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ABSTRACT

The hypabyssal quarry kimberlite is the most abundant phase
at Monastery. Four petrographically distinct varieties are
recognized. Mineralogically, the Q1 and Q4 kimberlites are
opaque oxide-rich serpentine-phlogopite kimberlites, the Q2, a
phlogopite-monticellite kimberlite and the Q3, a
monticellite-phlogopite kimberlite. The East-end kimberlite is
an opaque oxide-rich serpentine-monticellite kimberlite, but is
poorly'exposed and highly weathered. The breccia kimberlite
hosts abundant country rock fragments in a soft serpentinous
matrix. It is an opaque oxide-rich phlogopite serpentine
kimberlite breccia. The precursor kimberlite dyke associated

with the diatreme is an opaque oxide-rich calcite kimberlite.

The ultramafic xenoliths at Monastery are predominantly
coarse grained and exhibit a high incidence of modal
metasomatism. Some textures intermediate between
porphyroclastic and granuloblastic were noted. Significént
annealing has occurred. Garnet, orthopyroxene and clinopyroxene
may have been derived by exsolution from high temperature
aluminous orthopyroxenes. Minerals in the peridotites and
pyroxenites have similar compositions to those from other
localities. Two groups of phlogopite composition have been
noted. Wehrlitic rocks have phlogopite similar to that in
richterite-bearing peridotites from Kimberley. The coarse
xenoliths at Monastery display an exceptionally large range of
calculated equilibration conditions (~7¢0-18506°C; 20-40

kbars) which define an array of similar configuration to



theoretical geotherms for continental shield areas. A bimodal
temperature distripution which correlates with texture is also
noted. Low T-P rocks (~7¢0-85¢°C) correspond with those
petrographically classified as intermediate and granuloblastic.
A correlation was noted between low pressure and the presence of
chromite in garnet lherzolites., A variety of geothermometers
based on different phase equilibria yield similar results which

apparently do not represent blocking temperatures.

Eclogite xenoliths are rare. Two groups of eclogite are
discriminated on the basis of Na,0 in garnet and K;0 in
clinopyroxene. Coexisting garnets ang clinopyroxenes define an
ordered array of tie-lines on a Ca:Mg:Fe ternary, with no
crosscutting relationships. Relationships between Mg/Mg+Fe,
TiO, and Cr,04 ip clinopyroxenes and Mg/Mg+Fe, TiO,, CaO
and Na,0 in garnets are consistent with Group I eclogites
having formed in a single igneous event, but geothermometric
calculations show a trend of increasing temperature with.
increasing degree of fractionation (1¢75-1307°C). The Group I
eclogites may possibly represent original high préssure
garnetite which has underygone subsolidus re-equilibration
exsolving pyroxene. Garnets from Group II eclogites define an
Fe-enrichment trend with little variation in Ca and oxides such
as T102 and Na,0 remain essentially constant with changing
Mg/Mg+Fe. Calculated equilibration temperatures déminantly
range between 106¢ und 11079°C. Group II eclogites may
represent crystalillised parrial. melts from a garnet lherzolite

source.,



Inclusions in the Monastery diamonds are predominantly
eclogitic, but peridotitic minerals and sulphides, oxides,
plagioclase, phlogopite and moissanite are also reported. The
'peridotitic inclusions suggest a lherzolitic association.
Calculated formation temperatures for the peridotitic inclusions
are in the range 1090 to 1186°C. Two populations of eclogitic
garnet are distinguished. One group (Group A) has similar
compositions to eclogitic garnet inclusions from other
localities, while the second (Group B) display the effects of
pyroxene in solid solution. Eclogitic clinopyroxenes possess a
wide range in compositions which trend towards lower jadeite and
diopside contents compared to clinopyroxene inclusions from
other localities. Some clinopyroxenes and most of the Group A
garnet inclusions are similar to minerals of Group I eclogite
xenoliths at Monastery and a minor proportion of the diamonds
may be derived from such xenoliths. Accessory eclogitic
inclhsions include suspected coesite and a primary corundum.
Inclusions showing disequilibrium compositions have been found.
One diamond contained an olivine as well as an eclogitic.garnet.
Two diamonds hosted polyphase websterite inclusion assemblages
which yield calculated temperatures in excess of 14¢¢°cC.

Their relationship with the peridotitic and eclogitic
paragenesis inclusions 1is unclear. Formation pressures
indicated by the Group B garnet inclusions are in the range 55

to 145 kbars, suggesting a deep seated asthenospheric origin.

Phlogopite megacrysts are constituents of the Cr-poor
megacryst suite. Zircon has been found in association with
megacrystic ilmenite, Fe-rich olivine and phlogopite. Two

populations of ilmenite are associated with zircon and neither

iii



is associated with ilmenite coexisting with pyroxenes or garnet.
The olivines and éhlogopites which coexist with zircon are
Fe-rich. Specific features imply the existence of more than one
population of megacrysts. Coexisting megacryst phases support
the proposal that at least the less evolved megacrysts formed in
a single 1gneous event at a pressure of 51 kbars. The phase
equilibria of Wyllie (1987) provide a framework for modelling

the formation of megacrysts by partial melting of a rising

asthenospheric diapir.
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CHAPTER 1: INTRODUCTION

1.1 LOCALITY DESCRIPTION

1.1.1 Geographic Location

The Monastery kimberlite is situated in the Winburg
district of the Orange Free State, South Africa, approximately
250km due east of Kimberley. This is within the bounds of the
Kaapvaal Craton and close to the north-eastern border of Lesotho
(Fig. 1.1). The precise location of the mine is 28°48'4¢9"
south and 27°25'2¢" east, at an elevation of 1600m above sea

level.

1.1.2 Mine History

The following account of the history of Monastery Mine is
largely based on information presented by Whitelock (1973) and
Gurney (1980). The mine was first recognised as a
diamondiferous kimberlite pipe by a prospector in 1876, only 6
years after the first kimberlites were recognised as diamond ore
bodies at Kimberley and Jagersfontein. Large-scale mining
started in 1886 and was stopped at the outbreak of the
Anglo-Boer Wwar in 1899. During these operations, some 150 @00

tonnes were mined from the quarry area (Fig. 1.2).

Apart from two short lived attempts to restart the mine in
1904 and 1912, the mine lay dormant until 1965. In 1965

prospecting operations were restarted by a local farmer (and



mineral rights holder) Mr Sydney Gasson and some 3 2@¢ tonnes of
kimberlite were treated between 1965 and 1967. The central and
eastern portions of the pipe were explored underground at the
-3¢0m level. This development included a drive along the major
axis of the pipe with a single crosscut extending to the pipe
nargins, access was from a winze. A vertical shaft was also
sunk in the eastern part of the pipe, but did not connect with

the underground development.

In 1967 Rand Mines Limited prospected the pipe and during
this time, the drives on the 30m level were extended and an
extensive diamond drilling proyramme undertaken under the

direction of T.K. Whitelock.

In 1978 MNamex (Pty) Limited obtained an interest in the
mine. Namex was the managing company for Octha (Pty) limited.
Extensive prospecting was undertaken and a development programme
initiated. Namex was reorganised in 1980 and the control of the

mine was obtained by Monex (Pty) Limited.

In November 1980 an Australian company, Gem Exploration and
Minerals Limited (GEMEX) purchased the shares in the mine held
by Monex. Gemex and Mr. Sydney Gasson are the current owners of

the mine.

The most recent prospecting/mining operation (with
Mr. Auret van Jaarsveld as project manager) was launched in 198¢@
following the installation of a sophisticated ore reduction and
diamond recovery plant. Thesc operations have been restricted
to the western area of the pipe which has been mined to the -30m

level. Mining operations ceased midway through 1982 due to



economic factors.

1.1.3 General Geology

The Monastery diatreme is roughly elliptical in shape with
dimensions of 18¢m by 7¢6m (surface area ~1 Ha) (Whitelock,
1973). It is a Group I kimberlite (Smith, 1983a) which has been
dated at 90my by two independent methods. Allsopp and Barrett
(1975) report a Rb-Sr age of 9¢ +4my for fresh phlogopite
megacrysts while Davis et al. (1976) obtained a U-Pb zircon age

of 90.4my.

The kimberlite is intruded into sediments of the Elliot
Formation (the former "Red Beds") of the Karoo Supergroup. This
sedimentary unit is Triassic in age and consists of essentially
flat lying red mudstones and shales interbedded with fine
grained yellowish lenticular sandstones (Truswell, 1977).
Deposition is considered to have taken place on alluvial flats
(Botha, 1968). Overlying this formation are the aeolian
deposits of the Clarens Formation (formerly The Cave
Sandstones), which form flat topped hills in the countryside
surrounding the Monastery kimberlite. Dolerite dykes which
acted as feeders to the Stormberg volcanic episodes are also

common in the area.

The Monastery kimberlite is a multiple intrusion which has
been emplaced in several phases. Whitelock (1973) recognised
four distinct kimberlite types which he termed the quarry
kimberlite, the east-end kimberlite, the breccia kimberlite and

the fine grained kimberlite (Fig. 1.2).



Associated with the diatreme is a diamondiferous kimberlite
dyke which can be followed in an ESE/WNW direction for more than
2¢@¢0m (Fig. 2.1). A small pipe or blow is developed on the dyke
just east of the main diatreme (Fig. 2.1). The width of this

blow as revealed by trenching is at least 22m (Fielding, 1981).

A blind kimberlite vent, termed the South vVent, was
discovered during the Rand Mines tenure of the property
(Figs. 1.2 & 2.1). It is elliptical in shape with dimensions of
5¢ by 40 metres. The South Vent has recently been shown to
outcrop, although the southern portion 1is capped by 22m of Karoo
rocks. Drilling has revealed it to be composed of a core of

massive, fine grained kimberlite with few foreign xenoliths

(Fielding, 1981).

1.2 SCOPE QOF THIS STUDY

Monastery Mine is widely regarded as the type locality for
the occurrence of the Cr-poor megacryst suite and consequently,
Monastery megacrysts have received considerable attention in the
literature (e.g. Jakob, 1977; Gurney et al., 197%5 Haggerty et
al., 1979; Harte and Gurney, 1981; and papers qguoted by these
authors). However, apart from a brief description of the
general geology of the pipe (Whitelock, 1973) other aspects of
this kimberlite have not been investigated in any detail. This
thesis therefore examines aspects of the kimberlite, diamonds
and mantle-derived xenoliths not previously described. Major

aspects covered include:



(1)

(2)

(3)

(4)

(5)

A description of the petrography of the major kimberlite
phases represented in the diatreme.

