018 | 0.016 0.016 0.018 0.019 0.007 0.009 0.016 0.016 0.012 0.013
Na 0.012 | 0.012 | 0.006 | 0.007 | 0.008 | 0.010 [ 0.008 0.008 0.013 0.015 0.001 0.002 0.010 0.010 0.003 0.003
Cr 0.009 | 0.009 | 0.009 | 0.010 | 0.008 [ 0.009 | 0.007 0.007 0.005 0.006 0.008 0.008 0.008 0.008 0.008 0.009
Ni 0.004 | 0.004 | 0.003 [ 0.003 [ 0.003 [ 0.003 | 0.003 0.003 0.003 0.003 0.002 0.002 0.003 0.003 0.003 0.003
Sum 4.007 | 4.006 | 4.004 | 4.006 | 4.005 [ 4.005 | 4.013 4.012 4014 | 4.013 4012 | 4.013 4.010 [ 4.009 4.007 | 4.006
Mgt 1 0922 0922 0931 0930 0940 0939 0938] 0.938] 0902] 0901] 0926f 0925{ 0933] 0933] 0935 0.935







Table 3.4

Representative CPX analyses for Lesotho peridotites. These yield cation totals, based on 6 oxygens, between 4.005 and 4.031 (average 4.017), slightly higher than
the theoretical 4.000 cation total.
Sample LET2 LET2 LET6 | LET6 | LET8 | LET12 | LET13 | LETI13 LET14 | LET25 | LET25 | LET28 | LET29 | LET29
Type vein [ Gntrim | core rim vein vein vein Gntrim [ Gntrim core rm vein core rim
Analyses 15 3 12 12 18 23 14 1 9 9 9 25 10 6
SiO, 54.87 49.65 54.94 54.88 54.88 54.66 53.78 49.94 49.19 54.25 54.23 54.63 54.64 54.65
TiO, 0.38 0.73 0.28 0.30 0.36 0.37 0.71 1.23 1.05 0.00 0.01 0.12 0.01 0.03
Al O 1.07 8.49 2.09 2.09 1.57 1.84 1.76 6.88 8.92 2.38 2.38 0.91 2.62 2.65
Cr,0; 1.26 1.15 3.60 3.63 0.95 0.99 0.86 0.60 1.54 0.98 1.06 1.53 2.16 2.25
FeO 2.61 3.39 2.14 2.15 2.50 2.66 337 3.37 3.26 1.48 1.52 2.45 2.23 2.22
MnO 0.10 0.25 0.09 0.08 0.09 0.12 0.12 0.19 0.21 0.06 0.06 0.09 0.07 0.08
| MgO 19.78 16.14 15.90 | 15.89 | 18.91 19.46 19.43 16.96 15.76 17.01 16.99 19.45 16.72 16.61
CaO 19.01 19.13 18.04 18.03 19.48 18.89 19.11 20.28 18.71 22.61 22.56 19.62 19.10 19.00
Na,O 0.89 1.05 2.88 2.91 1.19 0.98 0.81 0.53 1.34 1.19 1.16 1.13 2.38 2.44
NiO 0.04 0.01 0.04 0.04 0.06 0.05 0.05 0.02 0.01 0.03 0.04 0.05 0.06 0.06
Cation O =6
Si 1.975 1.801 1.986 1.984 1.976 1.966 1.944 1.815 1.785 1.962 1.961 1.972 1.973 1.973
Al 0.045 0.363 0.089 | 0.089 | 0.067 0.078 0.075 0.295 0.382 0.101 0.101 0.039 0.112 0.113
Ti 0.010 0.020 0.008 0.008 0.010 0.010 0.019 0.034 0.029 0.000 0.000 0.003 0.000 0.001
Fe 0.079 0.103 0.065 0.065 0.075 0.080 0.102 0.102 0.099 0.045 0.046 0.074 0.067 0.067
Mn 0.003 0.008 0.003 0.002 0.003 0.004 0.004 0.006 0.007 0.002 0.002 0.003 0.002 0.002
Mg 1.061 0.873 0.857 | 0.857 | 1.015 1.043 1.047 0.919 0.853 0.917 0.916 1.047 0.900 0.894
Ca 0.733 0.743 0.699 | 0.699 | 0.751 0.728 0.740 0.789 0.728 0.876 0.874 0.759 0.739 0.735
Na 0.062 0.074 0.202 0.204 0.083 0.069 0.057 0.037 0.094 0.084 0.081 0.079 0.166 0.171
Cr 0.036 0.033 0.103 0.104 0.027 0.028 0.025 0.017 0.044 0.028 0.030 0.044 0.062 0.064
Ni 0.001 0.000 0.001 | 0.001 | 0.002 0.001 0.002 0.001 0.000 0.001 0.001 0.001 0.002 0.002
Sum 4.005 4.018 4011 | 4013 | 4.009 | 4.006 4.015 4.014 4.020 4,015 4.013 4.022 4.023 4.023
Mg# [ 0931 ] 0895 [ 0930 | 0929 | 0931 | 0929 | 0.911 | 0900 | 0.89 | 0954 0952 0.934 | 0930 | 0930
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Table 3.4 (continued) CPX analyses.

Sample LET29 | LET29 | LET30 | LET30 | LET30 | LET30 | LET31 | LET31 | LET38 | LET38 | LET38 | LET38 | LET47 | LET47
Type vein Gnt rim core rim vein Gnt rim core vein core rim vein Gnt rim core rim
Analyses 12 3 7 7 4 4 2 1 6 6 4 2 5 18
Si0, 54.41 52.75 54.61 54,55 53.78 51.82 5491 54.72 54.74 54.70 5422 53.06 54.55 54,78
TiO, 0.21 0.20 0.03 0.04 0.40 0.27 0.09 0.17 0.01 0.01 0.20 0.16 0.00 0.21
ALO, 1.65 4.50 2.14 2.16 2.25 5.83 2.68 1.21 2.04 2.06 2.04 4.38 1.53 0.88
Cr,0, 0.91 1.51 2.14 2.28 0.84 1.17 2.07 0.93 1.60 1.64 0.90 0.89 1.83 0.95
FeO 2.77 3.18 1.94 1.91 2.92 3.40 2.37 2.76 1.89 1.87 2.78 2.98 2.04 2.82
MnO 0.10 0.21 0.07 0.07 0.12 0.27 0.07 0.11 0.06 0.08 0.13 0.17 0.08 0.11
MgO 20.05 19.30 17.07 16.99 19.69 18.34 16.59 19.98 17.43 17.42 | 20.46 19.23 17.44 20.12
Ca0 18.90 17.25 20.03 19.94 19.05 17.98 18.69 19.07 20.49 20.48 18.53 18.15 21.01 19.24
Na,O 0.95 1.08 1.93 1.99 0.88 0.91 2.48 1.02 1.69 1.68 0.74 0.96 1.46 0.84
NiO 0.05 0.02 0.04 0.05 0.05 0.02 0.06 0.04 0.04 0.06 0.02 0.02 0.05 0.05
Cation O =

