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ABSTRACT 

Kimberlite, an ultrabasio diamond-bearing hypabyssal rook-type whioh 

has its origin in the Earth's upper mantle, oharaoteristioally oontains rare, 

1-lell-rounded xenoliths of peridotite and eologi te. These xenoliths, which 

undoubtedly originate from some oonsiderable depth below the Earth's surfaoe, 

possibly represent samples of upper mantle material. They have reoeived muoh 

attention from earth soientists and numerous theories as to thei~ origin have 

been proposed. 

Forty-two seleoted peridotite xenoliths from the Bultfontein, Wesselton, 

])utoitspan and Roberts Viotor kimberlite pipes of the Kimberley area, South Afrioa, 

and 24 eclogite xenoliths from the Roberts Viotor pipe have been examined in 

detail using a variety of petrologioal and mineralogioal teohniques. The 

petrologio researoh oomprises oonventional petrographio studies, the determination 

of aoourate modal oompositions and the presentation of 22 new whole-rock ohemioal 

analyses, nine of whioh are of garnet peridotite, four of spinel peridotite and 

nine of eologite, one being a diamondiferous speoimen. 

Detailed mineralogioal studies of the oonsti tuent minerals of "the 

xenoliths oomprises desoriptive mineralogy, in most oases an estimation of the 

oompositions of these minerals from the measurement of physioal properties, 

X-r~y powder diffraction data and the presentation of 21 new chemioal analyses 

of pure mineral separates. This inoludes five analyses of olivine, five of 

orthopyroxene, eight of garnet, one of chrome diopside and two of omphaoite. 

The results of the investigation have shown that the peridotites 

oonsist essentially of forsterite and enstatite with minor or trace amounts 

of one or more of pyrope-rich garnet, ohrome diopside, ohrome spinel, phlogopite 

and rarely graphite, and often exhibit features oonsistent with plastio movement 

and teotonio deformation. The peridotites are believed to be derived from an 

ultrabasio upper mantle, whioh is both ohemioally and physioally zoned. 
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The eclogite xenoliths, which are domposed mainly of pyrope-almandine 

garnet and omphacitic clinopyroxene and occasionally contain kyanite, corundum 

and diamond, are not samples of a primary eclogitic upper mantle nor the products 

of an eclogite fractionation related to kimberlite genesis. Chemically they are 

not typical of extrusive basalts and probably either represent pockets of 

partially fractionated basic magma trapped at mantle-level in an eclogite-stable 

environment or samples of high-grade crustal metamorphic eclogite aooidentally 

incorporated into the Roberts Victor kimberlite. 
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1. 

I. INTRODUCTION AND AIM 

This thesis embodies the results of a detailed petrologic and mineral-

ogical investigation of selected peridotite and eclogite xenoliths from four 

kimberlite pipes in South Africa. It also expresses the writers view regarding 

the origin of these xenoliths in the light of this information and, in addition, 

relates and compares the findings of this investigation to the results and con-

clusions of other workers in the same field. 

Throughout, the main aim has been to record, in quantitative terms, the 

most important petrologic and mineralogioal features of a number of the oharaoter-

istio peridotite and eclogite xenoliths found in oertain pipes of the Kimberley 

and Boshof distriots, South Afrioa. A search through all the available literature 

ooncerning suoh inolusions in kimberlite has shown that there exists a serious lack 

of quantitative data conoerning them and that whioh does exist is often of a 

dubious or unreliable nature. It was felt that with the inoreasing interest sho~m 

in the peridotite and eologite inolusions from kimberlite a fundamental petrologio 

and mineralogio analysis of some of these inolusions would form a valuable 

contribution. 

The entire project was undertaken at the Anglo Amerioan Research 

Laboratory, Johannesburg and formed inter alia part of a muoh broader investigation 

into the nature and origin of kimberlite and associated rock-types. The writer has 

had the good fortune to have been aotively engaged in researoh on a number of 

aspeots of kimberlite and oonsequently is familiar with the nature and problems 

of these intriguing rocks. Henoe it is not ~Ii thout a fairly detailed baokground 

to the underlying problems that an attempt has been made to present the following 

results and to perhaps make a worthwhile contribution to certain aspeots of 

kimberlite geology. 

The methods used in this investigation are those employed in normal 

petrologioal and mineralogical studies. A brief outline of the nature and a 

suggested origin of kimberlite is given, ~ollowed by a general statement as to 

the nature and ooourrence of peridotite and eclogite xenoliths found in kimberlite. 

There follo~Ts a historical revie~T of research on these xenoliths up to 1936. 
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2. 

Recent research and modern-day thinking is briefly dealt with, as are 

analytical procedures and techniques used during the course of the investigation. 

Finally all the results and data obtained are presented and discussed in the light 

of recent research. 
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3. 

IL THE GENERAL NATURE OF KIMBERLITE 

It is necessary, before continuing '!;IIi th the main subj ect of this thesis, 

to understand something of the general nature of kimberlite, host rock to the 

peridotite and eclogite xenoliths. 

Ever since the discover,y of the first kimberlite diatreme on the farm 

Jagersfontein, northern Cape, in 1870 (Gardner. F. Williams, 1906), numerous 

contributions to many aspects of the geology, petrology and mineralogy of 

kimberlite have appeared in the literature. The more notable of the classical 

works on the kimberlites of southern Africa are the excellent account by Wagner 

(1914) and the monumental treatise by Williams (1932). In more recent times, since 

the discovery of the Yakutian kimberlite province in Siberia (Davidson, 1957, 1964) 

and the Basutoland kimberlite province in Lesotho, southern Africa (Da'!;llS0n, 1962, 

Nixon ~,l963) a tremendous resurgence of interest in the study of kimberlites 

and associated problems has taken place. The reasons for this interest appear to 

be four-fold. 

Firstly, kimberlite is the only knovm primar,y source of terrestrial 

diamond (diamond has been reported as a primary constituent of other ro,?,ks, but 

never in economic quantities), the demand for which is rapidly increasing. 

Seoondly, many earth scientists believe that kimberlite diatremes have 

their origin vii thin the upper mantle of the Earth and hence provide valuable 

infonnation as to the constitution of the mantle. 

Thirdly, the laborator.y synthesi~ of diamond by the General Electric 

Company (Bundy ~, 1955) provided a much needed stimulus to questions concerning 

the origin of natural diamonds. 

Lastly, the tremendous advances made of late in fundamental research on 

the origin of magmas and in associated aspects of high pressure-high temperature 

experimental petrolo~J has no doubt pl~ed a key role in stimulating interest in 

kimberlite. 

The discovery of the first kimberlite diatreme in 1870 also heralded 

the great diamond rush to the Kimberley area and the discover,y and opening up of the 
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near-by Kimberl~, Bultfontein, Wessel ton, De Beers and Dutoitspan pipes. It was 

only in 1887 however that the name "kimberlite" was first proposed by Professor 

H. Carvill Lewis for what he regarded as "a serpentinised diamantiferous mica 

peridotite occurring in diatremes and dikes in the Kimberley area". Since then 

kimberlite has been variously described by different authors, but all agree O~ 

its extreme ultrabasic composition. Holmes (1920) regards it as a brecciated 

biotite peridotite, occurring in the diamond pipes of South Africa, whilst Shand 

(1950, p.300) considers it to be "a breccia consisting of fragments of many kinds 

of rocks enclosed in a matrix of serpentine and carbonates" which. occupy the 

throats of former volcanoes. Hatch et al (1961) refer to kimberlite as a 

thoroughly brecciated and altered mica peridotite, occurring in deeply eroded 

volcanic pipes. More recently Dawson (1967a,p.242) states: "Kimberlite may be 

defined as a serpentinised and carbonated mica peridotite of porphyritic texture, 

containing nodules of ultrabasic rock-~es characterised by such high-pressure 

minerals as pyrope and jadeitic diopside, it mayor may not contain diamonds". 

In addition to this it should be mentioned that a characteristic feature 

of virtually all kimberlites from diatremes is its fluidised texture which has often 

in the past been ignored. A characteristic suite of heavy minerals (S.G. > 2.90) 

consisting of vivid red, mauve and orange pyrope-rich garnets, picro-ilmenite, 

bright green chrome diopside and minute grains of perovskite is invariably present 

in greater or lesser amounts. Fresh olivine and enstatite are occasionally present. 

Da,,,son(15J67a);, recently presented a review of kimberli tes on a world-wide scale. 

Kimberlite intrusions occur in the form of relatively small diatremes 

(more commonly kno~m as pipes) and as dikes (or fissures), often interconnected. 

In many cases they appear to be closely assGciated with alkali-undersaturated rock­

types such as melilites and nephelinites. They are more ~pical of the stable 

shield or cratonic areas, but there are examples of kimberlite occurring in 

orogenic zones. As regards geographical distribution they are found world-wide 

although concentrated in southern and East Africa and Siberia. 

Broadly three types of kimberlite can be distinguished (Dawson, 1967~), 

i.e. massive kimberlite (with a basaltic and micaceous variety), intrusive 

kimberlite breccias (autolithic or heterolithic varieties) and kimberlite tuffs or 

tuff-breccias. l1assive kimberlite is found in diatremes, dikes and rarely sills, 

~ 
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5. 

whilst the two latter t,rpes are practically restricted,to diatremes. 

The emplacement of kimberlite is a controversial problem of long standing, 

but to the writer it appears that diatreme kimberlite was initially intruded 

through the Earth's crust, as a solid-liquid system highly charged with volatiles 

and which at a certain stage, fairly near surface, erupted explosively along zones 

of ·weakness. The initial break-through at surface 1,-TOuld, amongst other things, 

result in a ve~r rapid decrease of pressure and the establishment of a highly 

active gas-solid suspension or fluidised system. At the same time and due to the 

well-l<nown Joule-Thompson effect, the sudden expansion of the highly pressurised 

volatile phases (steam and carbon dioxide) would cause a concomittent and equally 

notable decrease in the temperature of the eruption, hence the virtual lack of 

thermal metamorphic effects sho~m by kimberlite. This rapidly emerging material 

\-Tould both enlarge the initial vent by a II sand-blast" effect and build up a 

volcanic tuff or tuff-breccia cone, possibly rich in carbonate. The more massive 

kimberlite, probably less charged in volatiles, ~uld follow in depth in the wake 

of the explosive phase and result in the infilling of the volcanic conduit. As a 

result of surface denudation since intrusion the original surface expression of 

virtually all kimberlites has disappeared. Nixon (1969) however regards certain 

East African volcanic cones to be the surface expression of kimberlites. ,-Kimberlite 

dikes and the rare sills represent a phase of the kimberlite magma which never 

reached surfaoe. 