An examination.bf the petrography, mineral chemistry and
equilibration conditions of mantle-derived xenoliths
including peridotites, pyroxenites, wehrlites and eclogites.,
A detailed investigation of Monastery diamonds including a
description of their physical characteristics and the
chemical characterization of a suite of mineral inclusions.
An assessment of the various mantle derived xenoliths as
potential source rocks for diamond based on their
compositional characteristics.,

An investigation of the relationship of phlogopite and

zircon to the Cr-poor megacryst suite.



CHAPTER 2 KIMBERLITE PETROGRAPHY

2.1 INTRODUCTION

An updated geological plan of the Monastery kimberlite is
presented in Fig. 2.1, The revised outline of the pipe is based
on the accurately surveyed mine plan prepared by Fielding
(1981) ., The most significant difference between the updated map
and that of Whitelock (1973) (Fig. 1.2) is the shape of the
western portion of the diatreme where Fielding's survey
indicated the pipe to be considerably narrower than portrayed on
Whitelock's plan. The author's field observations verify the

findings of Fielding (1981).

Large quantities of mine debris and partial flooding in
certain areas of the pipe made it difficult to accurately locate
and map both kimberlite/country rock contacts as well as
contacts between the various kimberlite phases within and the
pipe. Consequently, the relative distribution of the kimberlite
phases in Fig. 2.1 should not be regarded as being absolutely

accurate.

Additional information contained on the revised map
includes:

(a) the approximate outcrop areas of four distinct varieties of
quarry kimberlite, termed Ql to Q4, recognised in this study
(see Section 2.2);

(b) the position of a precursor kimberlite dyke which terminates

in a small blow



(c) an accurate outline of the South Vent as revealed by

exploratory drilling (Fielding, 1981).

The fine-grained kimberlite described by Whitelock (1973)

could not be located in this study.

An indication of depth levels attained during mining
operations is illustrated in Fig. 2.2. Only the quarry
kimberlite in the western area of the pipe has been mined in

significant quantities.

Some comments on the definition of kimberlite and an
overview of the classification schemes adopted in this study
follows as an introduction to a detailed description of the

petrography of the Monastery kimberlites.

2.1.1 The Definition of Kimberlite

Several definitions of kimberlite are firmly entrenched in
the literature (e.g. Dawson, 1962, 1967a, 1971, 1980; Gary et
al., 1972; Edwards and Howkins, 1966; Kennedy and Nordlie, 1968;
Mitchell, 1976, 1979a), and this has not only led to
terminological confusion, but has also resulted in unwarranted
implications regarding possible petrogenetic associations
between kimberlites and other rock types (Mitchell, 1974, 197§3.
Clement et al. (1977) presented a formal definition of
kimberlite which avoided both genetic connotations as well as
excessive petrologic restrictions. The revised definition

presented by Clement et al. (1984) is presented below:

Kimberlite is a volatile-rich, potassic, ultrabasic igneous



rock which occurs as small volcanic pipes, dykes and sills.
It has a distinctively inequigranular texture resulting from
the presence of macrocrysts set in a finer grained matrix.
This matrix contains, as prominent primary phenocrystal
and/or groundmass constituents, olivine and several of the
following minerals: phlogopite, carbonate (commonly
calcite), serpentine, clinopyroxene (commonly diopside),
monticellite, apatite, spinels, perovskite and ilmenite.

The macrocrysts are anhedral, mantle-derived, ferromagnesian
minerals which include olivine, phlogopite, picroilmenite,
chromian spinel, magnesian garnet, clinopyroxene (commonly
chromian diopside) and orthopyroxene (commonly

enstatite) .0livine is extremely abundant relative to the
other macrocrysts, all of which are not necessarily present.
The macrocrysts and relatively early-formed matrix minerals
are commonly aitered by deuteric processes mainly
serpentinization and carbonatization. Kimberlite commonly
contains inclusions of upper mantle-derived ultramafic
rocks. Variable quantities of crustal xenoliths and
xenocrysts may also be present. Kimberlite may contain

diamond but only as a very rare constituent.

2.1.2 Textural Classification of Kimberlites

The textural-genetic classification scheme originally
proposed by Clement and Skinner (1979) and subsequently updated
by Clement and Skinner (1985) has been adopted in this study.
This classification is primarily based on macroscopic textural

features and reflects the view that textural variants of



kimberlite are mainly related to different near-surface
emplacement and kimberlite pipe-forming processes (Clement and

S¥imner 1985) .

The classification is shown in Table 2.1. It recognises
three broad groups of kimberlite: hypabyssal-facies,
diatreme-facies and crater-facies kimberlites which usually
correspond to the major depth zones of kimberlite pipes, namely
the root, diatreme and crater zones (Hawthorne, 1975). This
initial facies subdivision provides a clear distinction between
rocks which were emplaced in markedly different ways (Clement ...

<kinney, 1985) .

Hypabyssal facies kimberlite is subdivided into
"kimberlite" and "kimberlite breccia" (Table 2.1). Kimberlite
is the "normal" crystallization product of kimberlite magma and
at no stage has solid-vapour fluidization been involved in its
development. Kimberlite and kimberlite breccia are
distinguished from one another only by the abundance of
relatively large (+4mm) country rock xenoliths and /or fragments
of earlier crystallized kimberlite (autoliths) that are present.
The dividing line has been set at 15 vol% fragments, so the
breccias merely reflect an increased incorporation of rock
fragments by the kimberlite. There is a complete gradation

between the two rock types.

Hypabyssal facies kimberlites are further subdivided into
three textural varieties, namely macrocrystic, segregationary
and aphanitic kimberlite (Table 2.1).

Macrocrystic kimberlite is a kimberlite with an inequigranular

texture imposed by the presence of abundant anhedral, upper



mantle derived crystals which may include olivine, phlogopite,
picroilmenite, chromian spinel, magnesian garnet, clinopyroxene
and orthopyroxene.*

Segregationary kimberlites show textures which reflect the
crystallization of certain minerals (or groups of minerals) in
discrete areas of the rocks, often in well defined "pools". The
most common examples involve the separation of "early-" and
"late-" crystallizing groundmass phases.

Aphanitic kimberlites are devoid of the coarse-grained
ferromagnesian macrocryst mineral assemblage which is usually a
prominent feature of most kimberlites. This variety of

kimberlite is relatively rare.

Kimberlite breccias may also exhibit macrocrystic, aphanitic and

porphyritic textures.

The details of the classification of diatreme and crater
facies kimberlites are not dealt with here, as kimberlites from
these facies are not represented at Monastery. Briefly,
diatreme facies kimberlites are the end product of a complex
vapour~-rich fluidised intrusive system. They are commonly
composed of abundant and diverse xenolithic material set in a
fine grained cementing medium which represents the quenched
products of residual magmatic fluids (Dawson,.197l,1980;

Clement, 1979,1982).

Crater facies kimberlites are only preserved at a few
localities because the present day erosion level (including that
of Monastery) is often considerably below the crater zone of the

original diatreme.

19



2.1.3 Mineralogical Classification of Kimberlites

The mineralogical classification of kimberlites proposed by
Skinner and Clement.(l977, 1979) is adopted in this study. The
classification, which is illustrated in Table 2.2, is based on
the modal proportions of five matrix minerals, namely diopside,
monticellite, phlogopite, calcite and serpentine. The
macrocryst assemblage as well as the matrix olivine phenocrysts
are not considered in the scheme. 1In the first stage of
classification, five basic subdivisions of kimberlite are
recognised depending upon which of the five minerals is
volumetrically most abundant. Further subdivisions can be made
if one or more of these five minerals, or any other mineral, is
present to the extent of, or exceeding, two-thirds of the
volumetric abundance of the dominant mineral. 1In cases where
the total opaque mineral content of the matrix equals or exceeds
two-thirds of the abundance of the dominant mineral, the
kimberlite is qualified as "opaque-mineral-rich" (Skinner and

Clement, 1979).

2.2 QUARRY KIMBERLITE

2.2.1 Macroscopic Description

The quarry kimberlite is by far the dominant kimberlite
type in the diatreme, occupying most of the western area of the
pipe (Fig. 1.2; 2.1). It varies considerably in appearance and
in this study, four distinct varieties (termed Ql to Q4) have
been recognised. The distinguishing features of each of these

kimberlites will first be outlined, followed by a discussion of

11



the features common to quarry kimberlite in general.

The Q1 Quarry kimberlite is the most common variety of
quarry kimberlite. It is dark blue-green in colour, hard,
brittle and resistant to weathering (Plate 2.l1). The rock is a
hypabyssal facies kimberlite which displays a macrocrystic
texture, resulting mostly from the presence of abundant anhedral
olivine macrocrysts ranging in size between 2 and 14mm, set in a
uniform textured, fine grained matrix. The olivine macrocrysts
constitute between 5 and 25 vols$ of the rock (average 14%).
Phlogopite and ilmenite macrocrysts are well represented, each
constituting an average of 4 volg of the rock. Ilmenite
macrocrysts are distinguished from megacrysts by being less than
l1.5cm in longest dimension. Rare occurrences of garnet
macrocrysts have been recorded. Xenoliths of upper mantle
origin as well as megacryst suite minerals are abundant in this

kimberlite and these will be considered in more detail later.

The Q2 Quarry kimberlite is essentially identical to the
Ql kimberlite in virtually all macroscopic features with the
major exception being colour. It is characteristically pale
bluish-grey in colour (Plate 2.2) and on occasions a yellowish
tint is discernible in the groundmass. The Ql and Q2
kimberlites outcrop and grade into one another in a random
fashion within the area depicted in Fig. 2.1, with the Q2
variety being considerably less abundant than the Q1 kimberlite.
Kimberlites with intermediate colour characteristics do occur,
but are not common. The absence of a systematic outcrop pattern
between these two kimberlites indicates that they do not

represent two distinct phases of kimberlite intrusion.