Si 1.959 1.899 1.973 1.972 1.940 1.869 1.980 1.971 1.975 1.974 1.949 1.908 1.975 1.974
Al 0.070 0.191 0.091 0.092 0.096 0.248 0.114 0.051 0.087 0.088 0.086 0.185 0.065 0.037
Ti 0.006 0.005 0.001 0.001 0.011 0.007 0.002 0.005 0.000 | 0.000 0.005 0.004 0.000 0.006
Fe 0.083 0.096 0.059 0.058 0.088 0.103 0.071 0.083 0.057 | 0.056 0.083 0.090 0.062 0.085
Mn 0.003 0.006 0.002 0.002 0.004 0.008 0.002 0.003 0.002 0.002 0.004 0.005 0.002 0.003
[ Mg 1.076 1.036 0.919 0.915 1.059 0.986 0.892 1.073 0.938 0.937 1.096 1.031 0.941 1.081
Ca 0.729 0.665 0.775 0.772 0.736 0.695 0.722 0.736 0.792 0.792 0.714 0.699 0.815 0.743
Na 0.066 0.075 0.135 0.140 0.061 0.063 0.173 0.071 0.118 0.118 0.052 0.067 0.103 0.059
Cr 0.026 0.043 0.061 0.065 0.024 0.033 0.059 0.026 0.046 | 0.047 0.025 0.025 0.052 0.027
Ni 0.001 0.001 0.001 0.002 0.002 0.001 0.002 0.001 0.001 0.002 0.001 0.001 0.002 0.001
Sum 4.020 4.017 4.018 4019 | 4.020 4.014 4,018 4.021 4017 | 4.017 | 4.016 4016 4.018 4.017
| Mg# [ 0928 | 0916 [ 0940 | 0941 ] 0923 | 0906 [ 0926 | 0928 | 0943 | 0943 | 0929 | 0920 [ 0927 | 0.939
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Table 3.4 (continued) CPX analyses.

Sample LET48 | LET48 | LET49 | LET49 | LET58 | LET58 | LET58 | LET64 | LET64 | LET64 | LO5 | LQ5
Type core vein vein Gnt rim core rim vein core | vein Gntrim | core rim
Analyses 8 15 25 2 7 8 5 10 7 3 3 3

Si0, 54.49 54.57 55.00 48.24 54.91 54.93 5404 | 5492 | 53.95 52.52 | 54.93 | 54.79
TiO, 0.07 0.14 0.05 0.98 0.03 0.03 0.57 0.13 0.63 0.70 0.01 | 0.05
ALO, 2.87 1.47 1.71 9.97 1.51 1.73 2.00 2.93 2.13 3.95 237 | 2.60
Cr,0, 3.41 1.32 1.14 1.85 1.48 1.58 1.29 2.19 1.11 1.40 127 | 1.78
FeO 2.25 2.63 3.12 3.67 2.01 2.03 2.71 1.97 2.51 2.71 208 [ 2.11
MnO 0.08 0.10 0.11 0.20 0.07 0.07 0.12 0.08 0.13 0.12 0.07 | 0.08
| MgO 15.70 19.70 19.12 14.74 17.53 17.32 18.78 16.30 | 18.94 18.09 | 17.35 | 17.05
CaO 18.09 18.93 18.33 19.14 20.96 20.66 19.44 18.85 19.64 19.26 | 19.92 | 19.49
Na,O 2.98 1.07 1.36 1.18 1.45 1.59 1.01 2.58 0.94 1.21 1.93 | 2.04
NiO 0.06 0.05 0.06 0.01 0.06 0.05 0.04 0.05 0.03 0.05 0.06 | 0.02
Cation O = v

Si 1.971 1.966 1.980 1.758 1.984 1.984 1.951 1.978 1.946 1899 [ 1.979 | 1.975
Al 0.122 0.063 0.073 0.428 0.064 0.074 | 0.085 0.124 | 0.090 0.168 | 0.100 | 0.110
Ti 0.002 | 0.004 | 0.001 0.027 0.001 0.001 0.015 0.003 | 0.017 0.019 | 0.000 | 0.001
Fe 0.068 0.079 0.094 0.112 0.061 0.061 0.082 0.059 | 0.076 0.082 [ 0.063 | 0.064
Mn 0.003 0.003 0.003 0.006 0.002 0.002 | 0.004 [ 0.002 [ 0.004 0.004 | 0.002 | 0.002
rﬁg 0.846 1.058 1.026 0.801 0.944 0.932 1.011 0.875 1.018 0975 [ 0.932 | 0.916
Ca 0.701 0.731 0.707 0.747 0.812 0.799 0.752 0.727 | 0.759 0.746 | 0.769 | 0.753
Na 0.209 0.075 0.095 0.084 0.101 0.111 0.071 0.180 [| 0.066 0.085 | 0.135 | 0.142
Cr 0.097 | 0.037 0.032 0.053 0.042 0.045 0.037 | 0062 | 0.032 0.040 | 0.036 [ 0.051
Ni 0.002 0.002 | 0.002 0.000 0.002 0.002 [ 0.001 0.001 | 0.001 0.001 [ 0.002 | 0.001
Sum 4.022 | 4.018 | 4.013 4.016 4,013 4012 | 4.008 | 4.015 4.009 4020 | 4.019 | 4.015
[ Mg# | 0926 [ 0930 | 0916 | 0877 [ 0940 [ 0938 [ 0.925 [ 0936 | 0931 [ 0.923 [ 0.937 | 0.935
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Table 3.4 (continued) CPX analyses.