The inclusions in kimberlite are perhaps one of its most interesting 

features and at least three general types can be distinguished. These includeg 

a) AngulaT and subangular blocks of countr,y rock,into which the kimberlites 

b) 

c) 

are intruded, some of which originated f~om higher stratigraphical horizons, 

1,-Thich have nO\-T been eroded avlay. 

Rounded and subrounded masses and fragments of lower crustal rocks, 

often of high metamorphic grade, such as pyroxenites, amphibolites, granulites 

and possibly certain eclogites. 

Well-rounded, spheroidal, ovoidal or discoidal masses of basic and 

ultrabasic rock, often referred to as "cognate xenoliths", composed essentially 

of var,ying combinations of olivine, orthopyroxene, clinopyroxene, garnet, spinel, 

{'~'~\W' 

: 

-f 



6. 

phlogopite and possibly ilmenite. In this group we' can distinguish between the 

peridotite suite (dunite, harzburgite, lherzolite and wehrlite) and the 

griquaite or eclogite suite. The mineralogy of these rocks clearly indicates 

their derivation from deep, high-pressure zones and it is with these so-called 

IIcognate xenoliths ll that this thesis is concerned. 
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7. 

III. THE PERIDOTITE AND ECLOGITE XENOLITHS 
FOUND IN KIMBERLITE. 

As has alreaqy been mentioned, an ever increasing amount of research has 

been undertaken on various aspects of the geology, mineralogy and chemistry of 

kimberlites since the latter part of the 1950's and particular attention has been 

focussed on the peridotite and eclogite inclusions which are typical of almost 

eve~J occurrence. The reasons for this reawakening to the many problems posed by 

kimberlite, many of which received much attention during the ear12er part of this 

centur.y, ha~already been discussed. 

This research reached its climax in 1965 in the International Geophysical 

Year. One of the major tasks undertaken at that time vTas the study of the Earth's 

mantle, a problem which has for many years fascinated earth scientists. It has 

long been believed by a large group of scientists that kimberlite pipes have their 

roots vii thin the upper mantle of the Earth and that they can, in a vlay, be. regarded 

as ultradeep drill-holes penetrating the Earth's crust. 

If kimberli tes do originate ",Ii thin the upper mantle, and there is 

considerable evidence to indicate that ,the.y do, then some of the xenoliths found in 

kimberli tes can possibly be regarded as samples of the upper mantle ancj.' IO",ler crus,t 

that have been brought to near-surface during intrusion of the kimberlite. The 

xenolithic rock-types occurring in kimberlite which are possibly of such an exotic 

origin are obviously the coarse-grained ultrabasic and basic rocks such as 

peridotites, pyroxenites and eclogites. 

As is natural there have been an~ no doubt still are many scientists whose 

views are contradictor,y to this reasoning and who believe that the coarse-grained 

ultrabasic and basic inclusions in kimberlite originated in a different manner. 

Some regard them as accidental inclusions derived from metamorphic terrains whilst 

another concept is that they are cognate or co-magmatic vIi th the kimberlite. 

It was with these different points of view in mind that a collection of 

peridotite and eclogite xenoliths, from several kimberlite pipes, was made and 

studied. 

It is perhaps fitting that the nomenclature of these rock-types should 

be briefly dealt with before commencing with the description of the xenoliths. 

, ~. 
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The name eclogite "!JIas first used by Hauy (18~2) for green diallage and 

garnet rocks with accessory kyanite, quartz, colourless epidote, amphibole and 

pyrrhotite found in the Fichtelgebirge. Since then there has been some confusion 

in the nomenclature of rocks consisting chiefly of garnet and clinopyroxene, various 

writers suggesting differing definitions, as summarised by Lovering and White (1969). 

Green and Ring1,JQod (1961~) have defined eclogite as a rock of basal tic chemist~J 

consisting of garnet (almandine-pyrope solid solution) plus clinopyroxene "!JIith or 

without quartz, kyanite, hypersthene or olivine as minor minerals. Plagioclase is 

absent as a primary phase from rocks strictly classifiable as eclogites and in 

addition the clinopyroxene of eclogites contains jadeite solid solution and a high 

jadeite/Tschermak's silicate ratio. 

Throughout this investigation the term eclogite is used to describe all 

the coarse~to medium-grained rocks consisting primarily of clinopyroxene and garnet, 

and is modified when ~ecessary' by the presence of minor constituents, for example, 

l\yanite eclogite or diamond eclogite. 

The name griquaite (Beck, 1899) has occasionally been used to describe 

the eclogi tic xenoliths derived from kimberlite, particularly "!JIhen they are regarded 

as being cognate segregations derived from the kimberlite magma. Whilst ~n theox~y 

this appears to be quite acceptable~ in practice distinction between co~ate 

griquaite segregations and eclogite xenoliths is at present virtually impossible. 

Peridotites are defined in this thesis as coarse.to medium~grained 

ultramafio rocks consisting primarily of olivine (greater than 50 per cent by volume) 

or its serpentinous alteration products with or "!JTi thout lesser amounts of ortho-

pyroxene (enstatite), clinopyroxene (chrome diopside) and accessory pyrope-rich 

garnet, chrome spinel, phlogopite or graphite. Feldspar is always absent. Various 

names have often been given to the different types of peridotite, such as 

harzburgite or saxonite (olivine plus enstatite) ,lherzolite (olivine plus enstatite 

and chrome diopside) and wehrlite (olivine plus chrome diopside). As the 

presence of only small amounts of chrome diopside in many of the peridotites makes 

this system of nomenclature rather'difficult to apply, it was decided to regard all 

peridotites with any visible chrome diopside as Iherzolites and those with no 

visible ohrome diopside as harzburgites. The presence of accessories such as garnet 

or spinel are recorded as a prefix attached to the rock name, such as garnet 

harzburgite or spinel lherzolite. 
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9. 

IV. EARLY RESEARCH ON THE XENOLITHS.' 

The first mention };o any of the so-called "cognate xenoliths" that can 
/ 

be found in the literature is in 1879 when Cohen described an eclogite inclusion 

from the Jagersfontein Mine. 

Twenty years later in 1899, Professor T.G. Bonney recorded the occurrence 

of numerous diamonds in a specimen of xenolithic eclogite from the Newlands Mine, 

and r:asonably enough stated (p.235) that the eologite " ••••• according to the 
, 

~i -, 

ordina~ rules of inference, must be regarded as its (i.e. the diamonds) birth-place". 

In a later paper Bonney (1907) also mentions that he examined xenolithic specimens 

of peridotite, namely saxoni te, lherzolite and eulysi te from the blue ground·. It 

was his hypothesis, based essentially on the rounded and polished nature of the 

eclogite xenolith, that they represent accidentally included, water-worn boulders of 

a very coarsely-crystalline and once deep-seated, sporadically diamondiferous 

eclogi te. He considers the boulders to have been derived from a coarse conglomerate, 

a possible souroe being the ~wka Conglomerate (tillite). He dismisses the idea 

that the.y were rounded by a sort of 'cup-and-ball' game played by a volcano as 

practically impossible. 

Almost simultaneously with Bonney's first work, Professor Beck .;( 1899) 

published an account of an examination of a diamond-bearing eclogite, also from the 

Ne"Tlands Mine. Beck however advocated a completely different origin to the eclogite, 

regarding the garnet-pyroxene aggregate as an early secretion from the kimberlite 

magma, a theory which had like"Jise been suggested by Stelzner (1894). It "las Beck 

"Tho proposed the name tl gri quai tel! for the garnet-pyroxene rocks from the blue ground 

on account of their unusual nature and who aJso reoorded the presenoe of minute 

flru{es of graphite in eclogite. 

Harger (1905) in his discussion of the diamond pipes and fissures of 

South Africa briefly devotes some spaoe to the eclogite and pyroxenite fragments 

found in kimberlite. Amongst some interesting features he points out that 

pyroxenites and Iherzolites are usually more plentiful than eclogite, that oertain 

speoimens of eclogite from the Jagersfontein Mine oontain foliated graphite or 

diamond and that some speoimens of eclogite from the Roberts Victor Mine are 

":Jf 
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kyanite-bearing. As to the origin of the ultramafic xenoliths he has this to 

say (p.126)g "I think there is not the slightest doubt that ........ the diamond 

pipes have intersected ultrabasic zones containing pyroxenites and eclogites and 

that the latter, being a hard c~Jstalline rock, has been rounded by the bubbling up 

and 'cup and ball' action of the volcano and has never formed part of an aqueous 

conglomerate at all". He was also of the opinion (p.125) that the fragments and 

grains of ferro-magnesian silicates (i.e. mainly olivine, pyroxenes and garnet) 

contained in the kimberlite originated "from some deep-seated zone which has been 
-" 

shattered to pieces during the bursting through of the pipes and fissures". 

Soon after this however Geo. S. Corstophine (1907) desoribed a diamond-

iferous eclogite from the Roberts Victor r~ne and oame to the conclusion, as had 

Beck a few years earlier, that the eclogite inclusions are conoretionar.y nodules 

fonned by segregation or differentiation in the original kimberlitic magma. A 

}, 
; 

similar conclusion wa~ also reached by Voit (1907 a,b) who regarded them as con- .# 

cretions, formed in situ in an absolutely consanguineous magma. In a later paper 

on another diamondiferous eclogite from the Roberts Victor Mine Corstophine (1911) 

also suggests that the pyroxene-garnet aggregates may be remnants of late con-

temporaneous or segregation veins? formed by the intrusion of still molten material 

into cracks in the already solidified kimberlite, and whioh have been broien up by 

brecciation. 

In 1907 Johnson presented a contribution entitled "Note on the Lherzolite, 

and Eologi te Boulders of the Roberts Victor }line" and in the same year Sch\,rarz (1907) 

described a sapphire-kyanite rock inclusion from the Jagersfontein Illne. This he 

considered to be of accidental origin, coming from a deeply buried cr,ystalline 
. 

schist and brought to the surface by the kimberlite. 