12



The Q3 Quarry kimberlite outcrops in a restricted area in
the south-western lobe of the diatreme (Fig. 2.1). It is a
hypabyssal facies mécrocrystic-segregationary kimberlite which
is pale brown to greenish-brown in colour, and deeply altered
(Plate 2.3). Abundant anhedral pseudomorphs after olivine
macrocrysts ranging in size between 2 and 15mm constitute
between 11 and 26 vol.% of the rock. Olivine macrocrysts are
pseudomorphed by a mixture of serpentine and carbonate. Fresh
phlogopite macrocrysts and megacrysts are particularly abundant
in this kimberlite, constituting on average ~6 vol® of the
rock. The groundmass of the Q3 kimberlite displays a well
developed globular segregational texture (Plates 2.3 & 2.21) and
this is described in more detail in Section 2.2.2. A number of
examples of the Q3 kimberlite transected by dykelets of fine
grained aphanitic kimberlite have been observed (e.g. Plate
2.4) . These dykelets are usually 4 to 6cm wide and have very

sharp contacts with the host kimberlite.

The Q4 Quarry kimberlite occurs in the central northern
area of the pipe (Fig. 2.1). It is essentially an extension of
the Q1 kimberlite, but is distinguished by its high content of
country rock fragments (~10vol%) (Plate 2.4), and the presence
of a well developed globular segregationary texture in the
groundmass, A number of xenoliths of Q3 kimberlite have been
observed in the Q4 kimberlite (e.g. Plate 2.6), implying that

the former predates the latter.

All phases of the quarry kimberlite hosts abundant
megacrysts of olivine, ilmenite, garnet, diopside, enstatite and

phlogopite. Lamellar intergrowths of ilmenite/diopside and
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ilmenite/enstatite are also common. Ultramafic nodules of upper
mantle origin are also well represented in the quarry
kimberlite. The nodule suite is dominated by coarse textured
lherzolites, garnet lherzolites, harzburgites and rare
pyroxenites, a high proportion of which contain phlogopite (see
Chapter 3). Peridotite nodules with deformed textures as well

as eclogite nodules are extremely rare.

Xenoliths of country rock which are on average ~3cm in
size are present in generally low proportions. These include a
variety of sedimentary rock fragments as well as angular pieces
of dolerite. Nodules of basement gneiss which are usually

extensively carbonatised are also frequently encountered.

The estimated diamond grade of the quarry Kimberlite
reported by Jakob (1977) is 5@ cts/10@ tonnes. More recent
estimates are much lower than this, being 15 cts/l10¢ tonnes on
average (A.P. van Jaarsveld, Pers. Comm. 1982). This dropoff in
grade may be a function of recovery problems, since the new
plant gave constant teething problems, especially with respect

to desliming.

2.2,2 Microscopic Description

The two populations of olivine characteristic of
kimberlites are easily recognisable in the quarry kimberlite.
This is evident in the histograms presented in Fig. 2.3 which
reflect a size analysis of olivines in the Ql quarry kimberlite.
Petrographic observations indicate the size analysis to be

representative of all four varieties of quarry kimberlite.
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Olivine phen?crysts are characteristically small, ranging in
size between @.81 and @¢.9mm but most commonly between ¢.1 and
g.3mm, while olivine macrocrysts range between ¢.8 and 13mm in
longest dimension with the dominant size range being between 1

and 4mm (Fig. 2.3).

Olivine macrocrysts are usually rounded, but may be
elongate in shape and commonly display fresh cores,
(particularly in the Q1 kimberlite). Even extremely fresh
macrocrysts have a rim of serpentine of variable thickness and,
fractures within the macrocrysts are commonly lined with
serpentine. In the Q3 kimberlite, olivine macrocrysts have been
extensively carbonated. Examples of polycrystalline olivine
macrocrysts as well as macrocrysts displaying undulose

extinction are rare in all varieties of quarry kimberlite.

Olivine pheﬁocrysts are very seldom preserved in the quarry
kimberlite and fresh remnant cores are only present in the
freshest samples of Q1 kimberlite (Plate 2.7). The nature of
the alteration of olivine phenocrysts, varies considerably, and
has been described in some detail by Clement (1982). Examples
of most of the replacement textures described by Clement
(op. cit.) are present in the quarry kimberlite. Alteration is
dominated by serpentinization but replacemenf by calcite may
also be extensive in some samples. The imprint of weathering in
the form of clay mineral development at the expense of
serpentine is also common (Plate 2.7). The size distribution
analysis (Fig. 2.3) indicates the mode of the phenocryst

population to be ~g.26mm.
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Phlogopite macrocrysts are well represented in the quarry
kimberlite and are usually in the size range 1-5mm. They vary
considerably in their state of preservation, but are generally
considerably altered. Fresh macroérysts are pale brown in
colour and exhibit normal pleochroism. An example of a typical
partially altered phlogopite macrocryst is illustrated in Plate
2.8 (a). A complex alteration zone separates the "fresh" core
from the fine dusting of magnetite grains demarcating the
original outline of the macrocryst. The alteration zone is
typically composed of a mixture of serpentine, fine grained
phlogopite, calcite, chlorite and magnetite (Plate 2.8b). Laths
of groundmass phlogopite have on occasions been observed to
extend into the alteration zone of macrocrysts. Remnant cores
of phlogopite macrocrysts are commonly optically zoned to darker
rims (Plate 2.8a). Stringers of calcite may be developed along
cleavage traces,¢or as isolated segregations in the interface
zones between fresh and altered phlogopite (Plate 2.8a). 1In
some cases entire phlogopite macrocrysts have been replaced by a
mixture of serpentine, groundmass phlogopite, calcite and
magnetite and their original presence is often only indicated by

the dusting of magnetite grains (e.g. Plate 2.9).

Phlogopite is a prominent groundmass phase in the quarry
kimberlite where it occurs as randomly oriented laths with
length to breadth ratios of 10:1 and an average grain size of
l.2mm by 6.1lmm (Plate 2.1¢). Clement (1982) interprets the
interlocking texture displayed by groundmass phlogopite to be
indicative of in situ post-intrusion crystallization. Further
evidence for phlogopite representing a late-crystallizing

- groundmass phase is found in the abundance of spinel,

i
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monticellite and perovskite inclusions (Plate 2.10). 1In some
cases, inclusions are so abundant that the phlogopites display a
sieve texture (Plate 2.l11 a&b). Groundmass phlogopite is
usually fresh (Plates 2,10, 2.11l), but may be considerably
altered by serpentinization and chloritization (Plate 2.12). A
second generation of extremely fine grained (~3¢-1006 um)
groundmass phlogopite is also present in the guarry kimberlite.
This is illustrated in Plate 2.13, where the two generations are

contrasted.

Opaque minerals are abundant in the groundmass of the
quarry kimberlite. Spinels dominate and are mostly equant
euhedral to subhedral crystals ranging in size between @¢.01 and
g.lmm. They often display complex zonations and atoll textures
are common (Plate 2.14). Complex intergrowths between spinels
of different composition, ilmenite and perovskite are also
frequently encountered (Plate 2.15). Groundmass ilmenites are
generally rounded to ovoid in outline and are larger than
groundmass spinels (commonly around ¢.3mm in diameter).

Ilmenite commonly forms cores to zoned spinels (Plate 2.15).

Perovskite is an important accessory groundmass phase in
the quarry kimberlite and on occasions may constitute several
modal percent of the rock. It most commonly‘occurs as discrete
euhedral to subhedral grains which range in size between ¢.¢1
and ¢.1l4mm (Plate 2.16). Anhedral grains also occur,
particularly when perovskite is intergrown with other phases.
Associations in which it commonly occurs include perovskite
cores to spinel grains; reaction mantles around ilmenite

macrocrysts; rims of perovskite enclosing spinel grains; and
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complex intergrowths with ilmenite and a variety of spinels.

Monticellite is generally well represented in the quarry
kimberlite but varies considerably in abundance within the four
subgroups of this kimberlite (see Section 2.2.3). It occurs as
closely packed colourless, low birefringent subhedral to
euhedral grains within the groundmass. Monticellite is usually
extremely fine grained, being on average ~@.¢4mm in diameter
(Plate 2.17). Another common mode of occurrence is as
inclusions in sieve textured groundmass phlogopites (Plate 2.11)
which indicates it to be an earlier crystallizing phase than
groundmass phlogopite. Monticellite may be fresh, but is
commonly altered to serpentine or on occasions calcite. 1Its
original presence is recognisable by ghost outlines of the
altered grains. Serpentine commonly occurs in the interstitial

areas between granular textured monticellite.

‘Calcite i§ a common primary constituent of the quarry
kimberlite where it occurs as rounded or irregular-interstitial
segregations often in often in association with serpentine
and/or apatite (Plates 2.18 a&b; 2.19; 2.20). Calcite
segregations show a considerable range in size, but most are
between ¢.1 and 6.3mm in largest dimension. Staining tests
using Alizarin Red organic dye indicate that virtually all the
carbonate in the quarry kimberlite is calcite, but small
quantities of dolomite are present. As already mentioned,
secondary calcite may be associated with the breakdown of
olivine and monticellite. Localised veins of secondary calcite

may also be present, but are rare.
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Serpentine is an important and abundant phase in the quarry
kimberlite. It occurs in two basic associations, namely as a
product of deuteric alteration of pre-existing phases, and as a
primary groundmass constituent. As already mentioned, the
alteration of olivine phenocrysts is often complex, many having
undergone two or three distinguishable (by colour and texture)
serpentinization episodes. Primary groundmass serpentine may
occur as extremely homogeneous, pale brown, featureless pools or
segregations associated with calcite as illustrated in Plates
2.18 (a&b). However, primary serpentine also occurs in a fine
grained fibrous form in the interstitial areas between

monticellite and other groundmass phases (e.gy. Plate 2.12).

Apatite is an accessory mineral in many kimberlites and it
is generally well represented in the quarry kimberlite. It
usually occurs as discrete colourless subhedral to euhedral,
prismatic crystals, but other modes of occurrence are also
noted. These include:

(a) radiating clusters of acicular crystals (Plate 2.19) which
Dawson et al. (1975) ascribe to quench crystallization.
(b) subhedral to euhedral inclusions within calcite segregations

(Plate 2.20).