Sample LQ5 M1 Mi M1 M5 M5 M9 M9 | M9 TP9 TP9 TP9
Type vein core rim vein core rim core rm | vein core rim vein
Analyses 12 6 7 1 7 11 6 8 2 6 9 5
SiO, 5498 | 54.53 | 54.42 | 53.19 | 53.67 | 53.62 | 54.74 | 54.67 | 54.59 | 54.72 | 54.58 | 54.05
TiO, 0.20 0.39 0.40 1.16 0.14 0.15 0.30 032 | 046 0.00 0.01 0.82
ALO; 1.28 3.20 3.32 2.93 3.89 3.98 2.88 294 | 1.64 3.18 3.30 1.31
Cr,04 0.64 1.27 1.30 0.59 1.09 1.16 2.12 2.14 0.60 1.78 2.29 0.67
FeO 2.73 3.65 3.75 4.37 1.74 1.77 2.35 2.34 3.00 1.81 1.82 2.85
MnO 0.12 0.10 0.09 0.15 0.06 0.06 0.08 0.08 | 0.12 0.07 0.07 0.10
MgO 20.17 | 16.05 | 1590 | 1821 | 15.67 | 15.64 | 16.26 | 16.21 |:19.46 | 1592 | 15.53 | 18.41
Ca0 1890 | 1798 | 17.86 | 17.83 | 21.94 | 21.79 | 18.56 | 18.57 | 1891 | 20.12 | 19.81 | 20.82
Na,O 0.96 2.79 2.90 1.56 1.77 1.80 2.67 270 |'1.17 2.36 2.56 0.95
NiO 0.03 0.06 0.05 0.01 0.04 0.03 0.05 0.04 0.06 0.04 0.04 0.03
Cation 0 =6

Si 1976 | 1.972 | 1970 | 1.928 | 1.942 | 1.940 | 1.975 | 1.973 |'1.967 | 1.974 | 1.971 | 1.958
Al 0.054 | 0.136 | 0.141 | 0.125 | 0.166 | 0.170 j 0.123 | 0.125 | 10.069 | 0.135 | 0.140 | 0.056
Ti 0.005 | 0.010 { 0.011 | 0.032 | 0.004 | 0.004 | 0.008 | 0.009 | 0.013 | 0.000 | 0.000 | 0.022
Fe 0.082 | 0.111 | 0.113 | 0.133 | 0.053 | 0.054 | 0.071 | 0.070 | 0.090 | 0.055 | 0.055 | 0.086
Mn 0.004 | 0.003 | 0.003 | 0.005 | 0.002 | 0.002 | 0.002 | 0.002 | '0.004 | 0.002 | 0.002 [ 0.003
Mg 1.080 | 0.866 | 0.858 | 0.984 | 0.845 | 0.843 ! 0.874 | 0.872 | '1.045 | 0.856 | 0.836 | 0.995
Ca 0.728 | 0.697 | 0.693 | 0.693 | 0.851 | 0.845 | 0.718 | 0.718 | :0.730 | 0.778 | 0.766 | 0.808
Na 0.067 | 0.195 | 0.203 | 0.110 | 0.124 | 0.126 | 0.187 | 0.189 | '0.082 | 0.165 | 0.179 | 0.066
Cr 0.018 | 0.036 | 0.037 | 0.017 | 0.031 | 0.033 | 0.060 | 0.061 | .0.017 | 0.051 | 0.065 | 0.019
Ni 0.001 | 0.002 | 0.002 | 0.000 | 0.001 | 0.001 | 0.001 | 0.001 | 0.002 | 0.001 | 0.001 | 0.001
Sum 4.015 | 4.029 | 4.031 | 4.025 | 4.018 | 4.017 | 4.019 | 4.020 | 4.018 | 4.016 | 4.016 | 4.015

Mgé 10929 [ 0.887 | 0.883 | 0.881 | 0.941 | 0.940 | 0.925 [ 0.925

[ 0920 | 0.940 | 0.938 | 0.920
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equilibration. TiO, and FeO are slightly enriched towards the margins. The CPXs
show a negative correlation between CaO and Cr,O; (Figure 3.10a).

Clinopyroxene associated with garnet is less magnesium rich, Mg’ ranging from
0.877 to 0.923 (average 0.904), than the discrete CPX (Figure 3.10b). These CPXs also
tend to be more enriched in AL O3 (average 6.14 wt%), TiO, (average 0.62 wt%), FeO
(average 3.18 wt%) and MgO (average 17.69 wt%), whilst lower in SiO, (average 51.28
wt%), Cr,0; (average 1.18 wt%), and Na,O (average 1.01 wt%). No clear correlation
exists between CaO and Cr,0s.

Late stage vein-like CPX is magnesium rich, Mg" ranging from 0.911 to 0.934
(average 0.926), but less Mg-rich than the discrete CPX. These CPXs also tend to be
more enriched in TiO; (average 0.41 wt%), FeO (average 2.87 wt%) and MgO (average
19.41 wt%), whilst lower in AL,O; (average 1.69 wt%), Cr,Os (average 0.97 wt%), and

NayO (average 1.04 wt%). No clear correlation exists between CaO and Cr,0s.

3.4.2.d Garnet

The garnet from Lesotho peridotites is a chromium pyrope with high MgO, low CaO
and Mg" ranging from 0.821 to 0.865 (Table 3.5). The pyrope content of the garnet
ranges from 71 to 87%. A summary of the end-member compositions is given in Table
3.5. The garnets are generally homogeneous and exhibit only minor chemical zoning on
a thin-section scale. The Cr,O; content within the garnets ranges from 4.2 to 8.3 wt%.
On average, garnet from harzburgites is more Cr,O; rich (6.59 +/- 0.5 wt%) than garnet
from lherzolites (5.55 +/- 1.25 wt%). Very little variation is observed between garnet
from peridotites of different facies or textures. The garnets can generally be classified
as group 9 (G9) garnets in the statistical classification scheme of Dawson and Stephens
(1975). Plotted as Cr,0O; vs. CaO (Figure 3.11), G9 compositions predominate but some
harzburgitic sub-calcic G10 garnets are also present. Garnets appear to show slight
zonation with slightly elevated concentrations of Al, Fe and Ti in the rims and lower
concentrations of Ca and Cr.