In the, Thirteenth Annual Report of the Geological Commission of the 

Cape Colony du Toi t, (.1908), after a petrographic study of nodular inclusions from 

kimberlites of the north-west Cape, regards the eclogites as varieties of granulite 

which represent intensely metamorphosed igneous and possibly sedimentary material 

accidentally incorporated in the kimberlite. He stresses that there is not the 

slightest justification for considering them to be oonoretions or segregations 

formed in the kimberlite and points out that they do not show any affinity to 

kimberlite, melilite basalt nor to the ultramafic lherzolite and saxonite xenoliths. 
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Wagner (1914) in his excellent aocount of th~ diamond fields of eouthern 

Afrioa deals at length with what he refers to as the cognate xen~liths. He 

recognises twenty nine types? made up of differing combinations of garnet, diopsic1e, 

phlogopite, orthopyroxene, olivine, ilmenite and apatite. An interesting feature 

which he mentions is the development, along the boundaries between the garnet and 

pyroxene of the eclogites, of thin reaotion zones. These are made up of weakly 

pleochroio hornblende and small flakes of bro~m mica, whilst in the kyanite-bearin0 

t,yp~he records the presenoe of minute laths of a basic plagioclase (Ab25 ) and , 

granules of augite and pleonaste (see later, Petrography). As regards the genesis 

of these xenoliths, Wagner considers the garnet-pyroxene aggregates to be of 

accidental origin, having been formed by the shattering of schlieren of griquaite 

or ariegite scattered through the deep-seated peridotite zone in which the 

kimberli te magma "Tas generated. Other xenoliths he believes could have conoeivabl~y-

formed (p.l31) by th"e n •••••• clotting together, under plutonic conditions, of early 

products of the consolidation of the kimberlite magma and the breaking up of bodies 

of rock thus formed. In others it appears almost certain that we have specimens of 

the plutonic types of which kimberlite represents the hypabyssal or volcanic phase". 

Later in another very interesting contribution dealing with xenoliths in 

kimberlite Wagner (1928) reaffirmed his contention that the peridotite and pyroxenite 

inclusions represent samples of a deep-seated universal peridotite zone but after 

studying the work of Penti Eskola on the eclogites of Norway concluded that the 

eclogi te xenoliths are- of two types. These are an igneous type-, ~Thich he regarded 

as forming bands or sohlieren in the universal peridotite layer and a metamorphic 

type, which possesses a gabbroid affinit,y and whioh fl •••••• formed part of a 

oontinuous eclogite shell overlying the sima zone and constituting the lower-most 

part of the zone of amphibolitio, gabbroid and granulitic rocks that is assumed to 

underlie the platform of granite and gneiss •••••• " (p.l38) 

In his magnificent acoount of the kimberlites of southern Africa, 

Williams (1932) pays considerable attention to the so-called cognate inolusions. 

The results of his investigations led him to strongly support the theory that the 

xenoliths are of cognate origin, resulting from the shattering of alrea~ solidified 

bodies of peridotite and pyroxenite formed at depth in a magma which also gave rise 

to kimberlite, 
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The last of the earlier workers on the subject of ultramafic xenoliths 

in kimberlite was Holmes (1936) and Holmes and Paneth (1936). Holmes was in 

general agreement with Wagner's ideas, that is, that the peridotites and eclogites 

are not of cognate origin but originate from deep zones of ultramafic rock. 

To summarise, it can be seen, from a brief survey of research done during 

the earlier part of this centur,y, that feelings as to the origin of the ultramafic 

and eclogite inclusions in kimberlite were divided. Bonney considered the rounded 
,oi~ 

inolusions to be accidentally included water-worn boulders whilst Beck, Corstophine 

and Williams all regarded them to be of cognate origin directly related to the magmf~ 

which gave rise to the kimberlite. On the other hand Harger, Du Toit, Wagner and ; 
Holmes appear to be of the mind that th~ represent more or less accidental 

inclusions of coarsely cr,ystal1ine material from either a deep-seated peridotite 

zone or from high-grade metamorphic rocks within the Earth's crust. 
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v. RECENT RESEARCH ON THE XENOLITHS. 

After the work by Holmes in 1936 ver,y little research appears to have 

been undertaken in the field of inolusions in kimberlite. This is particularly 

s~rising in a countr,y such as South Africa where kimberlites are more abundant 

than in any other area in the world and where a number of pipes have been oon-

tinuously exploited for many years. 

It was more than twent.y years later, that interest, now on a world-~rlde 

scale, was renewed in kimberlite, the reasons for this having been outlined 

previously. As would be expected the ultramafic and eclogitic inclusions found 

in the kimberlite formed one of the major topics of interest. 

The result was that in laboratories allover the world these inclusions 

were studied, no~ only from their petrographical aspect, but also with regards to 

their detailed mineralogy, geochemistry and high-pressure melting relationships. 

One of the first notable contributions in recent years, dealing with the 

inolusions in detail, appears to be that of O'Hara and Mercy (1963) who compared 

the petrology and mineralogy of a suite of peridotite xenoliths from ,/certain 

kimberlites of South Africa with that of the garnetiferous pe~idotite masses from 

the Tafjord district of Norw~ and from Bel1inzona, Swit~erland. In brief, O'Hara 

and MerC,y oonsider the garnet peridotites of Norway, Switzerland and South Afrioa 

to be derived from the mantle, but that only the inclusions in kimberlite can be 

representative of the unmodified oomposition of the upper mantle. They also 

oonsider the eclogite nodules found in ~imberlite to be of xenolithio derivation 
-

from the upper mantle, the eclogites being partial fusion products of the garnet 

peridotites, formed and oonsolidated at great depth. As to the origin of 

kimberlite itself the.y suggest that it originated within the upper mantle as a 

fluidised system of ultramafic xenoliths and xenoc~sts, melilite basalt liquid 

and a volatile phase oonsisting mainly of water and oarbon dioxide and which 

drilled explosively to surface as a fast moving suspension. 

In 1957 the Universit,y of Leeds had initiated a programme to study the 

kimberlite intrusions of Lesotho (then Basutoland), the initial results of which 

appeared in two doctoral theses (Dawson, 1960; Nixon, 1960). Based mainly on the 
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results from these two theses, portions were later published by Dawson (1962) 

and by Nixon et al (1963). 

In his works Dawson gives special attention to the petrography and 

mineralogy of the peridotite inclusions (which were found in most pipes of 

Lesotho) and to rare fragments of eologite and oooasional specimens of granulite-

facies rooks found in some pipes. He ooncludes, somewhat radically, that the 

coarse-grained ultramafic silicate rooks (i.e. the peridotites) formed within the 

crust by a reaction between a carbonatite liquid (a magnesite-ankerite oarbonate 

magma rich in water, phosphorus and titania) and granitic material which would 

yield a residual fluid rich in volatiles, potash, alumina, iron oxide and 

phosphorus. He proposes that kimberlite is the result of the reaction of this 

fluid with fragments of the shattered ultrabasic rocks (the larger of which were 

rounded and intruded with the kimberlite) and that the whole suspension intruded 

upper crustal levels by a process of fluidisation or gas-solid streaming along 

fracture zones. He regards the eclogite and granulite xenoliths as accidental 

inclusions caught up in the kimberlite magma and originating from some highly 

metamorphosed basic rocks existing at some considerable depth beneath the lavas 

and sediments of Lesotho. In 1966 Dawson outlined a similar origin for kimberlite 

when dealing with the kimberlite-carbonatite relationship. 

On the other hand Nixon (1960) and Nixon et al (1963), after a detailed 

stuqy of the Lesotho kimberlites, supports the contention that the ultramafic 

inclusions in kimberlite are analogous to those in basalts and are probably deri ve(c. 

from the mantle, whilst some of the eclogite-~e rocks, together with granulite 

and amphibolite, are of crustal origin aod were derived from high-grade metamorphic 

terrains. They regard certain eclogitic inclusions (griquaite segregations) to be 

of cognate origin but stress thatg "Unfortunately there are insufficient 

mineralogical and chemioal data to delimit with certainty the eclogite xenoliths 

and the griquaite segregations" (Nixon et aI, 1963, p.1128). 

Davidson (1957, 1964, 1967b), in publications influenced mainly by 

dealings with the Yakutian kimberlites, regards both the peridotite and eclogite 

xenoliths to be of accidental origin and neither representative of upper mantle 

rocks nor cognate with kimberlite. In his most recent publication the evidence 

that these rocks are of deep-seated metamorphic origin" is presented,apparently 
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based mainly on the fact that~ liThe entire range of petrographic types amongst 

. the xenoliths can be paralleled in several high-grade metamorphic terrains at the 

Earth's surface ••••.•• " (Davidson, 1967b, p.342). 

Meanwhile in Russia soon after World War II extensive prospecting for 

the source of widely scattered alluvial diamonds was carried out in the Western 

Y~~tia, Siberia. It was only in 1954 however that the first kimberlite pipe 

(the unpayable Zarni tsa pipe) ,,'as located. Many more pipes ",ere discovered in 
.. 

the follo",ling years, at least several hundred nO,"J being kno"m, 'scattered in small 

groups over an area of 1.5 million square miles (Davidson, 1967a). .> 

The diamond fields of Yakutia were first briefly described, in English, 

by Davidson (1957). A digest of a Russian text on the Yakutian diamond fields, 

prepared in English by Wilson, appeared in 1960. Since the discover,y of the 

kimberlite pipes in, the U.S.S.R., Russian scientists have given much attention to 

questions concerning their petrology and mineralogy and also to inclusions of 

pyrope-bearing ultramafic rocks and eclogites. In the last ten years Russian 

scientific publications, dealing with these subjects, have been extremely prolific 

and it is believed that data accumulated in the field of kimberlite research is 

tremendous, by far surpassing that of the West. 

In 1959 the eminent Russian geologist, V.S. Sobolev, edited a review on 

the geology of the diamond deposits of Yakutia (Bobrievich~, 1959). In 

addition to a detailed account of the kimberlites this text also describes in some 

detail numerous varieties of xenolithic inclusions found in the Siberian kimberlites. 

In general these inclusions appear to be very similar to those found in the southern 

African kimberlites. Four ~~es are defined, which include xenoliths of ultra-

mafic feldspar-free rocks (peridotites, pyroxenites, hornblendites? serpentinites 

and glimmerites) and xenoliths of crystalline schists (feldspathic eclogite-type 

rooks, feldspar-free eologites, granulites and grosspydite). The ultramafio rooks 

are thought to originate in the peridotite zone whilst a process of eclogitisation 

of the deep-seated cr,ystalline schists is postulated to account for the many 

eclogite-type rooks, whioh are aocepted as being of crustal origin. 

Bobrievich ~ (1960) described in detail a xenolith of diamond-bearing 

eclogi te from the "lYIir" pipe. They point out the similarity between this eclogite 

(which also contains idiomorphic flakes of graphite) and eclogites of metamorphic 
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complexes in general, but note that this rock must have been formed at an 

exceptionally high pressure and at a great depth, although probably at a higher 

level than the garnet peridotites. 

In 1964 V.S. and N.V. Sobolev ~esoribed xenoliths of eclogite and 

peridoti te in kimberlite from Yakutia, many specimens of 1,-'hich sho1,-, a banded 

stratiform structure and which they regard as likely xenoliths of mantle rocks. 

Other xenoliths they consider to have formed by high pressure metamorphism of 

crystalline schists and by processes of eclogitisation and garnetisation. 