The grain size of apatite varies considerably with discrete
crystals usually measuring between ¢.84 and ¢.12mm, while
apatite clusters and inclusions within calcite segregations are

generally larger, commonly between #.1¢ and 9.49 mm.
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2.2.3 Modal Analyses

Twenty-six quantitative modal analyses of the quarry
kimberlite have been performed and iepresentative analyses from
each of the four varieties are presented in Table 2.3. The
remaining data is tabulated in Appendix 2.l1. Column A in Table
2.3 represents the modal proportions of each phase in volume
percent of the rock, while column B represents the groundmass
phases recalculated to 100% on an olivine free basis for
mineralogical classification purposes. Modal analyses are based
on 500 point-counts per sample (usually 1 thin section).
Repetitive analyses on the same thin section have indicated that

500 counts are sufficient to produce a representative analysis.

The modal data in Table 2.3 indicates the quarry kimberlite
to be mineralogically variable. The Q1 and Q4 kimberlites are
extremely similar, both being 'opaque-mineral-rich
serpehtine-phlogopite kimberlites (mineralogical classification
of Skinner and Clement, 1979). However, the previously
mentioned abundance of country rock fragments as well as the
globular segregationary texture in the groundmass of the Q4

kimberlite serve to distinguish the two.

The Q2 kimberlite ié a phlogopite-monticellite kimberlite,
The essential difference between the Q1 and Q2 kimberlites is
the greater abundance of monticellite (with a concomitant
decrease in calcite and opaque-minerals) in the Q2 variety. A
gradation between the Ql and Q2 kimberlites exists, with
intermediate varieties showing intermediate abundances in the

above mentioned groundmass phases (see Appendix 1).
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The Q3 kimberlite is a monticellite-phlogopite kimberlite
which has considerably lower abundances of groundmass opaque
phases relative to the other varieties of quarry kimberlite

(Table 2.3).

Petrographic considerations indicate that the four
varieties of quarry kimberlite have been derived from a single
phase of kimberlite intrusion. The specific features which
distinguish these kimberlites (i.e. wvariations in modal
abundances of groundmass phases, differences in country rock
xenolith content and variations in groundmass texture) are
thought to reflect localised differences in physical and/or
chemical conditions during kimberlite eruption and

crystallization.

2.3 EAST-END KIMBERLITE

2.3.1 Macroscopic Description

The east-end kimberlite occupies the eastern portion of the
pipe (Fig. 2.1) and because of the very limited mining
activities in this area{of the pipe (Fig. 2.2), it is generally
poorly exposed. 1t is a hypabyssal facies macrocrystic
kimberlite thch is pale yellowish brown to pale bluish grey in
colour and is deeply weathered (Plate 2.22). The macrocrystic
texture is derived from abundant macrocrysts and megacrysts of
olivine (pseudomorphs) and ilmenite being set in a fine gyrained
groundmass which is usually uniform in texture, but which may
display globular segregations. Phlogopite macrocrysts are

exceedingly rare in this kimberlite.
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Megacryst-suite minerals are not as abundant as in the
quarry kimberlite and olivine megacrysts dominate. The olivines
are almost always stained to a pale reddish brown colour in
response to the oxidation of iron, possibly indicating that they
most commonly belong to the high-iron group of olivine
megacrysts (Gurney et al. 197%3. Sporadic ilmenite, garnet and
lamellar orthopyroxene (Group II of Gurney et al. 197%5
megacrysts occur, but are usually relatively small (commonly
less than 2cm in diameter). Phlogopite megacrysts as well as
lamellar pyroxene/ilmenite intergrowths are rare. Whitelock
(1973) reports the occurrence of gem quality zircons in this

kimberlite.

Ultramafic xenoliths are rare in comparison to the quarry
kimberlite, and where present, are usually extensively altered.
The east-end kimberlite hosts large segregations of carbonate
(up ﬁo 20cm) and it is unclear whether these represent
extensively carbonated xenoliths, or primary segregations of

carbonate. The former appears more likely.

The diamond grade reported by Whitelock (1973) is 4
carats/100 tonnes, but the diamonds are of superior quality to
those in the quarry kimberlite (Pers. Comm., A.P. van Jaarsveld,

1982).

2.3.2 Microscopic Description

Both populations of olivine have been extensively altered,
mainly to serpentine, but calcite may also be developed.

Olivine macrocrysts range in size between 1 and 1¢mm but are

22



most commonly ~2mm in diameter. Phlogopite macrocrysts are
extremely rare, and where present are extensively altered.
Macrocrysts of ilmenite are relatively abundant, and range in
size between ¢.8 and 7mm. They characteristically display

reaction rims consisting of perovskite and spinel.

Pseudomorphs after olivine phenocrysts are plentiful. They
show complex alteration textures with the development of several
generations of serpentine together with calcite. No remnants of
fresh olivine phenocrysts are present, and only very seldom are
small cores to olivine macrocrysts preserved. Small rounded
grains of ilmenite are rarely observed as inclusions in
pseudomorphs after olivine phenocrysts. Random measurements of
olivine phenocrysts and macrocrysts indicate similar size

characteristics to the quarry kimberlite (Fig. 2.3).

Groundmass phlogopite is an important matrix constituent of
the east-end kimberlite where it occurs as randomly oriented
laths, usually ~1lmm by @.lmm in size. It is commonly
partially replaced by a mixture of serpentine and chlorite.
Groundmass phlogopites often host inclusions of spinel,

perovskite and monticellite.

Groundmass opaque oxides are extremely abundant and as in
the case of the quarry kimberlite, complex zonations and
intergrowths between spinels, ilmenite and perovskite are
present. Spinéls range in size between ¢.61 and #.lmm and
usually display euhedral to subhedral morphology while
groundmass ilmenites are usually larger (commonly ~@.3mm) and

show rounded morphologies.

23



Perovskite is present in accessory proportions as discrete
equant grains throughout the groundmass as well as in the

reaction mantles around ilmenite megacrysts and macrocrysts.

Monticellite is volumetrically an extremely important
groundmass constituent of the east-end kimberlite., It is
largely altered, but easily recognisable due to its ghost
remnant texture (Plate 2,23). Monticellite is most commonly
replaced by serpentine cr a fine grained intergrowth of
serpentine and calcite, but in some samples calcite is the only
replacement phase. Monticellite occurs either as clusters of
fine grained (~@¢.@4mm) subhedral to anhedral crystals, or as

inclusions in sieve textured groundmass phlogopite.

Serpentine is a major constituent of the east-end
kimberlite. Because of the altered nature of this kimberlite,
it is often difficult to distinguish between groundmass
serpentine and serpentine in pseudomorphs after olivine
phenocrysts. Groundmass serpentine occurs as fine grained,
discontinuous infillings of interstitial areas and is often

associated with monticellite (Plate 2.23).

Primary calcite is not abundant in the east-end kimberlite
but where present forms small interstitial segregations often in
assoclation with serpentine. Secondary calcite occurs as a
replacement product of olivine phenocrysts and macrocrysts. A
number of samples have been found to be dominated by secondary
calcite in the form of discontinuous veinlets locally forming

larger segregations in the groundmass.
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Apatite is a very rare accessory component of the east-end
kimberlite and where present occurs as scattered small (¢.@6mm)

stubby prismatic grains.

The globular segregations developed in the east-end
kimberlite are similar to the autoliths described by Ferguson et
al. (1973). They are relatively common and when liberated from
the kimberlite are observed to be near spherical in shape (Plate
2.24). The segregations range from a few millimetres in
diameter up to 10 centimetres. They usually contain a nucleus
(often a macrocryst or megacryst) which is surrounded by
concentric layers of groundmass phases (Plate 2.24).

Microscopic observations indicate the globular segregations to
be composed of a dense aggregate of altered monticellite,

serpentine and opaque oxides.

Modal analyses of the east-end kimberlite (Table 2.4)
indicate it to be an "opaque-mineral-rich"
serpentine-monticellite kimberlite. An example of east-end
kimberlite which has been invaded by calcite (ROM-92) is
included in Table 2.4. This sample is classified as a

serpentine-calcite kimberlite.

2.4 BRECCIA KIMBERLITE

The breccia kimberlite is an approximately oval shaped body
situated in the central region of the diatreme (Fig. 2.1).
Access to this kimberlite was severely restricted because

stockpiles of quarry kimberlite obscured the limited surface
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(Fielding, 1981). Only one outcrop of the dyke kimberlite was
located by the author (due to extensive vegetation overgrowth
and mine rubble), this being exposed in the northwestern wall of

the mine.

In hand specimen the dyke is dark bluish grey in colour,
hard, brittle and relatively unaltered (Plate 2.26). It is a
macrocrystic kimberlite which is easily distinguishable from the
quarry kimberlite. Macrocrysts of olivine, phlogopite and rare
ilmenite are set in a fine grained uniform textured groundmass.
Small country rock xenoliths (mainly fine grained sediments) are
present in trace amounts (<1 vol%). This kimberlite has not
been observed to host megacryst suite minerals or mantle derived

xenoliths.

2.5.2 Microscopic Description

In thin section both populations of olivine are observed to
be extensively altered to a mixture of serpentine and calcite.
The olivine macrocrysts are clearly smaller in this kimberlite
than in the other varieties of kimberlite, ranging in size
between 1 and 7mm. Phlogopite macrocrysts are
characteristically abundant and their length to breadth ratios
are usually in the region of 10:1, ranging in size between 1 to
7mm in length and @¢.1 to lmm in width (Plate 2.27a). They are
fresh, and commonly zoned, with rims being darker than cores
(Plate 2.27b). Stringers of calcite may be developed along the
cleavage traces of phlogopite macrocrysts. Ilmenite macrocrysts
are present but are rare. They range in size between 1 and 6mm

in longest dimension (average 1l.5mm).
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Olivine phenocrysts occur in a large range of sizes between
g.05 and ¢.85mm and generally display a high degree of
idiomorphism. They have been replaced by at least two
generations of serpentine, and may also have magnetite and

calcite as associated replacement products (e.g. Plate 2.28).