The composition of garnet is significant. In previous studies of Lesotho peridotite
xenoliths, the oldest Re-Os Trp model age measured was for sub-calcic sample
PHN2825, from Lighobong, at 3.3 Ga (Pearson et al., 1995a). In this study the sub-
calcic samples produce Re-Os Tgrp model ages within the range of calcium saturated

samples, at 2.8 Ga, and are therefore not significantly older.
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Table 3.5

Representative garnet analyses for Low-T Lesotho peridotites.
Sample LET2 | LET2 LET12 | LET12 | LET13 | LET13 | LETI4 | LETI14 | LET29 | LET29 | LET30 | LET30 | LET31 LET31
Type core rim core fim core rim core rim core rim core rim core rim
Analyses 9 11 12 14 9 11 9 12 13 11 11 11 11 14
Si0, 41.40 41.52 41.30 41.38 41.21 41.45 41.67 42.03 41.29 41.51 41.12 41.11 41.45 41.51
TiO, 0.03 0.03 0.04 0.04 0.05 0.06 0.03 0.04 0.03 0.03 0.02 0.02 0.09 0.11
Al,O3 18.71 18.72 19.18 19.19 18.90 18.93 19.18 19.20 19.60 19.72 18.69 18.77 19.92 19.96
Cr,0; 7.27 7.14 6.38 6.36 6.35 6.20 6.35 6.03 6.01 5.72 7.16 7.02 5.53 5.33
FeO 6.33 6.34 6.56 6.54 6.68 6.68 6.20 6.16 6.39 6.41 6.40 6.37 6.57 6.64
MnO 0.37 0.37 0.35 0.35 0.42 0.41 0.35 0.34 0.34 0.33 0.36 0.35 0.33 0.33
| MgO 21.29 21.31 20.03 20.00 19.50 19.43 22.15 22.20 20.74 20.91 20.33 20.17 21.12 21.07
Ca0 4.56 4.53 6.15 6.13 6.87 6.82 4.07 3.99 5.56 5.33 5.89 6.18 4.97 5.02
Na,O 0.02 0.02 0.01 0.01 0.02 0.03 0.00 0.01 0.03 0.03 0.01 0.01 0.03 0.03
NiO 0.02 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.01
Si 2.978 2.985 2.979 2.983 2.982 2.996 2.982 3.002 2.968 2.978 2.971 2.970 2.971 2.975
Al 1.586 1.587 1.631 1.631 1.612 1.613 1.618 1.616 1.661 1.667 1.592 1.599 1.683 1.686
Ti 0.002 0.002 0.002 0.002 0.003 0.003 0.002 0.002 0.001 0.002 0.001 0.001 0.005 0.006
Fe 0.381 0.381 0.396 0.394 0.405 0.404 0.371 0.368 0.384 0.385 0.387 0.385 0.394 0.398
Mn 0.023 0.022 0.021 0.022 0.026 0.025 0.021 0.021 0.020 0.020 0.022 0.021 0.020 0.020
Mg 2.283 2.284 2.154 2.149 2.103 2.093 2.363 2.363 2.222 2.236 2.190 2.172 2.257 2.251
Ca 0.352 0.349 0.475 0.474 0.533 0.528 0.312 0.305 0.428 0.410 0.456 0.479 0.381 0.385
Na 0.003 0.003 0.001 0.001 0.002 0.004 0.000 0.001 0.004 0.004 0.002 0.002 0.004 0.004
Cr 0.413 0.406 0.364 0.362 0.363 0.354 0.359 0.340 0.342 0.324 0.409 0.401 0.313 0.302
Ni 0.001 0.001 0.000 0.000 0.001 0.000 0.001 0.001 0.001 0.000 0.001 0.000 0.000 0.000
Sum 8.022 8.019 8.023 8.018 8.029 8.020 8.028 8.019 8.031 8.027 8.029 8.030 8.028 8.027
Mgi# 0.857 0.857 0.845 0.845 0.839 0.838 0.864 0.865 0.853 0.853 0.850 0.850 0.851 0.850
Almandine 2.69 2.69 9.29 9.43 9.81 10.21 1.56 1.46 8.51 8.40 6.19 7.12 8.52 8.85
Andradite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Grossular 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pyrope 83.60 83.70 73.72 73.61 71.27 71.03 86.29 86.60 76.12 76.83 77.01 75.50 717.67 77.25
Spessartine 0.83 0.82 0.73 0.74 0.86 0.85 0.77 0.76 0.70 0.69 0.77 0.74 0.69 0.69
Uvarovite 12.87 12.79 16.26 16.22 18.05 17.91 11.38 11.18 14.67 14.09 16.03 16.63 13.13 13.21
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Table 3.5 (continued) Garnet analyses.

Sample LET38 | LET38 | LET47 | LET47 | LET49 | LET49 | LET64 | LET64 | LOQS LQS M9 M9 TP9 TP9 TP9
Type core rim core rim core rim core rim core rim core rim Hi-Cr core | Hi-Crrim | Lo-Crrim
Analyses 8 7 9 10 3 4 10 10 11 16 17 18 7 9 3
Si0, 41.66 41.74 40.73 40.88 41.58 41.65 41.60 41.78 41.72 | 41.74 | 41.38 | 41.63 40.71 40.68 41.53
TiO, 0.01 0.02 0.01 0.01 0.22 0.20 0.01 0.02 0.01 0.02 0.25 0.33 0.00 0.01 0.00
Al,Os 20.68 20.70 17.73 17.73 19.96 20.05 20.88 20.83 20.95 | 20.96 | 20.33 | 20.49 17.90 18.02 20.65
Cr;0, 4.76 4.70 8.32 8.27 4.85 4.80 4.56 4.54 4.30 4.24 4.85 4.40 8.02 7.86 4.65
FeO 6.21 6.21 6.79 6.78 6.91 6.88 6.32 6.27 6.28 6.32 6.82 6.87 6.87 6.89 6.92
MnO 0.31 0.31 0.38 0.38 0.29 0.29 0.32 0.32 0.31 0.30 0.33 0.34 0.44 0.43 0.39

| MgO 20.98 20.98 18.91 18.80 21.00 20.96 20.96 20.89 21.08 | 21.15 | 20.85 | 21.04 17.67 17.91 19.59
Ca0O 5.35 5.32 7.11 7.13 5.15 5.13 5.32 5.33 5.32 522 | 5.12 4.81 8.37 8.18 6.27
Na,O 0.02 0.02 0.01 0.01 0.02 0.03 0.02 0.02 0.02 0.04 0.06 0.08 0.01 0.02 0.01
NiO 0.01 0.01 0.01 0.01 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00
Si 2.975 2.979 2.971 2.980 2.980 2.983 2.970 2.981 2976 | 2.976 | 2.965 | 2.976 2.979 2.974 2.982
Al 1.741 1.741 1.524 1.524 1.686 1.693 1.757 1.752 1.761 | 1.761 | 1.718 | 1.727 1.543 1.553 1.748
Ti 0.001 0.001 0.000 0.001 0.012 0.011 0.001 0.001 0.000 | 0.001 | 0.014 | 0.018 0.000 0.001 0.000
Fe 0.371 0.371 0.415 0.414 0.414 0.412 0.378 0.374 0.374 | 0.377 | 0.409 | 0.411 0.420 0.421 0.415
Mn 0.019 0.019 0.023 0.023 0.017 0.018 0.019 0.019 0.018 | 0.018 | 0.020 | 0.020 0.027 0.027 0.024