N.V. Sobolev (1965), reoognised as a leading authority on inolusions in 

kimberlite, described in detail a corundum eclogite (containing about 15 per cent 

of violet-pink corundum) from the Obnazhennaya pipe and considers it to be a new 

~~e of metamorphic rock. In 1968 he presented a paper, at the Twen~-third 

International Geological Congress in Prague, dealing with xenoliths of eclogite 

from the kimberlite pipes of Yakutia and their origin as fragments of upper mantle 

substance. In all, Sobolev recognises six major types within the peridotite­

eclogite group of inclusions. These are the so-called eclogite-like rocks 

(probably garnet granulites), eclogitised ultrabasic rocks, magmatic pyrope 

peridotites, true eclogites, grosspydite and diamond-bearing eclogites. Sobolev 

appears to regaxd the main part of the upper mantle to be composed of pyrope 

peridotites with separate eclogite lenses, the deeper of which may be more iron­

rich and possibly also diamond-bearing. In the uppermost portion of the mantle 

eclogitised spinel peridotites or true eclogites can be found, overlain by 

eclogite-like rocks or rocks of the crystalline basement. (Sobolev, 1968a). 

Other recent pUblications from Russia include that of Sobolev et al 

(1968) dealing with the petrology of grosspydite and associated kyanite eclogite 

xenoliths from the Zagadochnaya pipe and also the mineralogy of diamond-bearing 

eclogites (Sobolev and Kuznetsova, 1966). 

Returning to the western 1,-,orld again He find that fairly recently 

several publications dealing with xenoliths from kimberlite have appeared. 

Harris et al (1967), in a paper dealing with the chemical composition of the 

upper mantle, indicates the great significance of garnet peridotite inclusions in 

kimberlite as samples of mantle material. 
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Schutte (1967) has recently made a detailed stu~ of eologite and ultra-

mafio xenoliths from the kimberlite of the Barkly West district, South Africa. In 

all, he recognises sixteen ty~es of xenolith and came to the conclusion that 

peridoti te occurs in a zone bet",een the Mohorovicic discontinuity and approximatel:~,r 

65 km below the continental crust. Below this peridotite zone and extending do"m 

to at least 500 kID below surface he recognises a world-wide zone of griquaite 

(eclogite). Similar ideas have been expressed by Frick (1968). Schutte regards 

his-griquaite as the primitive source of all magmas, the nature."of the magma being 

derived from it depending both on temperature and pressure. 

For several years an enthusiastic group of ",orkers at the Uni versi ty of 

Cape To~vn have been engaged on petrological~ mineralogical and geochemical studies 

on a large portion of the Williams (1932) collection of ultramafic and eclogitic 

xenoliths and on material collected by themselves. Petrological research recent13r 
,. 

completed includes that of Berg (1968) on the secondary alteration of eclogite frOEl 

kimberlite pipes and that of Rickwood ~ (1968) on a study of garnet from 

eclogite and peridotite xenoliths. 

This latter account of the xenoliths from 16 kimberlite ocCurrences in 
I 

southern and East Africa provides much ne", quantitative information. These authors 

suggest a tentative evolutionary scheme which essentially embraoes the partial 

melting, within the mantle, of garnet peridotite to yield liquids which c~, under 

specific pressure-temperature conditions, precipitate a cumulus eclogite phase. 

These liquidS, after subtraction of the eclogite form a kimberlitic fluid of 

potassic mafic composition or of carbonati tic or alnoi tic character. In short the;,/, 

consider the garnet peridotite xenoliths to be of mantle origin, whilst the 

eclogite inclusions are thought to be of cognate origin, intimately associated 

with the formation of a kimberlitic magma. In a still more recent contribution 

Mathias et al(1970)present the detailed mineralogy and petrology of 32 types of 

ultramafic and eclogitic xenolith, based on an examination of 466 specimens, and 

~hioh they believe to be reasonably representative of the xenoliths in kimberlite 

from Lesotho, Rhodesia and South Africa. 

The impressive results of this study has led the writers to propose 

that the peridotite and pyroxenite t,ypes have mineralogical proportions suggestive 

of two, or possibly three disconneoted series,' whilst the results obtained from the 

.... , ~"~ ...... ~;: 

~:~ 



18. 

eclogi tes indicate the possibility of t"l0 distinct fractionation trends wi thin thi; 

mantle, from .a melt formed by the partial fusion of garnet peridotite. They con­

cluded that the upper mantle is largely comprised of garnet peridotite (lherzolit[). 

other important publications from this group of workers includes the 

thesis of Siebert (1968) on the mineralogy and petrology of ultramafic xenoliths, 

the nature and occurrence of both non-eclogitic ultramafic xenoliths and eclogite 

xenoliths in the kimberlites of southern Africa (Rickwood, in press and Rickwood 

et.al, also in press, respectively) and ultramafic xenoliths from the Matsoku 

kimberlite pipe in Lesotho (Mathias and Rickwood, in press). 

On the subject of diamondiferous eclogites the work of Riokwood and 

Mathias (in press) and Gurney .~ (in press) can qe mentioned. Recent theories 

on the origin of eclogite inclusions in kimberlite have been presented by Kushiro 

and Aoki (1968) and MacGregor and Carter (1969). Carswell and Dawson (1970) have 

recently published 'the results of numerous chemical analyses of garnet peridotites 

from kimberlites and discussed their genesis. The genesis of the xenoliths will be 

dealt with more fully in Chapter X and XI. 

Research on the xenoliths has not by any means been restricted to their 

occurrence, petrology or mineralogy. Melting relationships and phase equilibria 

studies, on both natural peridotite and eclogite xenoliths have been reported. 

Although a summary of this aspect is b~ond the scope of this investigation, the 

work of O'Hara (1963a, b, 1965, 1968) and O'Hara and Yoder (1967) deserves special 

mention, as does that of Ito and Kennedy (1967). 

In the field of geochemistry and isotope studies other workers have been 

active, as is "Ii tnessed by the work of people such as Stueber and Murthy (1966), 

Ex-lank (1969) and G1U!ney and Berg (in press). 

To smnmarise it is seen that much interest has been aroused in the study 

of kimberlites and their unusual xenolithic inclusions. Not surprisingly however 

no one theory as to the origin of the inclusions is sufficent to provide all the 

answers and much controversy still exists. Essentially, some regard both the 

peridotites and eclogites to be of mantle origin whilst others consider them to be 

derived from high-grade metamorphic terrains. A cognate origin is yet another 

concept proposed for their origin. It is quite possible that the answer to their 

origin is a multiple one. 
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VI. XENOLITHS OF THE PRESENT INVESTIGATION, 
THEIR SOURCE AND OCCURRENCE. 

The specimens originate from three kimberlite pipes (Bultfontein, 

Wesselton and Dutoitspan) in the Kimberley district, Cape Province, and from one 

pipe, the Roberts Victor, situated some 80 kID north-east of Kimberley, near 

Boshof, Orange Free state. The pipes of the Kimberley district are intruded 

through the Dwyka Series of the Kaxroo System and the Roberts Victor pipe 

penetrates the Ecca Series of the same System. The Kimberley-B0shof area and the 

position of these four pipes is sho~m in Fig. 1. 

It is from the three pipes of the Kimberley area, the location of which 

is sho~m in Fig. 2, that the bulk of the peridotite specimens originate, whilst 

all the eclogite specimens, plus several peridotite specimens, come from the 

Roberts Victor Mine. At present all four mines are producing diamonds. 

Most of the specimens were generously made available for this study by 

the Geological Department of De Beers Consolidated }lines Limited, Kimberl~. 

Several specimens from the Roberts Victor Mine were collected independently and 

donated by the Bernard Price Institute for Geophysical Research, Johannesburg. A 

number of specimens, also originating from the Geological Department of De Beers. 

Consolidated Mines Limited, were made available to the writer by lYIr. C. van Zyl 

of Anglo American Research Laboratory. 

All specimens from the De Beers Geological Department were either obtained 

from the "old depositing floors ll or from a large collection of nodular inclusions 

housed near Kimberley. Initially a search for this type of inclusion was made at 

the majority of the so-called "old depositing floors" and ~laste-rock dumps of the 

Bultfontein, Wesselton and Dutoitspan Mines (see Fig. 2). These "old depositing 

floors" are areas that were set aside for the dumping and weathering of newly minocL 

"blue ground" kimberlite during the earlier part of this century. Short accounts 

of this process, kno~m as "flooring" or "natural pulverisation", are given by 

Wagner (1914) and by Williams (1932). Essentially the procedure was to allow fresh, 

hard kimberlite, spread out thinly over a large area of bare veld, to weather and 

soften, by atmospheric processes, during a given period of time. ~llien suitably 

decomposed the kimberlite was sorted and treated in the normal diamond recove~ 

process. 
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It appears that during the sorting operatlon as muoh of the foreign 

(i.e. non kimberlite) material as possible was removed from the ore and packed 

into small elongated dumps, Imo\m as "cylinder dumps", many of whioh are still 

intaot. The main constituent of these dumps is aooidental inolusions derived 

from the Karroo System but they also contain a scattering of ovoid and roughly 

rounded nodules of deep-seated origin, many being the typical peridotite inclusions. 

It is on these rock dumps that many of the peridotite inclusions were 

oolleoted. Unfortunately these nodules have been exposed to the elements for many 

yeaxs and so sho"'l an appreoiable degree of surfaoe "!'veathering. HO"'lever the 

internal portions of these speoimens are relatively fresh and can be used for 

normal studies. 

Similarly the oollection of xenoliths housed by the Geologioal Department 

of De Beers Consolidated rlJines Limited was also initially oolleoted from the 

depositing floors over forty ~'ears ago but as th~ have been stored under shelter 

they are much better preserved. It is from this oolleotion that the majorit,y of 

the specimens were obtained. It is here that a large oollection of xenolithic 

material from the Roberts Victor Mine is also housed and from which all, except 

for four of the Roberts Victor specimens, "'Jere obtained. In all 66 specimens 

were selected for examination of which 42 are of peridotite (24 garnet peridotites) 

and 24 of eologite (including one diamond-bearing xenolith). A list of the 

speoimens, with hand specimen identification and origin, is given in Table 1. 

It is vexy interesting to note that despite a oareful search, both on 

the waste-rock dumps and amongst the inolusions in storage, no eclogite xenoliths 

from the Kimberley group of pipes were fou!ld • 
.. 

It is rather unfortunate that the original distribution of the inclusions 

within the enolosing kimberlite is not known, neither is it kno",m from what t.ype 

of kimberlite each inclusion originated. All that can be said is that the 

kimberlites of all four mines are generally of the basaltic, brecciated or 

agglomeratio ~pes and each pipe is made up of a number of different varieties, 

probably corresponding to different ages of intrusion. For further details on the 

pipes the reader is referred to the "'Jork of Williams (1932). 

;~ 
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TABLE I. -
LIST OF SPECll/ffiNS EXAMINED, WITH HAND 

SPECIMEN IDENTIFICATION AND ORIGIN. 