Opaque oxides are abundant in the groundmass and consist of
subhedral to euhedral spinels, commonly between ¢.¢l and @.lmm
in size. Complex zonations between various spinels and
groundmass ilmenite are again common, with atoll textures being
particularly abundant. No perovskite is present in this
kimberlite, which is in marked contrast to the other kimberlite
varieties at Monastery. Groundmass ilmenites are again
subordinate to spinel, but are well represented. They are
usually larger than the groundmass spinels (average -~¢,.3mm)

and commonly show rounded morphologies,

The bulk of the groundmass is composed of altered
monticellite, serpentine, calcite and apatite in intimate
association (Plate 2.29). Monticellite has been extensively
replaced by calcite and is often difficult to recognise.

Calcite may occur as irregular segregations in the interstitial
areas of the groundmass along with serpentine, but is also
present in the form of crude laths hosting inclusions of apatite
and groundmass spinel. Dolomite is also well represented in
this kimberlite, particularly as a replacement product of

olivine macrocrysts.

Apatite is present in unusually high abundances in the dyke
kimberlite. It most commonly occurs as inclusions within large

calcite grains, but is also present as discrete subhedral to
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euhedral grains ranging in size between ¢.02 and @.1¢mm. The

radiating acicular clusters of apatite crystals which where

found to be relatively common in the quarry kimberlite are

absent in the dyke kimberlite.

Modal analyses presented in Table 2.4 indicate the dyke

kimberlite to be an "opagque-mineral~rich" calcite kimberlite.

The features distinguishing this kimberlite from the other

kimberlite phases at Monastery include:

(a)

(b)

(c)

the high abundance and well preserved nature of phlogopite
macrocrysts

the extremely low abundance of phlogopite in the groundmass
the absence of perovskite both as a discrete groundmass
phase as well as in the reaction mantle around ilmenite
macrocrysts (d) the high abundance of apatite, serpentine

and calcite, indicating it to be a volatile-rich kimberlite.
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(Plate 3.1). Within these samples, rare small (generally <lmm)
tabular strain-free olivine grains are found (Plate 3.2). These
represent recrystallized neoblasts which have undergone grain

growth subsequent to deformation.

Garnet typically occurs as large (usually between 3 and
6mm) rounded to irregular fractured crystals which are pale red
to violet in colour. They are generally extremely fresh, with

only thin kelyphitic margins developed.

Clinopyroxene most commonly occurs as discrete, irregular
shaped grains | to 3mm in size. They are usually fresh, bright
green in colour and show little evidence of internal strain. 1In
some examples alteration has resulted in the development of
cloudy grain margins. Similar features described by Carswell
(1975) have been attributed to the combined effects of
decompression and metasomatism during transport of the xenolith

in the kimberlite.

Cox et al. (1987) have noted that garnet and pyroxenes in
garnet lherzolites frequently display a close spatial
association. This they interpret to indicate that garnet
lherzolites may develop from harzburgites by exsolution of
clinopyroxene and garnet from high-temperature aluminous and
calcium-rich orthopyroxenes. Tnhe above mentioned association is
observed in the llonastery peridotites (e.y. Plate 3.3) and it is
particularly evident in the re-equilibrated rocks shortly to be
discussed. Another textural association between garnet and
clinopyroxene observed in a coarse gyarnet lherzolite (ROM=-377
LH-108) is illustrated in Plates 3.4 a&b. Here the two phases

appear to reflect a reaction relationship with clinopyrozene
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replacing guarnet.

The common occurrence of phlogopite in the Monastery
peridotites has already been highlighted. Both the primary and
secondary textural forms recognised by Carswell (1975) are
represented. Primary phlogopite occurs as lath shaped grains
which are in textural equilibrium (Plate 3.5). They are most
commonly <3mm in size, but gyrains up to 7mm have been noted.
Primary phlogopites are characteristically optically uniform
although a few exumples have been noted to display thin dark
brown rims. A spatial association pbetween phlogopite and
clinopyroxene 1s coummonly observed., An example of the nature of

the seconaary phlogopite is rilustrated in Plate 3.3.

Amphigocle occurs :n three of the peridoutites investigated
(twd ye: vt harzhurglites and one phloyopite harzburgite, Table
3.1). It is pale yreen in colour with a subtle pleochroism to
pale-brownish green. 1In most cases the amphibole displays an
interstitial poikilitic texture, in character with its inferre-d
metoocomatle Codgi,  tie o amonino L2 has been observed to be
associated with the breakdown of olivine, orthopyroxene and
garnet. Tnis 1s 1llustrated 1n Plate 3.6 (a) where amphibole is
observed poikilitically enclosirn, remnants of un originally
larger qgarnet crystal, Plate 3.6 (b) illustrates amphioole
replacing elivine and orthopyroxene., In hoth cases no
phlogopite is present. In the garnet-free harzburgite
illustrated in Plaste 3.6 (c), all traces of garnet have been
reacted out, but remnant textures iwxply its original presence.
In this rock, phlogopite and amphibole are intimately

associlated,
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A large number of the peridotite suite xenoliths contain
red-brown chromite as an accessory phase. These are considered
to be primary unlike the small Al-rich spinels associated with
the kelyphitic rims around garnet. Chromites are usually small
(~.2 - @.5mm) but can be up to l.é6mm in size. They occur as
discrete grains or as inclusions in the four main silicate
phases described above. The discrete chrowmite grains most
commonly display anhedral 'interstitial' grain shapes, but more
regular morphologies are observed in those occurring as

inclusions.

Nine peridotites display textures which are intermediate
between porphyroclastic and granuloblastic. They show a wide
range in grain size (¢.5 to émm) which is distinctly bimodal.
Large irregular shaped olivine and orthopyroxene grains {4 to
bmm) ftorm a porphyroclasts within an assemblage of smaller (0.5
to 2.5mm) polygonal textured grains (Plate 3.7). These rocks
have undergone deformation at some point in their history. This
is recorded by the presence of dndulose extinction and minor
kink banding in some olivine and orthopyroxene porprhyroclasts as
well as by the presence of elongate or disrcupted spinel grains
in some harzburgites (Plate 3.8). However, sigaificant grain
growth has occurred subsequent to recrystallization so that
virtually no fine grained neoblasts remain. A history of
subsolidus re-equilibration is evident in the extencive

exsolution textures developed in these rocks.

Three varieties of exsolution are acssociuted with the

orthopyroxene porphyroclasts:

- tiny brown tablets of Mg-Cr-spinel (see Plate 3.5)






granuloblastic. Garnet is present as small (¢.25 - 1l.5mm)
rounded grains distributed throughout the rock but always in
close proximity to orthopyroxene and as such may be the products
of exsolution. The polygranular aggregate of garnet grains
illustrated in Plate 3.12 provides an excellent example of a
large garnet grain formed by the coalescence of multiple smaller

garnets derived from surrounding orthopyroxene grains.

Only one example of a mosailc porphyroclastic textured
peridotite was observed (ROM=-377 DP-¢l). It is a garnet
lherzolite in which the bulk of the olivines have recrystallized
to a mosaic of small strain-free neoblasts (<@.3xm) with olivine
porphyroclasts being extremely rare. Orthopyroxene occurs as
irregqular strained porphyroclasts (~1-3mm) showing elongation
along the direction of stress. They commonly exhibit
recrystallization to a mosaic of neoblasts along grain margins
(Plate 3.13 a). Clinopyrozene is well represented and occurs as
irregular to rounded strained crystals which show no evidence of
recrystallization. They do iowever commonly display a narrow
cloudy zone around grain rargins and along fractures, while the
core regions are clear and fresh (Plate 3..¢ b). This
phenorienon has been attributed to decompresc:ion effects
(Ehrenberg, 1982). Garnets are comwonly 1 to l1.5mm in size,
rounded in outline with well developed kelyphitic rims (Plates

3.13 as&b).

3.3.3 Wehrlites and Clivine Clinopyroxenites

Eight wehrlites and three olivine clincopyroxenites

constitute this group of rocks. The majority are extremely
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fresh, but some do show variable degrees of alteration.
Textures are dominantly coarse equant (Plate 3.14), but three
samples have similar textures to the intermediate peridotites
previously described (i.e. intermediate between the
porphyroclastic and granuloblastic textures of Harte, 1977).
Phlogopite is a common constituent and occurs both as large
unzoned texturally equilibrated laths (~1.5mm;) in intimate
association with clinopyroxene (Plate 3.15), as well as in the
form of fine grained laths (~¢.2mm) within clinopyroxene grains
(plate 3.14). Irregqular grains of chromite are also common
inclusions in clinopyroxene (Plate 3.14). The high incidence of
phlogopite in these rocks may indicate that they have been
modally metasomatised and further evidence of this is indicated
by the presence of K-richterite in one of the wenrlites

(ROM-3¢1) (illustrated in Plate 3.16 a&iL).

3.3.4 0livine Websterites

The two olivine websterites are modally dominated by
orthopyroxene (Fig. 3.3). Textures are illustrated in Plates
3.17 and 3.18. Both websterites have coarse urained
orthopyroxene (l-3cm) which show extensive exsolution of
clinopyroxene and garnet in the form of continuous stringers
both within the orthopyroxene as well as alongy érain boundaries
(necklace textures)., Exsolved garnet always dominates over
clinopyroxene. Minor signs of strain are evident Ly undulose
extincticn in the larye orthopyroxenes. In both samples olivine
occurs as polygonal textured ¢rains and irregular ¢grains of

accessory chromite are dicseminated throughout.



3.3.5 Pyroxenites

Four pyroxenites have been selected for study and these
include samples composed of approximately equal proportions of
clinopyroxene and orthopyroxene (JJG-1965, JJG-1975 and ROM-318
PY-0l) as well as one extremely coarse textured orthopyroxenite
(ROM-108). The two-pyroxene rocks display a large range in
grain size (@.2~1¢mm) with large irregular grains of both ortho-
and clinopyroxene forming the dominant interlocking texture.
Superimposed on this are extensive exsolution features as well
as the localised development of polygonal grains (see Plates
3.19 a-c). Primary textured phlogopite is well represented in
the two-pyroxene pyroxenites (Plate 3.19 c) and small laths of
phlogopite are also hosted as inclusions in clinopyroxene.
Anhedral grains of chromite also form common inclusions in

clinopyroxene (Plate 3.19 c).