| Mg 2.233 2.232 2.057 2.044 2.244 2.239 2.231 2.222 2.241 | 2.248 | 2.227 | 2.243 1.927 1.952 2.097
Ca 0.409 0.407 0.556 0.557 0.395 0.393 0.407 0.407 0.406 | 0.398 | 0.393 | 0.369 0.657 0.641 0.482
Na 0.002 0.002 0.001 0.001 0.003 0.004 0.003 0.002 0.002 [ 0.005 | 0.008 | 0.011 0.001 0.002 0.001
Cr 0.269 0.265 0.480 0.476 0.275 0.272 0.257 0.256 0.243 | 0.239 | 0.275 | 0.249 0.464 0.454 0.264
Ni 0.001 0.001 0.001 0.001 0.002 0.000 0.000 0.000 0.001 | 0.001 | 0.001 [ 0.001 0.000 0.001 0.000
Sum 8.021 8.018 8.027 8.020 8.029 8.026 8.023 8.015 8.023 | 8.025 | 8.029 | 8.024 8.019 8.024 8.013

| Mg# 0.858 0.858 0.832 0.832 0.844 0.844 0.855 0.856 0.857 | 0.856 | 0.845 | 0.845 0.821 0.823 0.835
Almandine 10.52 10.79 7.26 7.68 9.17 9.66 10.56 11.15 10.40 | 10.46 | 1095 | 11.07 12.12 11.81 12.69
Andradite 0.21 0.29 0.00 0.00 0.00 0.00 0.70 0.49 1.00 1.08 0.00 0.00 0.00 0.00 0.33
Grossular 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.29 0.43 0.27 0.00 0.00 0.00 0.00 2.58
Pyrope 75.08 74.92 72.37 71.91 76.72 76.32 75.09 74.54 75.32 | 75.54 | 75.11 | 75.78 64.87 65.72 70.33
Spessartine 0.63 0.63 0.82 0.82 0.60 0.60 0.65 0.64 0.62 0.61 0.67 0.69 0.91 0.90 0.80
Uvarovite 13.56 13.37 19.55 19.58 13.51 13.42 12.99 12.88 12.24 | 12.04 | 13.26 | 12.46 22.10 21.57 13.27
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3.4.4 Discussion of mineral textures and chemistry

The lithospheric mantle beneath Lesotho possesses many features that have been
commonly reported for cratonic mantle elsewhere. The peridotites are coarse textured
in general, and rarely display disrupted textures. The most dominant rock type is
peridotite, with Mg-enriched mineral compositions, similar to that reported previously
for peridotites from Lesotho (Nixon ef al., 1963; Nixon and Boyd, 1973a), other parts of
the Kaapvaal craton (Nixon, 1987a) and from the Siberian craton (Boyd et al., 1997).
Peridotites from Lesotho are depleted in fusible elements compared to primitive mantle.
A similarity in olivine composition between peridotites from Lesotho and other cratonic
settings indicates a comparable degree of depletion. The range in Mg” of olivine (0.92
to 0.94) parallels the average range for peridotites from previous studies of Kaapvaal
peridotites, as well as the Siberian (Udachnaya) and Slave cratons (Boyd and Canil,
1997; Boyd et al., 1997, MacKenzie and Canil, 1998; Kopylova et al., 1999b). This
reflects the highly refractory nature of the Lesotho peridotites.

A shared feature of both the Lesotho peridotites and those from Siberia and the Slave
craton is the presence of a late-stage Na-, Al- and Cr-depleted CPX. This CPX occurs
as fine-grained veins at grain boundaries within the xenoliths. Boyd ef al (1997) and
Kopylova et al (1999b) attributed this feature, in the Siberian and Slave peridotites
respectively, to secondary crystallisation during eruption.

The negative trend between Cr,O; and CaO in CPX may relate to equilibration with
spinel. If the partitioning of Cr and Ca into silicates is controlled by the presence of
spinel with a constant Cr-Ca ratio, a negative Ca-Cr correlation in contemporaneous
silicate phases might be expected.

The compositional range found in the peridotitic garnet of the Lesotho peridotite
suite, like those previously reported for the Kaapvaal craton, lie predominantly within
the G9 field with few G10 (harzburgitic) garnet compositions, even within harzburgites.
The scarcity of G10 garnets within peridotites from the Kaapvaal craton has been
attributed to equilibration of harzburgite assemblages with lherzolite-dominated mantle
(Boyd and Nixon, 1978), but may also be related to disruption of low-Ca rocks because
of the presence of carbonate (Canil, 1990). Garnet within most harzburgites is saturated

in Ca despite an absence of CPX.
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The Lesotho xenoliths record a wide range of equilibration conditions in the
lithospheric mantle, indicating a derivation from depths of 100 to 135 km, and have

provided a reasonable section through the lithosphere beneath Lesotho.

3.5 Xenolith whole-rock Major and Trace element geochemistry

3.5.1 Introduction

Studies of the peridotitic mantle underlying Archean cratons have shown that it is
chemically distinctive from the mantle underlying younger sub-continental and sub-
oceanic settings (Boyd, 1989). Cratonic peridotites have undergone melt extraction
resulting in the depletion of fusible elements such as Fe, Al and Ca (Nixon, 1987a;
Herzberg, 1993; Boyd et al., 1997). This depletion results in a buoyant low-density
mantle-root, contributing to the long-term stability of Archean continental lithosphere
(Boyd and McCallister, 1976; Jordan, 1979). Although depleted in major elements the
shallow cratonic lithospheric mantle is enriched in light rare earth elements (LREE) and
modal OPX (Menzies et al., 1987; Boyd, 1989; McDonough, 1990). Hawkesworth et al
(1983) and Menzies et al (1987) interpreted this enrichment in LREE as the result of
interaction of metasomatising, percolating fluids with the lithospheric mantle.