~ ~ 
(» 

Pipe of 
<l> 

S . S . 
Rock type ·rl 0 Rock type ·rl 0 

oz origin o12'j 
Q) Q) 

Pi P; 
U) U) 

BF. 1 : Garnet peridotite • Bul tfontein RV. 1 ; Eclogite 
... 2 " II " 2 " 

3 " " II 3 " 
4 II II Ii 4 : Diamond eclogi te 

5 " II n 5 Eclogite 

6 11 " II 6 • Kyani te eclogite 

7 " " II 7 . Ec10gi te 

8 II 11 II 8 " 
9 " VI if 9 " 

10 Peridotite II 10 " 
12 : Peridotite 

W. 1 . Peridotite • Wessel ton 
14 " 

3 11 " 15 : Altered peridotite 
4 II II 

16 Garnet peridotite 
5 II " 17 . Peridotite 
6 : Garnet peridotite " 18 . rlicaceous ec10gi te 
7 n " II 

19 Peridotite 
8 II " 11 

20 . Eclogite 
9 VI " II 

25 Garnet peridotite 
10 tl " IV 

26 Eclogite 

DT. 2 Altered peridotite; Dutoitspan: 27 Kyanite eclogite-

3 " " II eclogite contact 

4 : Peridotite 11 29 Eclogite 

6 ~ Garnet peridotite 30 " " 
31 " 7 II " " 
32 " 8 II " IV 

33 JI 
9 : Altered peridotite 11 

:: 34 : Kyanite eclogite 10 If " 11 

11 : Garnet peridotite i1 : RVL 2 Eclogite 
13 . Peridotite II 5 It 

14 Garnet peridotite II 10 " 
15 II 11 " 16 " 
16 Altered peridotite 11 

18 . Garnet peridotite " 
20 " " II 

21 Altered peridotite " 
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It should also be mentioned here that the collection of peridotite or 

eclogite xenoliths in situ within the kimberlite would be an extremely ardous 

and time-consuming task and the assembling of a large number of such inclusions 

of adequate size ,,[ould also be virtually impossible. Modern mining methods, in 

which the kimberlite is crushed underground prior to hoisting to surface, makes 

a search of the ne1.-Jly-mined kimberlite a rather unre""arding task. 
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VII. ANALYTICAL PROCEDURES AND TECHNIQUES. 

This chapter outlines the various techniques and analytical procedures 

used in this study. In general the methods used are the standard procedures applioo. 

in normal petrographic and mineralogical studies. In this respect a fairly recent 

text outlining the physical methods of determinative mineralogy (Zussman, 1967) ha[-) 

been found particularly useful. Certain other techniques were developed during the 

course of the study, both by the writer and by his colleagues at Anglo American 

Research Laboratory~ to enable more specialised tasks to be undertaken or to devise 

more suitable methods of separation. 

1. Optical Investigations. 

Examination of thin sections. At least one but normally two or more thin sections, 

each approximately 3 to 4 sq. em in area, were prepared from each specimen. These 

were exami~ed by normal transmitted light techniques using a Leitz Laborlux 

petrographic microscope. Textures and interesting features were recorded photo­

graphically. 

Determination of optical constants (2V, C"'3). Optical constants "Here accurately 

determined on suitable selected mineral grains in thin-section using a Leitz four­

axis universal stage. The results, obtained by direct reading or from stereographic 

construction when the former was impossible, are considered to be accurate to within 

~ 2°. 

Determination of refractive indices. All refractive indices were determined on 

crushed fragments by the immersion method (Kerr, 1959). For the garnets a single­

variation technique was used. This technique is similar to the double variation 

procedure outlined by Emmons (1943) but in this case the temperature was assumed 

to remain constant and the wavelength of the light varied by use of a monochromator 

fitted to the microscope. Before the determination of any refractive index the 

microscope, Abbey refractometer and refractive index liquids were allowed to attain 

a constant temperature of approximately 68°C by standing for an extended periodinan 

~ 

~; 
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airconditioned room. All operations were carried out in this room at the same 

temperature, Results, given for the D line (689.3m~~), were obtained graphically 

by plotting on single cycle semi-log paper (or a Hartmann net), using refractive 

index liquids of a known dispersion. In this way the refractive index and the 

dispersion of the garnets were obtained. The accuracy is thought to be within 

: 0.003 for the garnets and within! 0.005 for the birefringent minerals • 

. 2~ Modal .Analyses. 

The petrographic modal analysis of coarse_grained rocks, such as the 

ultramafic ~d eclogite inclusions found in kimberlite, is made difficult by their 

variable grain-siz~ and their coarse-grained texture. The inhomogeneous nature of 

the hand specimens, which is reflected in many cases by distinct banding or rude 

layering, even 1}Ti thin a single inclusion, and the variable distribution of the 

oonstituent minerals seriously limits the reliabilit,y of almost any modal analysis. 

It was felt very necessary however to attempt some form of meld.al analysis 

on these coarse-grained inclusions as ver,y few quantitative analyses of a similar 

nature oan be found in the literature. Most workers in this field have been content 

to either ignore a quantitative modal analysis or to roughly estimate the mineral 

composition of a particular specimen,such as done by Meroy and O'Hara (1965a). They 

present (p.327) the mineralogical composition of some peridotite inclusions from 

kimberlite " •••••••••• to nearest 5% on the basis of point counting on thin 

seotions cut from hand specimens with very variable grain size and of inhomogeneous 

character with respect to the distribution of minerals", 

On the other hand some writers have gone to the extreme; for example 

Binns (1967) gives a precise modal analysis, values to the first decimal place, 

based on measurements of a thin section of eclogite, Rickwood et al (1968), in 

their study of peridotite and eclogite inclusions in kimberlite, have estimated 

the volume per cent garnet in each specimen examined by them to the first decimal 

plaoe, but do clearly indicate the coefficient of variation of these results. In a 

number of oases this exceeds 20 per cent and in several is greater than 50 per cent. 

'1;~ 
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Chayes (1956) clearly shows the relationship bet"reen grain size and 

measurement area and stresses that the accuracy of any modal analysis is largely 

dependant on the number of grain sections per measurement area. In other words 

the coarser-grained a rock is the larger the area of measurement must be to obtain 

acceptable results. 

As a test to whether point counting could be effectively and reliably 

used in the modal analysis of the coarse-grained peridotite and eclogite inclusions 

the following experiment was carried out. 

From a specimen of fairly coarse-grained garnet harzburgite (specimen BF 5 8) 

eight thin slices, all parallel to each other, were cut and thin sections, each 

measuring approximately 4 sq. em prepared. An initial examination of the thin 

sections at once revealed large variations in the relative amounts of olivine, 

orthopyroxene and garnet. Using a Swift Automatic point-counter with a horizontal 

stepping distance of 0.5 rom and a vertical stepping distance of 0.3 rom, 1000 points 

were systematically counted across the surface of each section and the volume per 

cent of each constituent calculated. These results are given in the table below and 

clearly indicate the tremendous variation in composition. 

Section Volume per cent of major constituents No. of 

No. points 
Olivine Orthopyroxene Garnet counted 

1 70.0 27.3 2.7 1000 

2 70.1 28.5 1.4 1000 

3 84.7 10.3 5.0 1000 

4 68.6 23.5. 7.9 1000 

5 61.5 30.8 7.9 1000 

6 67.8 22.1 10.1 1000 

7 74.2 22.2 3.6 1000 

8 78.6 21.4 1000 

Mean 71.9 23.3 4.6 8000 

In a similar manner~ but now using a superimposed transparent perspex grid 

with 2 mm X 2 rom divisions (equivalent to a 2 mm stepping interval both horizon­

tally and vertically) and a stereoscopic microscope equ!ped with a traversing 
A 

""~ 
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head, 900 points were counted across the combined surface of all eight thin 

sections. Using this method the following modal figures were obtained. 

Olivine Orthopyroxene Garnet 

71% 24% fJ1/o 

It is apparent that these results, whilst undoubtedly less precise, 

oompare ver,y favourably with those obtained using the muoh more laborious and 

time-consuming automatic point-oounter teohnique. It is also apparent that the 

stepping interval of 2 rom, both horizontally and vertioally, is quite adequate for 

a reasonable modal analysis of the coarse-grained peridotite and eologite specimens, 

so long as the measured area is large enough, in this case approximately 30 sq. om. 

As both the peridotite and eclogite specimens are ooarse-grained and 

essentially contain only a restricted assemblage of easily recognisable minerals 

(i.e. olivine, orth~pyroxene, clinopyroxene, garnet and phlogopite) it was found 

quite adequate to out and roughly polish thin slabs (about I to 2 cm thick) of the 

rock and to measure the abundance of each constituent in the following manner. 

Over each slab a transparent grid (with 2 nun x 2 nun divisions) was olamped. 

To improve the clarity of the specimen each slab was initially sprayed, on both 

sides, with a transparent protective laoquer. The slab, with the superimposed grid, 

was then olamped onto the stage of a stereoscopic microscope eq~ed with a 
A 

traversing microscope head and a strong source of illumination directed onto the 

specimen. The traversing mioroscope head was then guided along the traoes of the 

grid and the various minerals oorresponding with the grid interseotions reoorded 

on a manual counter. When the maximum possible number of points on one side of 

the slab had been counted, it was reversed and the process repeated. In this 

manner between 1000 and 1400 points were aocumulated for each specimen, this 

approximately oorresponding to a measured area of 35 to 50 sq. cm. 

To test the reproducibilit,y of the results a slab of garnet peridotite 

(specimen BF.8) was analysed five times using this same technique and 1200 points 

recorded in each run. These results, whioh are tabulated below, show only a small 

variation which oan be attributed to: 

a) mis-identifications by the operator (i.e. between olivine and orthopyroxene) 

? 

,~~" 
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b) the slab being clamped into slightly different positions for each run, 

No. of 
Volume per cent constituents 

analysis Olivine Orthopyroxene Garnet Phlogopite 

1 73.5 22.5 4.0 traoe 

2 74.1 21.6 3.9 0.4 

3 72.3 23.0 4.4 0.3 

4 71.6 23.8 4.2 0.3 

5 72.4 23.1 4.3 0.2 

Mean 72.8 22.8 4.2 0.3 

IA 

In the case of the peridotites a certain difficulty was found distinguish­
A 

ing olivine from the orthopyroxene on the surface of the slabs. This was overcome by 

etching the slabs in hot concentrated hydrochloric acid for several minutes. On 

drying it was found that the numerous serpentine veinlets penetrating the olivine 

had been leached to leave a superficial white residue which was clearly visible and 

served to distinguish the olivine from the orthopyroxene. The apparatus used in the 

point counting analyses is illustrated in Plate 1. Plate 2 illustrates two etched 

slabs of peridotite used in the point counting analyses. 