The ultra-coarse orthopyroxenite 1is illustrated in Plate
3.20. Orthopyroxene grains are irregular and range in size
between 1 and 3cm. No sign of deformation is evident. Elongate
exsolution lamellae of garnet and clinopyroxene are developed
along the well defined cleavage traces of the orthopyroxene.
Clinopyroxene lamellae are extremely fine compared to garnet
lamellae which frequently form localised coagulations, either
within orthopyroxene grains, or along grain boundaries, 1In the
interstitial regions between the coarse orthopyroxenes, small
irregular grains (@#.5-1.5mm) of clinopyroxene, garnet and rare
phlogopite occur. The clinopyroxene and garnet grains are

thought to be the products of exsolution.
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3.4 MINERAL CHEMISTRY

3.4.1 Introduction

The major element compositions of constituent minerals in
46 peridotite and pyroxenite xenoliths have been determined by
electron microprobe analysis (see Appendix 1 for analytical
details). 1In addition, a further 95 clinopyroxene and 114
garnet chips taken from a random sample of ultramafic nodules
from the coarse tailings dumps have been analysed in a pilot

study aimed specifically at:

(a) assessing the range in equilibration temperature indicated
by Monastery xenoliths (from the Ca/Ca+Mg ratio of the
clinopyroxenes),

(b) attempting to locate depleted garnet nharzburgites hosting
'Gl@g' garnets.

(pilot study data is presented Appendix 3.3).

For comparative purposes, the minerai c..wpositions of a
suite of xenoliths from the nearby Lesothc kimberlite province
are featured on some plots. Locaiities represented are Matsoku
(Cox et al., 1973; Gurney et al., 1975); Thaba Putsoa and Mothae
(Nixon and Boyd, l97{3 and Pipe 20¢ (Carswell et al., 1979).

The Matsoku suite consists of coarse and porphyroclastic
textured garnet lherzolites and pyroxenites (some of which are
banded). Both coarse and deformed g¢garnet lherzolite are

represented in the rocks from Thaba Putsoa and Mothae, while all

of the Pipe 200 xenoliths are coarse textured peridotites.

Analyses are listed in Appendix 3.3 and compositions
graphically illustrated in Figures 3.4 to 3.21. Summary data

for the major mineral species are provided in Table 3.2. 1In
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Titanium concentrations in orthopyroxenes are extremely low
(<0.07 wt¥ TiO,) except for those from the deformed
garnet-lherzolite (.33 wt%) and an orthopyroxene-bearing

wehrlite (6.19 wt%).

Histograms illustrating the A1203 contents of
orthopyroxene are presented in Fig. 3.6. Lherzolites, garnet
lherzolites and garnet harzburgites have enstatites with
restricted A1203 (between .65 and .91 wt%). Similar trends
are observed for orthopyroxenes from the Matsoku rocks as well
as from coarse peridotites from Thaba Putsoca and Mothae.
Orthopyroxene in the deformed garnet lherzolite is slightly
enriched in A1203 (1.62 wt%) which is in character with its
higher temperature as shown to a yreater extent by the deformed
rocks from Thaba Putsoa. Enstatites from harzburgites show a
bimodal distribution of A1203 concentrations, a feature also
observed in the Pipe 200 data. The four harzburgites with
elevated A1203 contents (2.33 to 2.59 wt%) also contain
aluminous Cr-spinels rather than the more common Al-poor
chromites. Wehrlites, websterites and pyroxenites have
orthopyroxenes with A1203 contents ranging between .20 and

.93 wt%.

In the majority of xenoliths, orthopyroxene chrome
concentrations fall within the range @g.1 to .5 wt$% Cr,03.
However, the orthopyrcxene in the four aluminous harzburgites

show slight enrichments in Crp,03 (.51 to .67 wt%).

Figure 3.7 illustrates the CaO contents of the
orthopyroxenes, Coarse lherzolites, garnet lherzolites and

harzburgites have orthopyroxene CaO concentrations which range
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and 806°C are shown to have BM85 temperatures in the
restricted range 700-8006°C. A good correlation between the

two methods exists for temperatures exceeding 80g°cC.

A similar feature is observed when LD76 temberatures are
compared with OW79 temperatures (Fig. 3.24 b), but in this case
there are also considerable discrepancies for temperatures
exceeding 950°C where OW79 significantly underestimates.
Comparing the results of the BM85 and OW79 methods (Fig. 3.24 c),
agreement is generally reasonable below 956°C with OW79
temperatufes being marginally higher in the low temperature
range. Again the OW79 thermometer is observed to underestimate

for temperatures exceeding 95¢°c.

The BM85 values appear to be the most reliable, since they
agree with the OW79 results in the low temperature range (where
the LD76 method yields spurious results) as well as correlating
extremeiy well with the LD76 results for temperatures exceeding
800°C (where the LD76 method has been shown to be reliable,
Finnerty and Boyd, 1984). The OW79 method has previously been
noted to underestimate temperatures in the range above 1088°C

(Finnerty and Boyd, 1984).
. f

t

A significant point to be noted is that all methods result
in a bimodal temperature distribution for the coarse xenolith

suite at Monastery.

Pressure estimates are compared on histograms in Fig. 3.25,
where it is shown that values obtained for the M74 technique
have a wider range than those for the NG85 method which are also

systematically lower. It is difficult to assess these
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observations, since pressure estimates are significantly
affected by the temperature values adopted in the calculation.
The observed trends therefore largely represent a reflection of

the temperature discrepancies previously discussed,

When T, P estimates are compared with the textural features
observed in the xenoliths (Fig. 3.26 a&b), it is evident that
the bimodal temperature distribution for the coarse rocks
correlates with texture. The low T,P group of rocks correspond
with those petrographically classified intermediate and
granuloblas£ic textures. One coarse textured garnet lherzolite
(ROM-69) plots with this group, but does not show petrographic
evidence of re-equilibration. As previously pointed out, the
single garnet lherzolite with a mosaic porphyroclastic texture,
displays significantly higher calculated temperatures and
pressures of equilibr?tion compared to the coarse suite of

xenoliths.

There appears to be a correlation between equilibration
pressure and the presence of chromite in the garnet lherzolite
assemblage. This is illustrated in a series of histograms in
Fig. 3.27 which show that rocks hosting both garnet and chromite
(C & D in Fig. 3.27) generally have lower equilibration
pressures than chromite-free garnet lherzolites (& & B in
Fig. 3.27). This correlation is observed for both techniques of
pressure calculation, but is more pronounced in the M74 data.
This feature could be due to a number of effects which will be

addressed in the ensuing discussion.
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available ( Shaffer, 1969). However, specific peaks from the 2H
and 6H polymorphs correspond with a large number of the
inclusion reflections. It is possible that the moissanite
inclusion represents a mixture of more than one SiC polymorph,
or more likely, that it represents a polymorph for which XRD

data was not available to this author.

Two of the moissanite inclusions were liberated from
diamonds hosting eclogitic garnets, whilst the third occurred as
a discrete monomineralic inclusion. The implications of these

mineral associations will be discussed in a subsequent section.

5.5 PERIDOTITIC PARAGENESIS
5.5.1 Inclusion Compositions
Olivine

Six olivine inclusions have been recovered and analysed
(Table 5.8, Appendix 5.2C) and a histogram of their forsterite
contents is presented in Fig. 5.4. Also featured in this figure
for comparative purposes are the compositions of olivine
inclusions from worldwide localities (Meyer, 1987) as well as
the forsterite contents of olivine in lherzolite and harzburgite
xenoliths from Monastery (this study). An interesting feature
is that only one olivine has a composition in the range
typically observed for olivines included in diamond (Fog3_g5);
the rest have compositions in the range FOogg_g9p- The olivines
in the xenoliths are also generally more magnesian (Fog1_9¢)

than the inclusions. This is unusual in that peridotitic






5.5.2 Discussion

Two interesting features emerge from the compositions of
the olivine inclusions. Firstly, their generally lower than
average forsterite cdhtent is similar to compositions at other
localities where eclogitic diamonds overwhelmingiy dominate over
peridotitic diamonds e.g. Orapa (Gurney et al., 1984a) and Sloan
(Otter and Gurney, 1986). Secondly, the very limited olivine
compositional data defines a bimodal distribution of forsterite
contents (Fig. 5.4). There is a high probability that this
simply reflects the lack of sufficient data, but it is also
poséible ihat it indicates that the bimodal olivine distribution
describéd for diamonds from the Premier Mine (Gurney et al.,

1985) is also present at Monastery.

Despite the fact that the single peridotitic garnet
recovered displays only moderate concentrations of Cr,03
(5.34 wt%) together with rather high levels of Ca0O (3.66 wt%),
it can still be classified as a "G1l8" garnet (classification of
Dawson and Stef'ens (1975) as applied by Gurney (1984)). 1In a
number of respects the garnet inclusion displays compositional
similarities to garnets from deformed peridotite nodules,
particularly with respect to TiOp, FeO and CaO concentrations.
However, its higher Cr,03 and MgO contents effectively rule

out any direct link between the two associations.

The single coexisting garnet-olivine pair available to
estimate the equilibration temperature of the peridotitic
paragenesis diamonds, yields a calculated (0'Neill and Wood,
1979, 50Kb) equilibration temperature of 1173°Cc. Aan

independent temperature estimate of 1¢8#2°C was made from the
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5.6 ECLOGITIC PARAGENESIS

5.6.1 Inclusion Compositions

Garnet

Fifty six eclogitic garnets representing fifty individual
diamonds have been analysed and representative analyses are
presented in Table 5.9. A full listing of garnet analyses is
presented in Appendix 5.2D. Their wide range in compositions
are illustrated on a Ca:Mg:Fe ternary plot in Fig. 5.5, where
they define a calcium enrichment trend with moderate iron
enrichmenf. Included in Fig 5.5 for comparison are
compositional fields for garnet and clinopyroxene inclusions

from worldwide localities (Meyer, 1987).