Before the Re-Os system can be applied to the interpretation of the formation of the
lithospheric mantle, it is essential to assess the role of melting and re-enrichment
processes. Using elemental data the chemical composition of the Lesotho peridotite
suite will be discussed, and models proposed for the observed range in compositions.

Major element analyses have been re-calculated as anhydrous compositions to
correct for serpentinisation, reflected in the loss on ignition. The data were normalised
to 100% after subtraction of loss on ignition. This procedure is based on the assumption
that serpentinisation is an isochemical process, with only water being added to the
system. Uncorrected major element data are presented in Table 3.7, and corrected

anhydrous data in Table 3.8. Rare earth element data are presented in Table 3.9.

3.5.2 Whole-Rock Elemental Data
3.5.2.a Major element composition

Whole-rock analyses for the Lesotho peridotite suite show that they are strongly

depleted in the fusible elements Fe, Ti, Ca, Al and Na compared to estimates of fertile

68



Table 3.7 Major element compositions for low-T Lesotho peridotites. LOI: loss on ignition.

Sample | LET2 | LET6 | LET8 | LET12 | LET13 | LET14 | LET25 | LET27 | LET28 | LET29 | LET30 | LET31 | LET38 | LET47 | LET48 | LET49
Major Elements in wt%

Si0, 4335 | 43.04 | 4412 | 4441 44.07 44.88 43.13 44.32 43.60 44.32 44.04 44.55 46.41 43.96 44.47 41.86

TiO, 0.04 0.14 0.01 0.02 0.07 0.04 0.04 0.10 0.01 0.02 0.04 0.05 0.02 0.01 0.03 0.07

AlL,O; 0.57 0.83 0.55 0.84 0.91 0.73 0.67 1.30 0.57 1.00 1.26 1.02 1.51 0.83 0.85 1.49

FeO 3.64 3.75 4.63 4.46 4.22 3.24 4.50 3.78 3.74 4.23 4.07 5.00 4.98 4.42 3.67 4.90

Fe,0; 2.55 2.78 1.11 2.05 2.08 2.63 2.32 2.69 2.65 2.16 2.40 1.40 0.85 2.20 2.89 3.14

MnO 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.11 0.11 0.12 0.12 0.12 0.12 0.12 0.14

M. 4465 | 4266 | 4475 | 41.21 43.20 42.51 44.16 41.38 43.72 4298 | 4257 41.21 41.55 42.15 41.84 41.84

Ca0 0.36 0.67 0.17 0.86 0.46 0.35 0.39 0.78 0.26 0.75 0.74 0.74 0.78 0.47 0.75 1.15

Na,0 0.07 0.12 0.04 0.05 0.05 0.05 0.05 0.10 0.05 0.08 0.07 0.10 0.08 0.06 0.09 0.10

K0 0.02 0.37 0.01 0.01 0.03 0.01 0.02 0.12 0.00 0.01 0.02 0.03 0.01 0.01 0.07 0.02

P,0s 0.03 0.01 0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.02 0.03 0.03 0.02 0.02 0.04 0.02

LOI 4.87 5.60 4.69 6.18 4.80 5.62 4.76 5.44 5.43 4.49 4.81 5.74 3.80 5.76 5.24 5.26

Total 100.24 | 100.09 [ 100.19 | 100.22 | 100.03 | 100.19 [ 100.18 [ 100.16 | 100.17 [ 100.17 | 100.17 | 100.00 | 100.14 | 100.01 | 100.05 [ 99.99

Sample | LETS8 | LET64 | TP6 | TP7 TP9 | LQ1 | LQ5S | LQ6 | LQ8 | LQ9 | M1 | M5 | M6 | M8 | M9 | Mii M13
Major Elements in wt%

Si0, 4339 [ 4563 | 4445 | 4464 | 4502 [ 4352 | 4690 | 46.02 | 4669 [ 46.99 | 43.71 [ 4564 | 44.60 [ 4599 [ 46.82 | 4627 | 4539
TiO, 0.09 0.08 0.01 0.20 0.01 0.04 0.01 0.03 0.01 0.03 056 | 0.03 | 0.04 | 0.04 0.11 0.06 0.07
AlLO; 1.00 1.71 0.65 1.03 0.86 1.13 1.71 1.44 1.20 1.44 0.80 1.46 | 1.41 1.44 1.42 1.30 0.85
FeO 4.70 4.14 542 6.82 5.49 4.29 422 5.62 4.93 4.41 7.94 558 | 589 | 6.06 5.84 4.90 5.38
Fe,0; 2.61 1.92 1.23 0.85 1.05 2.38 1.87 0.62 1.08 1.67 1.90 125 | 0.83 0.72 0.47 1.49 1.38
MnO 0.13 0.12 0.12 0.12 0.12 0.11 0.12 0.12 0.11 0.11 0.14 0.12 | 0.12 0.13 0.13 0.12 0.12
MgO 42.02 4049 | 4462 | 4269 | 4394 | 4426 | 4156 | 4212 [ 43.12 | 4240 | 4135 [ 43.09 | 42.86 | 43.15 | 4159 | 42.94 | 4429
Ca0 1.00 0.86 0.44 0.86 0.53 0.49 0.89 0.91 0.71 0.74 056 | 0.86 | 0.88 [ 0.80 0.91 0.82 0.62
Na,0 0.08 0.09 0.06 0.10 0.07 0.08 0.09 0.12 0.11 0.11 0.12 0.09 | 010 | 0.09 0.14 0.12 0.10
K.0 0.04 0.07 0.00 0.02 0.00 0.01 0.03 0.10 | 0.05 0.07 0.07 0.10 [ 009 | o.10 0.08 0.05 0.05
P.0s 0.04 0.03 0.02 0.03 0.02 0.03 0.02 0.02 0.02 [ 0.03 0.02 0.03 | 0.03 0.03 0.02 0.03 0.03

LOI 4.94 4.90 3.16 2.82 3.00 3.93 2.81 3.09 1.81 2.19 3.02 1.57 | 2.73 1.59 2.63 2.05 1.91

Total 100.04 | 100.04 | 100.18 | 100.17 | 100.11 | 10026 | 100.24 | 10021 | 99.84 | 100.19 | 100.19 | 99.82 | 99.57 | 100.14 | 100.16 [ 100.15 | 100.19
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Table 3.8  Anhydrous major element and selected trace element data for low-T Lesotho peridotites. Mg" = Mg/(Mg+Fe). Modes were calculated using whole-rock compositions

and converting to an equivalent modal mineralogy using mass balance relationships implied by observed mineralogy in Kaapvaal peridotites.