The results of the volumetric composition of the major constituents aI'e 

expressed to the nearest per cent for amounts over 10 per cent and to the nearest 

tenth of a per cent for amounts less than this. In most cases the accuracy of the 

determinations is probably within two per cent of the given figures. Trace con-

stituents are those which are microscopically visible but which were not recorded 

during point-counting. 

In certain cases the small size of the xenoliths precluded a rock slab 

being prepared. An estimate of the modal composition of these specimens was obtained 

from a point count on a thin section, these results therefore being only semi-

quanti tative. 

'"'~ 

1; 
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PLATE 1. 

PLATE 2. 

30. 

The apparatus used in the point counting analyses. 

Two etched slabs of garnet peridotite. 
The serpentine veinlets in the olivine are clearly seen and 
contrast to the unaltered orthopyroxene (green,unaltered) 
and garnet (dark,red rounded). 

';~f;' 
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;, ~ ~ineral Separations" 

The chemical and structural analysis of co-existing mineral phases forms 

a substantial part of this thesis and consequently necessitated the preparation of 

numerous pure mineral fractions. Also the presence of trace constituents (for 

example sulphides, spinels, corundum and kyanite) were only detected during the 

examination of magnetically separated mineral fractions. Separations were 

accpmplished as outlined below" 

Disaggregation and scre.ening. Initially a portion of the rock to be separated, 

amounting to roughly between 100 and 200 grams for the eclogite and between 500 and 

1000 grams for the peridotite? was crushed to fragments of less than one quarter 

inch size using a jaw crusher. 1r the speoimen was small enough this process was 

done by hand using an iron mortar and pestle. All material less than 28 mesh in 

size was then screened out and the oversize rock and mineral fragments reduced to 

less than 28 mesh using a disc pulveriser. (NOTE: All screen sizes used are of 

the Tyler standard type and are constructed of brass). 

This crushed material was then deslimed by washing over a 325 mesh 

stainless steel screen, dried and then manually screened, through both 40 and 100 

mesh screens. Both the minus 100 mesh and the plus 40 mesh mat.erial was collected 

and stored. For virtually all separations it was found that the constituent 

minerals of the remaining minus 40 plus 100 mesh material were completely liberated 

and quite suitable for the preparation of pure mineral factions. 

was then washed with water and dried with acetone" 

This material 

Magnetic separations. The highly magnetic material, such as magnetite', tramp iron 

or pyrrhotite "Tas, removed from the clean, well-sized samples with the aid of a hand 

magnet. The samples were then passed through a Frantz Isodynamic Magnetic 

Separator at successively stronger magnetic fields and in this ~ra;y a number of 

fractions, eaoh normally containing a partioular concentration of one, or sometimes 

two, constituents were obtained. As a guide to the magnetic separation of the more 

complex peridotite speoimens pure mineral fractions, one eaoh of garnet, olivine and 

orthopyroxene were initially prepared from a garnet peridotite (specimen BF.8). 

Using the Frantz Magnetic Separator at a constant downwards tilt of the 

mineral chute an accurately known amount of a pure mineral fraction was passed 

·r~~ 
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through the maohine at varying sideways tilt and coil amperage. The amount of 

material recovered on the "magnetio" side of the ohute after each run was then 

measured and reoorded. In this way a characteristic pattern of magnetic 

separation could be constructed for a particular constituent. The fields of 

mineral separation for co-existing olivine, orthopyroxene and garnet (from 

specimen BF.8) are illustrated in Fig. 3, (It should be noted however that these 

results are only applioable to a partioular magnetic separator as each instrument 

apparently assumes a character of its own). Strictly, the pattern of magnetio 

separation is only for the mineral fraction used, but the results can easily be 

extrapolated to minerals of the same tyPe from other sources~ particularly when 

their chemistry is similar. 

A comparison of the magnetic separation fields of the garnet* olivine and 

orthopyroxene (see Fig. 3) shows that ideal conditions for the separation of one 

mineral from another will be where the >90 per cent separation area for the one 

phase coincides with the <1 per cent separation of the other. In practise this 

ideal condition is often not possible to attain and only impure fractions can be 

obtained. The presence of alteration products and composite grains further limits 

its application, but a good indication of the optimum conditions for the magnetic 

separation of the constituent minerals of the peridotites (olivine, o~thopyro~epe, 

garnet and chrome diopside) was obtained in this way and a number of interesting 

trace constituents detected in the most magnetically unsusceptible ~~ction. 

The eclogite specimens, being virtually bimineralic garnet-clinopyroxene 

assemblages, did not require nearly as much attention as the peridotites during 

separation. In their case it was only necessary to find experimentally the most 

suitable conditions for the garnet-pyroxene separation and to obtain a magnetically 

unsusceptible fraction (in which the sulphides, kyanite, corundum, rutile and 

diamond were conoentrated). 

Heavy liquid separations. As all the minerals required for analysis ",ere "heavy 

minerals" (i.e" S"G. >2.90) heavy organic liquids were used to great advantage in 

the separation process. The liquids used were bromoform (S.G.,..,2.82) and methylene 

iodide or diodomethane (S.G.~3,,25), Seconda~ minerals such as zeolites, 

carbonates, silica~ and serpentinous and kelyphitic alteration produots were 

removed by treating each crushed sample with bromoform prior to magnetic separation. 

~'. 
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A typical methylene iodide separation of the constituent 
minerals of a peridotite. The garnet has sunk to the bottom, 
the olivine is in suspension and the orthopyroxene and chrome 
diopside are floating. 
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After magnetic separation the more refined heavy liquid separations were carried 

out using methylene iodide. In this way it was often possible to obtain 

concentrates of fresh material of at least 95 per cent purity_ In certain cases 

cooling of the methylene iodide to slightly above its freezing point (with a 

resultant increase in its densi~J) enabled more difficult separations to be made, 

such as that between olivine and orthopyroxene, which have almost identical 

specific gravities. 

The apparatus used for the methylene iodide separations was extremely 

simple, consisting only of a separating funnel clamped to a stand. The procedure 

consisted of filling the funnel to a convenient level with methylene iodide and 

then slowly adding the mixed mineral concentrate, at the same time stirring rapidly. 

The funnel was then allowed to stand for a suitable period until the separation was 

complete and the almost pure mineral fractions drained off. A typical separation 

is illustrated in Plate 3. 

Final cleaning of concentrates. The almost pure mineral concentrates were finally 

cleaned by one or more of a varie~ of processes which included repeated magnetic 

separation, hydrochloric acid treatment (to remove tramp metal, carbonates and some 

secondary materials), hydrofluoric acid treatment (to remove kelyphitic surfaces 

on garnet grains) and finally, hand-picking with the aid of a stereoscopic 

microscope. 

The mineral fractions thus produced, normally several grams in weight, 

were virtually 100 per cent pure. Grain counts on these concentrates indicate a 

purit,y in excess of 99 per cent. 

, 4. X-ray Diffraction Techniques. 

X-r~ powder diffraction techniques were employed to identify positively 

any dubious mineral species and secondly, of much greater importance, to determine 

the unit cell size and interplanar spacings of various constituents of the rocks. 

~ 
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The fundamental principles and general techniques of X-ray powder 

diffraction will not be dealt with here as numerous authoritative publications on 

this aspect are available. The works of Buerger (1956), Nuffield (1966), 

Zussman (1967) and Azaroff (1968) provide ample background. 

Identifioation of unknown minerals. It was found vexy useful to use X-ray powder 

diffraotion photographs to identify unknown minerals, partioularly when only a 

traoe of the oonstituent was found. This was done using the method suggested by 

Hiemstra (1956) and the normal Straumanis film-mounting positio~ (Zussman, 1967). 

Identifioations were then made by oomparison against a comprehensive set of 

standard reference films or by the use of the ASTM powder Data File and ASTM Index. 

Determination of unit cell size. (for garnet only). This was done by both powder 

photography and powder diffractometr,y, the former being used when only small amounts 

of material were available or when it was considered desirable to check a result 

obtained by diffractometr,y. 

(a) X-ray powder photography. 

The "ball mount" specimen preparation technique suggested by 

Hiemstra (1956) was employed together with a technique similar to that 

desoribed by Coetzee (1963). This involved crushing, between two 

microscope slides, a small grain of garnet placed in a drop of rubber 

solution and forming a small ball of the resultant powder. The ball, 

less than 0.5 rom in diameter, was then mounted on a thin nylon hair, 

placed in the powder oamera and carefully centred. Using the Straumanis 

film setting and finely-collimated iron-filtered cobalt radiation the 

specimen was exposed to X-rays for two t. three hours. 

After development and drying of the films they were accurately 

measured on a fluorescent screen using a ve~~ier measuring device that 

permits estimation to the nearest 0.05 rom. A shrinkage or expansion 

correction faotor for each individual film could then be calculated and, 

if necess~, applied to the measurements. Poor quality films were rejected. 

Once corrected the apparent unit cell size was calculated using the 

I~~, and ~2 lines of the four strongest back reflections, their Miller 

indioes being (880), (884) (12.2.0) and(10.6.4). As garnet possesses a 

\~ 
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cubic symmetry this was a relatively simple procedure, the following formula 

being used: 

a 

where 

~kl x 21/h2 + k 2 + 12 

a = apparent unit cell size 

d interplanar spacing (in Angstrom Units) 
for a particular reflection 

hkl Miller indices for a particular reflection. 

Error caused by absorption and divergent radiation was minimised by 

means of an extrapolation function, i/ (Cos28 Cos e~. obtained from 
2 (Sine + e 

tables compiled by Nelson and Riley (1945), and the a o value obtained. For 

most specimens examined in this way the unit cell of the garnet was calculated 

from three or more different grains and the mean value obtained. The maximurn 

variation was found to be of the order of ~ 0.003A . 

(b) X-ray po",rder diffrac tome try • 

This rapid method is inherently more accurate than the powder photograph 

method and when enough material was available it was invariably utilised for 

structural determinations of the garnet, olivine and pyroxenes. 

Approximately 0.5 grams of a clean mineral fraction was very finely 

crushed in acetone, together with approximately 0.1 to 0.2 grams of pure Ali 

silicon powder to act as an accurately calibrated internal standard. 

The resultant powder, 1~1en dry, was then packed and flattened into a 

shallow, recessed perspex sample holder and mounted in the diffractometer 

specimen chamber. The peak positions of the X-ray reflections, both of the 

mineral and the silicon, were recorded on a chart. The X-ray run was 

repeated several times, on each occasion using iron-filtered cobalt radiation 
o 

with a goniometer speed of 1 29 per minute. For better resolution of certain 

peaks a goniometer speed of 1/4
0 

28 per minute was employed. The position of 

the peaks was corrected for any experimental error by reference to those of 

the internal silicon standard and the corresponding interplanar spacings 

obtained from tables. 