Two populations of eclogitic garnets are present in the
diamonds and their compositional statistics are tabulated in
Table 5.18. The two groups are most easily distinguished on a
plot of Si versus Na (Fig. 5.6). One group of 8 (termed Group
A) have compositions similar to those described from diamonds
worldwide (Meyer and Tsai, 1976; Harris and Gurney, 1979; Gurney
et al., 1984 a,b; Prinz et al., 1975; Tsai et al., 1979; Sobolev
et al., 1972). They have Na,0 concentrations which range from
0.10 to 6.25 wt%, variable quantities of FeO, MgO and CaoO
typical of eclogitic garnets included in diamond, and S$i0, and
Al,03 present in normal stoichiometric proportions, namely
from 39.0 to 42.0wt% and 20.2 to 23.1 wt% respectively (Table
5.16). A series of histograms illustrating the compositional
variations displayed by the eclogitic garnets are presented in

Fig. 5.7.
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Two of the Group A inclusions display slightly abberant
compositions. Inclusion Al-18 has high TiO, concentrations
(2.36 wt%) when compared with the average TiO, concentration
of #.60 wty for the rémaining Group A garnets. Eclogitic
garnets included in diamonds worldwide typically have TiO,
concentrations in the range @¢.1 to 1.2 wt%. Inclusion Al-03
displays an extreme depletion in CaO (1.52 wt$%) together with
high MnO (1.17 wt%). However, this inclusion showed signs of
alteration around its margins which may account for these

compositional irregularities.

The second group (termed Group B) consists of 46 garnets
that form a related suite of unusual compositions which have
recently been reported by Moore and Gurney (1985). Particularly
extreme concentrations of SiO, and Al,03 range to as high
as 47.43 wt% and as low as 11.29 wt% respectively (Fig. 5.7,
Table 5.10). It slHould be noted that the low A1203 values
are notisupported by high Cr,03 concentrations as is the
case for peridotitic garnets since their average Cr,0;
concentration is @.11 wt%. Sodium can be present in extremely
high concentrations, ranging from @.14 to 1.08 wt$ Na,0. The
Group B garnets contain variable amounts of FeO and MgO typical
of eclogitic garnets included in diamond and the observed range
of TiO, concentrations (0.13 to 2.69 wt%) is also typical for
garnets of this paragenesis. They are however dominantly
enriched in Ca relative to worldwide compositions (Meyer, 1987)
and this is illustrated in Fig. 5.5 where they dominantly plot
in the region between the clinopyroxene and garnet compositional

fields.
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A feature of the Group B garnets is that they display an
excess of cations (+0.013 to +0.042) above the ideal value of
8.008, based on a formula unit of 12 oxygens. Careful checks
performed under identical analytical conditions on eclogitic
garnet inclusions from both Premier and Sloan diamonds, as well
as on garnets in eclogite nodules from Monastery, yielded
significantly lower cation sums (typically 8.000 to 8.025),
indicating that the high cation sums are not a result of
analytical error. The most likely explanation for this is a
significant portion of trivalent iron. Ferric iron calculations
have been have been based on the assumption of perfect
stoichiometry (Finger, 1972) in preference to a site allocation
method since these garnets have perfect garnet structures (see
subsequent section). Both methods were carefully investigated
and details thereof are provided in Appendix 5.4 together with a
worked example illustrating each method. Also provided in this
Appendix are tabulations of FeO and Fe,05 values for all

garnet inclusions calculated according to both methods.

Results indicate that the majority of garnets possess
between 15 and 30% of their iron in the ferric state (Fig. 5.8).
This is abnormally high for upper mantle derived garnets,
particularly in the light of wet chemical determinations of
garnets in Roberts Victor eclogites which reveal low
concentrations of Fe,03 (<5 % of Fe present) (Hatton, 1978).

I1f these ferric iron calculations are correct, then the Group B

garnets formed in a relatively oxidising environment.
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Clinopyroxene

Thirteen eclogitic clinopyroxenes from eleven diamonds have
been analysed. Representative analyses are presented in Table
5.9 and compositional statistics in Table 5.11. A full listing
of analyses is provided in Appendix 5.2E. They exhibit a wide
range in compositions, which is manifested in the major
variations in calculated end-member compositions (for method see
Appendix 4.2). End-member compositions are listed in Table 5.12
where it is noted that diopside contents range between 5 and 78
mol%, jadeite between 5 and 25 mol$ and enstatite between 9 and
680 mol%. Clinopyroxene compositions expressed as ternary
percentages of Ca, Mg and Fe are plotted in Fig. 5.5, where it
is noted that half plot within the field of compositions
displayed by eclogitic clinopyroxenes from other localities
(Meyer, 1987) while the other half range to more magnesian and
less calcic compositions. A series of histograms presented in

Fig. 5.9 illustrates the range in individual major element

concentrations.

Two clinopyroxenes liberated from the same diamond (A5-12)
(Appendix 5.2E) have high Al,03 concentrations (11.83 and
12.33 wt%) in combination low 8102 (47.15 and 48.60 wt%) and
Na;0 (6.78 and 2.49 wt®). This indicates low jadeite contents
with a complementary high component of the Ca-Tochermak's
molecule (CaAlsiAlO¢). This may imply that a component of

garnet is present in solid solution in these clinopyroxenes.



Coesite/Quartz

Two inclusions of pure 8102 have been recovered (see
Appendix 5.2F) but it.could not be determined whether they
represent coesite or quartz, because once liberated from the
diamond, they were too small for X-ray diffraction analysis (<80
/Pm). However, their primary setting within their host diamonds

argues in favour of them being coesite rather than quartz.

Corundum

A single primary corundum inclusion has only TiO, (3.085
wt$) (Appendix 5.2F) as a minor component which contrasts with
the corundum with 1.3 wt$% Cr,05 reported by Meyer and
Gubelin (1981). It is pale translucent green with moderate

birefringence.
Websterite Association

Two orthopyroxene inclusions were found to coexist with
phases of eclogitic affinity and as such are similar to those
reported from Orapa by Gurney et al. (l98€3. One forms part of
a three phase polymineralic inclusion together with garnet
(Bll-01-01) and clinopyroxene, while the other (A5-17) was
intergrown with clinopyroxene (Appendix 5.2G). Both
orthopyroxenes are enriched in A1203 (4.10; 11.77 wtg), Ccao
(1.47; 1.14 wt%) and Naj0 (@.26; 0.42 wt%) and have low
Mg/Mg+Fe (0.83 and 0.85) ratios. The intergrown orthopyroxene
A5-17 is more aluminous than the other one. The coexisting
clinopyroxenes are also aluminous (4.83 and 12.46 wt$% Al,03
and are depleted in calcium (Appendix 5.2G, Fig. 5.5). The two

garnets from diamond Bll-¢1l are compositionally distinct from
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the Group A eclogitic garnet inclusions. Their magnesium-rich
compositions (accompanied by severe calcium depletion in one)
are illustrated in Fid. 5.5, while their low levels of Na,0

and slightly elevated Cr,0,4 concentrations are illustrated

in Fig. 5.7. The two garnets display substantial differences in
composition, with extreme depletion of Ca in the garnet of the
polyphase inclusion (Bl1l-01-@1l) being particularly noteworthy.
This garnet is also somewhat unusual in that it is pale green in
colour. The most likely explanation for the differences in
composition between the two garnet inclusions 1is that one has
undergone diffusive exchange with the coexisting pyroxenes,
whilst the discrete garnet has been isolated by the host
diamond. However, one would then expect the more Ca-rich garnet

to coexist with the pyroxenes, which is not the case.

7

Compositional variations within inclusions from the same

diamond

Seven examples of multiple inclusions of the same phase in
a single diamond, show distinct differences in composition
between inclusions. This is an extremely unusual feature in
that previous studies (e.g. Meyer, 1987) specifically note that
multiple inclusions of a single phase within a diamond usually
have the same composition. Five cases of garnet and two of

clinopyroxene are presented in Table 5.13.

Diamond A4-11 hosted two Group B garnets which show major
differences in concentration for almost all of the analysed
elements (Table 5.13). Some of the more substantial differences
are 1in their concentrations of Sioz, A1203, FeO, Myg0O and

Na20 which vary by 3.73 wt%, 6.00 wt%, 5.03 wt%, 7.50 wt% and
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0.64 wts respectively. The host diamond was a single
octahedron. Both inclusions were observed within the diamond
prior to its destruction, but no record is available of their

relative location within the diamond.

Diamonds A2-04 and A4-12 each hosted two Group B garnets
which show large differences in composition. Particularly
noteworthy are the large variations in their TiOz, A1203,

FeO and MgO concentrations (Table 5.13). Diamond A2-04 was of
tetrahexahedral morphology. No good windows into the interior
of the stone were available, and consequently, only one large
orange garnet was observed in situ. Diamond A4-12 was an
octahedron with some good crystal faces., A large garnet was
observed to be associated with a sulphide rosette while a
smaller garnet was noted in the vicinity of an internal fracture
which intersected the exterior of the diamond. This could

indicate the disequilibrium to be a secondary feature.

Diamond A6-01 hosted three separate garnet inclusions of
different compositions. Two are Group B garnets (A6-#1l-12 and
A6~01-13) and the third (A6-01-15) a Group A garnet (Table
5.13). The host diamond was a resorbed octahedron which was
free of internal cracks. All three inclusions were observed

within the diamond prior to its destruction.

The disequilibrium between the inclusions in the

websteritic diamond Bl1l-@l1 has already been mentioned.

Two clinopyroxene inclusions from diamond A5-~12 display
significant differences in composition (Table 5.13). Both

inclusions are pristine fresh crystals and the host diamond was
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a resorbed octahedron devoid of cracks and fractures.

Diamond A5-13 hosted two clinopyroxene inclusions, a Group
B garnet (Table 5.9) and a phlogopite (Table 5.6). The major
differences in composition between the two clinopyroxenes are in
their concentrations of Ti02, A1203, Ca0O and Na,0. The
host diamond was a resorbed octahedron which was free of

internal fractures.
Mixed paragenesis inclusions within a single diawound

A single diamond (A4-0@9) was found to host an eclogitic
garnet in addition to an olivine inclusion. The garnet is a
Group B eclogitic garnet with no compositional affinities to the
peridotitic paragenesis (e.qg. Cr,05 = @#.04 wt¥, Appendix
5.2D analysis 16). The olivine has a forsterite content of 94.9
which is considerably more magnesian than the other olivine

inclusions recovered (Table 5.8; Fig. 5.4).