Sample | LET2 | LET6 | LETS | LET12 | LETi3 | LET14 | LET25 | LET27 | LET28 | LET29 | LET30 | LET31 | LET38 | LET47 | LET48 | LET49 | LETSS

Major Elements in wt%

SiO, 4545 45.55 46.20 4722 46.28 47.46 45.20 46.79 46.02 46.32 46.18 47.26 48.18 46.64 46.90 44.19 45.63
TiO, 0.04 0.15 0.01 0.02 0.07 0.04 0.04 0.11 0.01 0.02 0.04 0.05 0.02 0.01 0.03 0.07 0.09
ALO; 0.60 0.88 0.58 0.89 0.96 0.77 0.70 1.37 0.60 1.05 1.32 1.08 1.57 0.88 0.90 1.57 1.05
FeO 3.82 3.97 485 4.74 443 3.43 4.72 3.99 3.95 4.42 427 5.30 5.17 4.69 3.87 5.17 494
Fe; 04 2.67 2.94 1.16 2.18 2,18 2.78 243 2.84 2.80 2.26 2.52 1.49 0.88 2.33 3.05 3.31 2.74
MnO 0.10 0.13 0.10 0.12 0.13 0.11 0.12 0.13 0.12 0.11 0.13 0.13 0.12 0.13 0.13 0.15 0.14
MgO 4682 | 45.15 46.86 43.82 45.37 4495 46.28 43.69 46.15 44.92 44.64 43.72 43.13 44.72 44.13 44.17 44.19
Ca0 0.38 0.71 0.18 0.91 0.48 0.37 0.41 0.82 0.27 0.78 0.78 0.79 0.81 0.50 0.79 1.21 1.05
Na,O 0.07 0.13 0.04 0.05 0.05 0.06 0.05 0.11 0.05 0.08 0.08 0.11 0.08 0.06 0.09 0.11 0.09
K0 0.02 0.39 0.01 0.01 0.03 0.01 0.03 0.12 0.00 0.01 0.02 0.04 0.01 0.01 0.07 0.02 0.04
P,0; 0.03 0.01 0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.02 0.03 0.03 0.02 0.02 0.04 0.02 0.04
Ca/Al 0.85 1.09 042 1.38 0.68 0.65 0.79 0.81 0.62 1.01 0.79 0.98 0.70 0.76 1.19 1.04 1.35

Mg No 0.931 0.924 | 0.934 0.921 0.927 0.931 0.923 0.922 0.927 0.925 0.924 0.921 0.928 0.922 0.922 0.906 0.914
Trace Elements in ppm

Ni 2647 2365 2601 2539 2418 2450 2541 2304 2683 2508 2362 2361 2215 2358 2346 2495 2403
Cr 1458 2157 959 2301 2218 1888 1834 2332 1351 2347 3581 2284 2765 2536 2840 2863 2415
Co 96 94 96 102 97 92 101 97 101 98 96 95 88 97 95 109 102
v 16.1 20.5 13.0 24.1 23.4 20.6 20.1 29.8 18.1 233 31.8 27.3 32.6 25.8 28.1 37.0 30.6
Sr 13.2 10.0 8.6 16.5 12.4 19.1 11.1 18.3 25.1 20.4 14.4 25.5 8.6 11.7 30.3 10.4 27.6
Nd 1.35 0.84 0.85 2.02 1.28 1.31 1.51 2.07 242 1.18 1.90 2.32 141 0.87 2.63 1.29 2.9
Calculated modes in wt%

0Ol 67.89 65.96 64.65 54.70 62.33 57.09 68.85 53.71 62.85 61.92 60.81 56.06 51.44 60.84 59.15 67.10 64.74
OPX 26.57 29.86 31.99 36.96 31.76 38.64 28.78 37.14 35.05 31.64 31.50 37.28 40.74 34.59 34.51 21.12 26.72
CPX 2.16 3.26 3.10 2.19 0.71 0.72 1.40 2.18 1.39 2.03 1.18 2.02 1.23 trace 2.36 2.32 2.92
Sp 0.92 0.26 | trace trace 0.97 0.71 trace

Gnt 3.38 6.15 5.21 3.55 6.97 441 6.51 4.64 6.59 4.57 3.98 9.46 5.62
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Table 3.8 (continued)

Anhydrous major element and selected trace element data for low-T Lesotho peridotites.

Sample | LET64 | TP6 | TP7 | TPO | LOt | LOQ5 | LO6 | L8 | Lo | M1 | Ms | M6 | M8 | Mo | Mit | M3
Major Elements in wt%

SiO, 4796 | 4582 | 4585 | 46.36 | 45.18 | 48.14 | 4738 [ 4763 [ 47.95 | 4498 | 4645 | 4605 [ 4667 [ 4801 | 47.16 | 46.18
TiO, 0.08 0.01 0.21 0.01 0.04 0.01 0.03 0.01 0.03 0.58 0.03 0.04 0.04 0.11 0.06 0.07
AlO, 1.80 0.67 1.06 0.89 1.17 1.76 1.48 1.22 1.47 0.82 149 | 146 1.46 1.46 1.33 0.86
FeO 435 5.59 7.01 5.65 445 4.33 5.79 5.03 4.50 8.17 5.68 6.08 6.15 5.99 4.99 5.47
Fe,0; 2.02 127 0.87 1.08 247 1.92 0.64 1.10 1,70 1.96 127 0.86 0.73 0.48 1.52 1.40
MnO 0.13 0.12 0.12 0.12 0.11 0.12 0.12 0.11 0.11 0.14 0.12 0.12 0.13 0.13 0.12 0.12
| MgO 4256 | 4599 | 4385 | 4525 | 4594 | 42.66 | 4337 | 43.99 | 4326 | 42.55 | 43.86 | 44.26 [ 43.79 | 42.65 [ 43.77 | 45.06
Ca0 0.90 0.45 0.88 0.55 0.51 0.91 0.94 0.72 0.76 0.58 0.88 0.91 0.81 0.93 0.84 0.63
Na,O 0.10 0.07 0.10 0.07 0.09 0.09 0.13 0.11 0.11 0.12 0.10 0.10 0.09 0.14 0.12 0.11
K,0 0.08 0.00 0.02 0.00 0.01 0.03 0.10 0.05 0.07 0.07 0.10 0.09 0.10 0.08 0.06 0.05
P,0s 0.03 0.02 0.03 0.02 0.03 0.02 0.02 0.02 0.03 0.02 0.03 0.03 0.03 0.02 0.03 0.03
Ca/Al 0.68 0.91 1.13 0.83 0.59 0.70 0.85 0.80 0.69 0.95 0.80 0.84 0.75 0.87 0.85 0.99
Mg No 0925 | 0924 | 0909 [ 0924 | 0925 | 0.926 | 0924 | 0.929 | 0.927 | 0.884 | 0.920 | 0920 | 0.920 | 0922 | 0.925 | 0.923
Trace Elements in ppm ’ ‘