..,~ 
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For the determination of the unit cell of the garnets by this method 

the position of both the K~" and K~ 2 peaks of almost all the back 

reflections were measured, the interplanar spacing determined and the ao 

value for each reflection calculated in the normal manner (for the K~ 2 

refleotions a small oorrection factor had to be applied). By using this 

method no further correotion was neoessar,y as most analytioal errors were 

compensated for by the use of an internal standard. Indioations are that 

the variation in the dete~mined unit oell size is of the order of ~ 0.001 A, 
a value which is oonsiderably better than that obtained 'by the photographic 

method. 

X-ray equipment and settings. 

(a) Po't.;der photography. 

Camera Philips Debye-Scherrer, radius 57.28 rom. 

Radiati..on Co, Fe filtered 

KV, rnA 32 KV, 15 mA 

Collimators fine 

Temperature tY 68°F 

Exposure time 2 - 3 hours 

(b) Powder diffraotometxy. 

Diffraotometer Philips vertioal goniometer, model PWl050 

Radiation Co, Fe filtered 

KV, rnA 40 KV, 20 mA 

Collimator slits fine 

Temperature N 68°F 

Gonio~eter speed 1° 2e/min, for better resolution i/4 29/min. 

5~ 9hemical Analyses. 

All major element analyses, exoept for alkalis, ferrous oxide, water and 

carbon dioxide were carried out by X-ray fluoresoenoe spectrographic teohniques, 

the other constituents being determined by normal chemical methods. Trace 
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elements were determined by both X-ray fluorescence and emmission spectrographic 

techniques. Chromium was determined by wet chemical and X-ray methods. 

Methods of chemical analysis by X-ray fluorescence techniques have 

been developed at Anglo American Research Laboratory over a number of years using 

Philips X-ray fluorescence equipment. Whilst a description of the techniques is 

beyond the scope of this thesis a comprehensive background to practical X-ray 

spectrometr,y can be found in a recent text by Jenkins and de Vries (1967). 

Advantages of the X~ray fluorescence analysis of rocks compared with the classical . ' 

wet chemical methods are numerous, some that oome to mind include: 

a) rapidity - a single rock sample can be prepared and completely analysed 

for all major elements in approximately four hours, provided the operators are 

experienced and calibration data exists. 

b) accuraoy - the accuracy attainable is equal to, if not greater than that of 

"let-chemical analyses, provided of course reliable calibration standards 

are used. 

c) sample size - only a small amount of material is required for a complete 

rock analysis, normally of the order of several grams. 

d) records - the sample is permanently prepared in the form of a glasS disc 

or briquette and can al"lays be referred to. 

The method employed in the analysis of both rock and mineral specimens 

quoted in this thesis consists essentially of finely pulverising (in a tungsten 

carbide mill) a representative portion of the material and then fusing a known 

amount together with a known quantity of flux in either a platinum-gold or graphite 

crucible at 1000°C. The flux, consisting~of lithium tetraborate (1i2B407 ) and 

lanthanum oxide (La20a) is mixed with the sample in the ratio 85:15. Once the 

sample has been completely fused (approximately 30 mins) the molten glass is 

cast into a round, flat disc in a graphite mould, allowed to harden and cool and 

is then given a rough polish on one side to form the smooth analytical surface. 

The disc can then be analysed by X-rays and the results calculated and 

calibrated "lith internationally accepted standaxds such as those of the United 

states Geological Survey, the Canadian Association for Applied Spectroscopy, the 

United States National Bureau of Standards and the British Chemical SOCiety. 
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6. Specifi~ Gravity Determinations. 

The specific gravity of each rock specimen was determined, as ,,,,ell as 

that of individual mineral species. These determinations were carried out as 

indicated below. 

Rock speoimens. As all the rocks are coarse-grained, it was necessary for fairly 

large samples to be used in the determination. In practice it was found suitable 

to 11se a slab of the specimen, '\"eighing between 400 to 600 gram~, with as much of 

the weathered material as possible removed. Of course when the specimen was 

smaller than this a proportionately smaller fragment had to be used • 

.fA. displaoement method 1.<laS employed to determine the specific gravities 

(see Muller, in Zussman, 1967). The procedure was as follows~ 

The specimen was first weighed in air (W). After weighing a beaker , 2 

of water on a rough chemical balance (W2 ) the rock specimen was completely suspended 

in the water with the aid of a thin nylon thread, making sure that all air bubbles 

had been removed. The weight of the beaker plus water was found again (W3 ), and 

Vl3 - W2 gives the weight of the water displaced by the specimen. The specific 

gravit,y is therefore given by the formula W 
2 

W3-W2 

i.e. the weight of the specime~ 

divided by the weight of an equal volume of water. Accuraqy of this method when 

used on fresh, non-porous material is the order of ~ 0ne per oento 

Mineral concentrates. The specific gravit,y of mineral concentrates was done by 

the '\vell-kno'\m, pyknometer method. Basically it consists of using a known weight 

of a pure mineral concentrate and comparing with the weight of an equal volume of 

a liquid, benzene, toluene or alcohol normally being used. The results obtained 

by this method have the advantage of being the mean value of all the grains in 

the concentrate. 

Individual grains. In practise the method used consisted of dropping a small grain 

(less than 28 mesh in size) into a small beru<er of concentrated Clerici solution 

and diluting drop by drop with water until the grain is in complete equilibrium with 

the liquid. The specific gravity of the liquid, 1>lhich is also that of the 2,T2.in, 

was th~n determined ~ff standard pyknometr.y, or by the refractive index method 

of Jahns (193·9). 
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VIII. PETROLOGY OF THE XENOLITHS. 

In the following sections the petrography, modal compositions and 

chemistry of 42 peridotite and 24 ec10gitG xenoliths are dealt with in some 

detail. A summary of these findings and their significance is dealt with in 

the final section. Details pertaining to the constituent minerals are 

presented in Chapter IX. 

1. Petrography. 

A. PERIDOTITES. 

Initially all specimens were examined macroscopically and particular 

note was made of colour, structure, nature and degree of weathering and any 

forms of alteration. These observations, together with brief petrographic 

notes, are incorporated in Table 2 (garnet peridotites) and Table 3 (spinel, 

altered and unusual peridotites). It was found that the peridotites could 

be conveniently grouped into~ 

a) garnet-bearing peridotite 

b) spinel-bearing peridotite 

c) highly altered peridotite plus several unusual types. 

As the garnet and spinel peridotites are so similar in both 

mineralogical composition and appearance they can be described together. The 

highly altered and mineralogically unusual specimens are described separately. 

Although in hand specimen oertain differences are apparent an examination of 

thin sections of both the garnet peridotites and spinel-bearing peridotites 

reveals their essential similari~. Consequently detailed petrographic 

descriptions of individual specimens would serve no useful purpose. A 

generalised description of all the peridotites is given below. 

General description: The garnet and spinel peridotites are phaneroorystalline, 

medium- to ooarse-grained rocks, normally showing a greyish to somewhat olive or 

yellowish green oolour on fresh surfaoes. When weathered the surfaoe takes on 

an ochrous or khaki oolouration, extending into the xenolith to a maximum 

depth of about I om. Due to differential weathering of the constituent minerals 

~ 
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Specimen No. 

BF.I 

BF.2 

BF.3 

BF.4 

BF.5 

TABLE 2. 

PETROGRAPHIC NOTES ON THE GARNET PERIDOTITE XENOLITHS. 

NOTE; The maximum estimated size of the garnet grains, in millimetres, is indicated in brackets. 

Rock type S.G. 

Garnet lherzolite 

Garnet lherzolite 3.06 

Garnet lherzolite 3.01 

GaI~et 3.06 
harzburgite 

Garnet lherzolite 1 2.99 

Macroscopic examination 

Well-rounded xenolith, thin zone of 
superficial ochrous weathering. Fresh 
surfaces greenish grey. 

Superficial ochrous weathering, fresh 
surfaces yellowish green with prominent 
red garnet. 

Well-rounded xenolith, thin zone of 
superficial ochrous weathering. Fresh 
surfaces grey-green, slight gneissose 
appearance .. 

Fresh appearance, only slight 
serpentinisation. Yellowish green on 
fresh surfaces. Garnet concentrated 
in patches. 

Roughly rounded xenolith, fresh surfaces 
dark greyish green. Surface weathering 
extends about 5 rom into rock. 

Microscopic examination 

Olivine appreciably serpentinised, slightly 
!I granulate d ft , shows lll1even extinction. 
Orthopyroxene and chrome diopside show uneven 
extinction. Garnet (2 rom) well-rounded, 
fractured, thin kelyphitic rims. 
Phlogopite possibly primary. 

Olivine extensively "granulatedn , slightly 
serpentinised. Birefringent minerals all 
show uneven extinction. Garnet (5 rum) mainly 
rounded, some subhedral, all fractured; thin 
kel~i""phi tic rims. Phlogopite (primary?), bent 
and distorted. 

Olivine slightly Hgranulated", typically 
se~oentinised. Birefringent minerals show 
uneven extinction. Garnet (2 mm) rounded, 
subhedral or elongated. 

Olivine very slightly "granulated", marked 
uneven extinotion. Orthopyroxene bent,contains 
kink bands, inversion (?) lamellae. 
Garnet irregular aggregates, occasionally 
>lOmm. 

Olivine extensively serpentinised, appreciable 
tI granulation " • Birefringent minerals shOyl 

Ul1even extinction. Garnet (3 rum) rounded, 
subhedral or elongated, thin kelyphitic rims. 

-.----.-----



Specimen No. 

J3F.6 

J3F.7 

BF.8 

BF.9 

W.6 

J 
! 

l t .' _--..'_·.:.41 .... 

';" "'J 1 . 

Rock type 

Garnet lherzolite 

Garnet lherzolite 

Garnet 
harzburgite 

Garnet 
ha:rzburgite 

Garnet lherzolite 

S.G. 

3-.03 

2.99 

TABLE 2 (continued) 

Macroscopic examination 

Xenolith smoothly rounded, thin zone of 
weathering. Fresh surfaces greyish green. 

Xenolith of blocky shape, surface shows 
ochrous weathering, fresh surfaces 
grey-green. 

Large, well-rounded xenolith, rough 
ochrous surface. Fresh surfaces greyish 
green with prominent reddish garnets. 

Large,well-rounded xenolith, rough 
weathered surface. Fresh surfaces gr~y­
green. Garnet concentrated in patches, 
similar to BF.4. 

Thick zone of surface weathering. 
Fresh material_~ark grey-green. 

) ..... 

11icroscopic examination 

Olivine typically serpentinised, "granulation" 
absent. Garnet (3 rum) rounded or irregular, 
no kelyphitic borders. 