A small degree of uncertainty exists concerning the
reliability of this report. There is no doubt about the
presence and primary nature of the garnet which was well
documented prior to inclusion recovery. However, the saime
cannot be claimed for the olivine. Observationg made prior to
diamond destruction, established the possible presence of two
small colourless inclusions which could not be adequately
documented due to the lack of a clear window into the diamond.
In the recovery process, only two inclusions were found, one
garnet and one very small colourless inclusion (the second
possible colourless inclusion was not recovered). Despite the

fact that it cannot be unequivocally claimed that both
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inclusions were observed to be of a primary nature within the
same diamond, the author is cautiously confident that this
represents a genuine case of both eclogitic and peridotitic

paragenesis inclusions occurring within a single diamond.

Three other occurrences of olivine being present within the
same diamond as eclogitic paragenesis mineral inclusions have
been reported. Prinz et al. (1975) reports a diamond hosting an
olivine (F°92.6) with 0.11 wtg Cr o0, together with rutile,
silica (quartz or coesite) and omphacitic clinopyroxene
inclusions. Hall and Smith (1984) report an olivine (Fogl) to
be present in an Argyle diamond hosting a sodium-rich
clincpyroxene as well as a grossular-pyrope-almandine garnet
with ¢.24 wt% Na,0. Otter and Gurney (1986) report an olivine
(Fog,) and an eclogitic garnet occurring as separate
inclusions within an interpenetrant twin from one of the Sloan
Diatremes in the U.S.A. All of these reports are however

recorded as uncertain cases.

5.6.2 Discussion

Comparison of Inclusions with Minerals in Eclogite Nodules

from Monastery.

The compositions of the Group A eclogitic garnet
inclusions, the eclogitic clinopyroxene inclusions and
websteritic garnet and clinopyroxene inclusions have been
compared with those from the eclogite nodule at Monastery in
order to evaluate any possible relationships. As already

discussed in Chapter 4, the eclogite nodules have been
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chemically discriminated into two groups on the basis of Na,0

in garnet and K,0 in clinopyroxene.

Compositions for the inclusions and nodules are plotted on

a Ca:Mg:Fe ternary diagram in Fig. 5.18 and salient features

include:

(1) In terms of the three components considered, Group A garnet
inclusions span virtually the entire range of compositions
recorded by Group I and II eclogite nodules.

(2) The two websteritic garnet inclusions are more magnesian
(and one substantially less calcic) than even the garnet in
Group II eclogite nodules.

(3) Clinopyroxenes in both groups of eclogite nodules show
considerably more restricted compositions than the eclogite
inclusions which range to substantially less calcic
compositions.

(4) The websteritic clinopyroxenes show extreme depletions in
calcium and have no compositional similarities with the

xenolith minerals.

Consideration of the Na,0 contents of garnets (Fig. 5.11)
shows that Group A inclusions and Group 1 eclogites have similar
ranges in composition (Gp A inclusions = @.18 - 0.25 wtg%; Gp I
nodules = @.11 - 0.23) whilst the low concentrations of Na,0
in garnets from Group II eclogites (< 0.08 wt%) effectively
precludes a direct relationship between them and the Group A
garnet inclusions. The websteritic garnet inclusions have low

Nazo concentrations (< 0.10 wt%).

A plot of TiO, against Na,0 for the garnets (Fig. 5.12)

shows that with the exception of two
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of the Group A garnet inclusions, garnets from Group I eclogites

and Group A inclusions show coincident trends of moderate TiO,

enrichment with increasing Na,O.

Cr,03 is plotted against 160 (Mg/Mg+Fe) in Fig. 5.13 and
again it is noted that (with the exception of two inclusions)
the Group A inclusions show similar low Cr,03 concentrations
to those observed in garnets from Group I nodules. The two
websteritic garnets show elevated Cr,03 along with a garnets

from a Group II nodule.

It hés been noted from Fig. 5.14 that a significant number
of the clinopyroxene inclusions show substantial differences in
composition to the clinopyroxenes in the nodules. This feature
is well highlighted by a comparison of end-member compositions.
A plot of jadeite content against diopside content for the
clinopyroxenes (Fig. 5.14) shows that only three of the
inclusions plot within the field defined by the xenolith
clinopyroxenes. Moreover, the inclusion clinopyroxenes show
uncharacteristically low jadeite contents (as well as jadeite
plus diopside contents). The relatively low jadeite content of
the clinopyroxene inclusions is also manifested on a plot of
A1203 against Naj,O (Fig. 5.15) where the clinopyroxenes
from Group I nodules clearly show higher concentrations of these
oxides. With the exception of the two aluminoué eclogitic
clinopyroxene inclusions and the websteritic clinopyroxene
inclusions, the clinopyroxenes from all associations define a

continuous trend of positive slope for these two oxides.

The plot of TiO, versus 100 (Mg/Mg+Fe) presented in

Fig. 5.16 shows the clinopyroxenes in the Group I nodules to be
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Although the websteritic inclusions display a number of
similarities to megacryst compositions and have their high
equilibration temperatures, they differ in a number of key
aspects, namely the low levels of TiO2 in the garnets and the
high levels of Al,05 in the pyroxenes. These differences

preclude a genetic link between these diamonds and the megacryst

sulte at Monastery.

The Group B Garnets

As aiready mentioned, the Group B garnets have an eclogitic
affinity but display anomalous major element compuéitions. In
fact, at first glance, the more extreme cases resemble amphibole
compositions (Table 5.9; Fig. 5.7). Particular compositional
features which require explanation include the high SiO2
concentrations, low'Al2O3 and high levels of Na,0. The
first objective was to confirm their optical identification as
garnets. This was achieved by analysing a subset of samples
spanning the compositional range by means of X-ray diffraction
(XRD) techniques using a 57.4mm Gandolfi camera and Co K
radiation. Analysis by single crystal XRD techniques was an
extremely difficult task. Only inclusions larger than lﬁﬂ/pm in

longest dimension could be considered for analycis.

High quality diffraction photographs were obtained and the
results indicate that all samples analysed (2 Group A and 4
Group B) possess garnet structures, unequivocally confirming
that both Group A and B inclusions represent true garnets (see

Table 5.14).
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Cell parameters (a calculated according to the equation

o)

a2 = (h2 + k2 + 12) g2

where: ag = the unit cell parameter

Miller index for a crystal plane

=y

=

[
1]

[oN)
1

d-spacing of the crystal

and using the (10 4 @) reflection, range between 11.564 and
11.629 A, which correlate well with cell parameters for pyrope,
almandine and grossular which are 11.455, 11.53 and 11.85

respectively.

The pyroxene and garnet mineral families have closely
related basic chemical formulae in that both poussess cation to
oxygen anion ratios of 2:3. It is well known that under
appropriate P,T conditions, small quantities of garnet may be
taken into solid sojlution in pyroxenes (Boyd and England, 1964;
MacGregor, 1974). As pressure 1is increased, however, this solid
solution breaks down into low-alumina pyroxene plus exolved
garnet (Ringwood, 1967). Experimental evidence has demonstrated
that the opposite of this reaction is also possible, namely the
solution of pyroxene in garnet (Ringwood, 1967; Ringwood and
Major, 1971; Akimoto and Akaogi, 1977; Akaogi and Akimoto,
1977,1979), and because of ﬁhe large density difference
involved, this reaction would also be expected to be strongly
pressure dependent. The Group B garnets are interpreted to
represent the first natural occurrence of the solid solution of
pyroxene in garnet, and consequently, the experimental work
relating to the relevant pyroxene-garnet equilibria will be

discussed in some detail,

l4o



(i) Review of experimental studies relating to the solid

solution of pyroxene in garnet

The pioneering experimental work on these equilibria was
undertaken by Ringwood and Major (1966) and Ringwood (1967).
Using a homogeneous glass of composition (wt%)
96MgSiO3.10%A1,03 as a starting composition and subjecting
it to a series of desired pressures at 90¢°C, Ringwood (1967)
reported a number of interesting results. At pressures up to 9¢
kbars, the MgSiO3.14% Al,03 glass crystallized to a
mixture of about 40% pyrope, 60% clinoenstatite which is the
correct proportion for this glass composition assuming the
phases to be pure MgS5iO; and pure Mg3Al,S150, 5.

However, as the pressure was increased from 90 to 11¢ kbars, the
proportion of garnet increased frcm 40% to 8%, and in the
pressure range from 110 to 15¢ kbars, the proportion of garnet
increased more slowiy from 80 to >95%. These results
demonstrated the synthesis of a series of

M93A125i3012—MgSi03 garnet solid solutions, extending,

at a pressure of about 150 kbars, to a homogeneous garnet of
composition MgSi03.10%A1,03. Glasses of composition
CaMgSiZOG.lﬂ%A1203 and CasSiO3.10%Al,03 were found

to behave in an analogous manner at high pressure (Ringwood and
Major, 1971). The structure of the hcmogeneous garnet
synthesised at 150 kbars implied that one quarter of the silicon
and one quarter of the magnesium atoms occupied the octahedral

sites in the garnet structure.

Ringwood (1967) extended his experiments to a series of

runs on two glasses of eclogitic composition. He found that at
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Group B garnets. 1In particular, the experimental systems
contained significant quantities of sodium (1.9 and 0.65 wt$%
Naj0). Similar results to those discussed previously were
obtained, namely that‘at pressures above 109 kbars, the
proportion of garnet in the run products increased quite rapidly
with the amount of clinopyroxene diminishing in a complementary
fashion., Complete transformation to a pyroxene-free garnetite

assemblage occurred at 140 to 150 kbars.

(ii) Pyroxene solid solution in the Group B garnets

The above review of the experimental studies confirms that
considerable amounts of clinopyroxene enter into solid solution
in garnet at high pressures. 1In the process, al13* ions in the
octahedral sites of the garnet are replaced by M2t and sidt
ions (M2%* = Mg2t, Fe2* and ca?t). The garnet solid

solution can be expressed by the general formula:

MaVITL (AL, oy My, Siy)VisigIVor, (8 < x < 1)

where: M = Mg, Fe2+, Ca and superscripts denote the
coordination number of that cation

b
(Irifune et al., 1986, .

This substitution results in an excess of Si atoms over the
ideal value of 3 for 12 oxygens with a concomitant fall off in
the number of Al atoms below the ideal value of 2 for the same
number of oxyygens. This phenomenon was well demonstrated by
Akaogi and Akimoto (1979) who plotted the number of Si and Al+Cr
atoms (based on 12 oxygen atoms) in their synthesised garnets

against pressure (reproduced in Fig. 5.18). The salient
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