Ni 2091 2621 | 2337 | 2508 | 2615 | 2161 | 2367 | 2338 | 2275 | 2316 | 2404 | 2386 | 2388 | 2198 | 2358 | 2419
Cr 2917 1408 | 2266 | 2271 | 2111 | 2577 | 2487 | 2390 | 2468 | 1019 | 2617 | 1957 | 2227 | 2575 | 2150 | 2590
Co 88 104 101 102 105 88 97 95 92 121 101 197 100 91 94 101
v 354 204 33.1 26.4 20.7 30.1 334 28.4 32,0 449 376 33.5 36.0 30.5 26.7 28.0
Sr 12.5 8.4 21.3 10.3 8.2 14.2 14.0 16.4 19.1 14.4 229 28.0 18.5 245 23.1 274
Nd 1.8 0.6 1.6 0.8 1.1 1.3 12 12 1.8 0.8 1.8 24 1.6 14 2.0 22
Calculated modes in wt% )

ol 5123 | 68.06 | 61.28 | 64.14 | 69.34 | 5045 | 5528 | 56.11 | 51.25 | 64.76 | 59.00 | 61.72 | 58.82 | 52.16 | 58.17 | 64.19
OPX 3943 | 2835 [ 2991 | 3133 | 2469 | 4061 [ 36.12 | 37.80 [ 4068 | 3005 | 3625 | 3344 | 3503 | 39.81 | 3491 | 3267
CPX 1.55 0.31 0.43 0.32 0.49 1.71 2.13 1.52 1.50 1.46 3.67 3.86 2.58 2.49 231 251
Sp trace 0.52 trace 0.17 1.08 0.99 0.19 0.33
Gnt 7.79 3.28 7.86 421 548 7.23 6.47 4.57 6.58 3.56 | | 3.38 5.53 460 0.30
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3.5.2.c Trace elements

Transition metal trace elements

Nickel behaves compatibly within the Lesotho peridotite samples, showing a positive
correlation with MgO (Figure 3.18). Cobalt also appears as though it may behave
compatibly, but the data is more scattered. Although producing an approximately
positive correlation Co is generally depleted relative to primitive mantle compositions
(Figure 3.18). In contrast, vanadium abundances are inversely correlated demonstrating
its incompatibility in the peridotites. Canil (1997) attributed the decreasing vanadium
content to the removal of CPX and spinel with the melt. The contrasting behaviour of
these elements agrees with the observed compatibilities from melt systems (Frey and
Prinz, 1978). Cr abundances also appear to be inversely correlated, and this behaviour
may also relate to the removal of CPX and spinel with the melt. The correlation
however is not so well defined and the data is more scattered. This may be the result of
later metasomatism from melts passing through the peridotite, or patent metasomatism
as CPX and some garnet is introduced (Pearson ef al., 2001).

Nickel variation within the Lesotho peridotite suite ranges from 2091 to 2683 ppm.
The variation of Ni with MgO is relatively large, up to 200ppm (10%). The lack of any
well defined correlation and the scatter in data may indicate a cumulate component
within the peridotites, rather than being solely a residue from partial melting (Pearson,
1989). Cryptic metasomatism from melts passing through the peridotite, patent
metasomatism as CPX and garnet introduced (Pearson et al., 2001), or serpentinisation
(Coleman, 1977) may be an alternative source for the scatter in Ni concentration.

Rare earth elements

The Lesotho peridotite suite considered as a whole shows consistent trace element
characteristics (Table 3.9). Chondrite normalised whole-rock REE abundances for the
peridotites are shown in Figure 3.19. They are strikingly similar over the entire suite.
HREE are, in the main, subchondritic with values ranging from 0.08 to 0.69 x chondrite
and relatively flat Ho to Lu profiles showing little evidence of fractionation or
enrichment. An exception to this is sample M3 from Matsoku with superchondritic
HREE values of 2 x chondrite and a relatively flat profile overall. This sample also has
a whole-rock Mg of 0.868 and may represent a highly modified, metasomatised
peridotite such as those recognised by Harte ez al (1987) from this locality. Sample M1
appears to be intermediate between sample M3 and the Lesotho suite as a whole, with

subchondritic HREE, but LREE mirroring those of sample M3 (Figure 3.19).
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Table 3.9 Rare earth element data for low-T Lesotho peridotites. Chondrite normalised using normalisation values of M*Donough and Sun (1995).

Sample | LET2 | LET6 | LET8 | LET12 | LET13 | LET14 | LET25 | LET27 | LET28 | LET29 | LET30 | LET31 | LET38 | LET47 | LET48 | LET49 | LET58 | LET63
REE concentrations in ppm
La 241 0.44 0.93 2.56 1.36 1.36 1.46 2.14 2.98 1.17 1.84 2.66 1.35 0.74 2.90 1.30 3.06 0.32
Ce 4.93 1.07 1.72 4.72 2.58 2.62 3.01 4.10 5.57 2.25 3.59 5.04 2.63 1.45 5.59 2.55 5.94 0.59
Pr 0.64 0.18 0.23 0.57 033 035 0.40 0.52 0.68 0.30 0.48 0.62 0.35 021 0.70 0.34 0.74 0.07
Nd 227 0.85 0.86 2.03 129 1.32 1.52 2.08 2.43 1.19 1.91 2.33 1.42 0.89 2.64 1.30 2.88 0.29
Sm 032 0.16 0.16 0.28 0.23 0.19 0.22 0.36 0.35 0.24 0.35 0.38 0.26 0.15 0.45 021 0.47 0.07
Eu 0.09 0.05 0.04 0.07 0.07