Olivine appreciably serpentinised and fractured, 
slightly Hgranulated". Orthopyroxene contains 
kinl~ bands. All birefringent minerals show 
uneven extinction. Garnet (2 mm) rounded, 
subhedral or irregular, often enclosed in 
orthopyroxene. 

Olivine serpentinised and fractured, "granulat­
ion!! slight. Orthopyroxene bent, contain kink 
bands. All birefringent minerals have uneven 
optical extinction. Garnet (5 rom) fractured, 
rounded to subhedral, no kelyphitic margins, 
contain olivine inclusions. 

Olivine slightly "granulated", fractured, 
uneven extinction. Orthopyroxene, occasional 
kiru~ bands, uneven extinction. Garnet (6 mm) 
relatively large irregular grains 
Trace chrome spinel detected. 

OliVine, marked marginal "granulation", uneven 
optical extinction, serpentinised. Orthopyroxene 
bent, contain kink bands and inversion (1) 
lamellae. Garnet (3 mm) rounded, fractured 
thin micaceous kelyphite. 

. '. :~. ~. 
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Specimen No. 

w.7 

W.9 

W.IO 

DT.6 

TABLE 2. (continued) 

Rock type B.G. Macroscopic examination 

Garnet lherzolite 2.99 Well-rounded xenolith, dark grey on 
fresh surfaces, contains abundant 
mica flakes. 

Garnet lherzolite 2.98 Very roughly rounded, thick ochrous 
weathering zone. Dark grey-green on 
fresh surfaces. 

Garnet lherzolite 

Garnet 
harzburgite 

Garnet 
harzbu:rgite 

3.17 Slight surface weathering roughly 
pitted surface, fresh surfaces 
yellowish green, exceptionally 
coarse-grained. 

3.02 

3.01 

Xenolith roughly rounded, fresh surfaces 
dark grey-green. Olivine blackish, 
contrasts wi~h unaltered orthopyroxene. 
Slightly gneissose. 

Well-rounded, thin surface weathering, 
fresh surfaces greenish gre.y. 

Microscopic examination 

Olivine not tlgranulated tf , sho\vs slight uneven 
extinction, appreciable serpentinisation and 
secondary serpentine veinlets. Garnet (2 rom) 
irregular to rounded, thick micaceous 
kelyphitic rims. Phlogopite probably secondary. 

Olivine, fractured and serpentinised, no 
t'granulation", slight uneven extinction in 
olivine and orthopyroxene. Garnet (2 rom) 
irregular to rounded. Phlogopite possibly 
primaxy. 

Olivine ftgranulated tt , fractured, exhibits 
intragranular recrystallisation features, 
uneven extinction. Orthopyroxene Shows uneven 
extinction. Garnet (8 rom) rounded, fractured, 
concentrated in certain areas, thick opaque 
kelJphi tic margins. 

Olivine not f1gxanulatedu , slight uneven 
extinction, extensively fractured and 
serpentinised. Fractures contains abundant 
dust-like iron oxide (?), hence blackish 
colour. Garnei0mm) well-rounded, fractured, 
11i th micaceous kelyphi te. 

Olivine extensively fractured and "granulated", 
exhibits intragranular recrystallisation 
features, uneven extinction. Orthopyroxene, 
bent crystals, kinks bands and inversion (?) 
lamellae. Garnet (1 mm) rounded, thin 
micaceous kelj~hitic rims~ Trace idiomorphic 
~hrome spinel detected~ 



Specimen No. Rock type 

DT.7 Garnet lherzolite 

DT.8 Garnet lherzolite 

nT.ll GarnBt lherzolite 

DT.14 Garnet lherzolite 

! 

'.,", .. , . 

· ~... I ' 

S.G. 

3.08 

3.10 

TABLE 2. (continued) 

Macroscopic examination 

Xenolith rounded, only slight surface 
weathering. Rock has fresh appearance. 

Roughly rounded, pitted surface, 
gneissose, orthopyroxene prominent. 
Fresh surfaces greyish black. 

Roughly rounded, thin zone of surface 
weathering, fresh surfaces greyish 
green, occasional mica flakes. 

3 .. 04 :Blocky, rounded outline, thin zone of 
weathered material,-fresh surfaces 
greyish green.·. 

} 

Microscopic examination 

Olivine fractured, only very slight "granulation" 
and intrag~anular rec:r.ystallisationt typical . 
uneven extinction. Orthopyroxene, occasional 
kinks bands, slight uneven extinction. 
Gaxnet (2 rom) rounded to angular, thin opaque 
kel:~-phi te, fractured. 

Olivine shows uneven extinction, extensively 
fractured, "granulated", exhibits intragranular 
recrystallisation. Fractures contain abundant . 
dust-like iron oxide (?), hence blackish col~ur.! 
Orthopyroxene, uneven extinction, bent, kinks, 
inversion (?) lamellae. Garnet (3 rom). rounded 
to irregular, fractured, virtually no kely-
phi tic margins. 

Olivine fractured, slightly serpentinised, 
1.U1even extinction, no "granulation". 
Orthopyroxene, slight uneven extinction. 
Chrome diopside shows prominent parting. 
Garnets (5:mm) rounded to irregular, thin 
mlcaceous kelyphite. Some phlogopite possibly 
primary. 

Olivine, appreciably veined by serpentine, 
fractured, Ugranulated tt and recrystallised in 
places, shows uneven extinction. Orthopyroxene 
slightly weathered, bent crystals, uneven 
extinction, shows kink bands. Garnet (3 rom) 
fractured, rimmed by thin opaque and micaceous 
kel:y-phi te. 

.-.: 
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Specimen No. 

DT.15 

DT.18 

DT.20 

RV.l6 

Rock type 

Garnet 
harzburgite 

Garnet 
harzburgite 

Garnet 
harzburgite 

Garnet lherzolite 

S.G. 

3.04 

TABLE 2. (continued) 

Macroscopic examination 

Ochrous, weathered surface, smoothly 
rounded. Fresh surfaces are greenish 
grey. 

Xenolith smoothly rounded, thin surface 
weathering zone, grey-green on fresh 
surfaces, fairly fine-grained in places. 

3.05 Very similar to DT.l5. Thin ochrous 
surface, well-rounded xenolith. Fresh 
surfaces greenish gr~. 

3.08 Well-rounded,rough pitted surface. 
Weathering up to 10 mm into the 
xenolith. Fresh rock is dark greenish 
grey. 

"-_." ._- -~--~----

Microscopic examination 

Olivine, uneven extinction, "granulation", 
intragranular recrystallisation, serpentine 
velnlng. Orthopyroxene, slight uneven 
extinction, intergro\v.n with trace chrome 
diopside. Garnet (2 rom) rounded, fractured, 
thick opaque and mioaceous kelyphite. 
Phlogopite probably secondary. 

Olivine extensively recrystallised, sho\vn by 
"granulation" and intragranular recrystallisat­
ion, original olivine shows uneven extinction. 
Orthopyroxene bent, contains deformation kink 
bands, inversion (?) lamellae, shows uneven 
extinction. Garnet (2 mm) irregular or rounded", 
extensive marginal alteration. Abundant 
seconda~J phlogopite. 

Olivine sho'VJS slight "granulation", uneven 
extinction, intragranul"ar recrystallisation, " 
fractures. Orthopyroxene has uneven extinction,: 
kink bands, possible inversion (?) lamellae, " 
associated with trace chrome diopside. 
Garnets (2 rom). irregular, fractured, thick 
opaque and micpceous kelyphite. Phlogopite 
appears secondary. 

Olivine fractured, slightly serpentinised and 
fI granulated n , Sh01tlS uneven extinction and 
deformation structures. Orthopyroxene shows 
uneven extinction, kink bands, possible . 
inversion lamellae. Garnet (2 mm) roundish to 
angular, fractured, thick opaque kel~~hitic 
rims. 



Specimen No. Rock type S.G. 

RV.25 Garnet lherzolite 3.06 

TABLE 2. (continued) 

Macroscopic examination 

Well-rounded xenolith, fresh surfaces 
yellotvish green. 

Microscopic examination 

Olivine appreciably "granulated", fractured and 
serpentinised, shows uneven extinction, 
occasional intragranular recrystallisation. 
Orthopyroxene shows bent crystals, uneven 
extinction, kink bands. Garnet (2 rnm) 
roundish or angular, fractured 1thick 
opaque kelyphitic rims. 



Specimen No. 

BF.IO 

W.I 

W.4 

TABLE 3. 

PETROGRAPHIC NOTES ON THE SPINEL AND ALTERED PERIDOTITE XENOLITHS. 

Rock type 

Spinel 
harzburgite 

Spinel lherzolite 

Spinel lherzolite 

Spinel 
harzburgite 

* Altered or unusual xenoliths which have not been represented 
diagramatically nor used in the estimations of !!average fJ 

compositions. 

S.G. 

3.1D 

3.08 

2.97 

Macroscopic examination 

Roughly rounded, fresh appearance. 
Orthopyroxene yellowish green. 

Fresh material of slightly altered 
appearance, pale grey-green. 
Prominent mica flakes. 

Well-rounded xenolith, fresh surfaces 
dark greenish gr~, of altered 
appearance. 

Xenoli th vJell-rounded, thin ochrous 
alteration on surface. Fresh surfaces 
appear slightly altered. Prominent 
orthopyroxene parting, yellowish green. 

Microscopic examination 

Olivine slightly serpentinised, fractured, kink 
bc-mds, uneven extinction, no "granulation". 
Orthopyroxene uneven extinction, shows occasional 
lamellar structure. Spinel-pyroxene 
S'JTftplecti tea 

Olivine highly fractured, slightly 
ffgranulated", contains intragranular 
recrystallisation, shows uneven extinction. 
Orthopyroxene partly altered, fractured, shows 
uneven extinction. Serpentine veinlets 
abundant. Phlogopite possibly primary. 
Spinel small, subhedral, opaque grains. i ' 

Olivine extensively fractured, faint 
deformation lamellae, uneven extinction. 
Orthopyroxene, incipient alteration, uneven 
extinction. Spinel subhedral, opaque grains .. 
Phlogopite shows uneven extinction, possibly 
primary. 

Olivine, uneven extinction, kink bands, 
deformation lamellae, ~ically serpentinised. 
Orthopyroxene shows lamellax structure, very 
uneven extinction. Spinel-pyroxene 
s;fmplecti tee 

, '. 



Specimen No. 

W.5 

DT.2 

DT.3 

DT.4 
·~ 

DT.9 

/ 
! 

'" :, .. ~ . ~. - ,."~ ., 

Rock type 

Spinel 
harzburgite 

Altered 
Iherzolite* 

Altered 
harzburgite * 

Spinel lherzolite 

Altered spinel 
1<Iehrli te* 

S.G. 

2 .. 98 

2.85 

2.81 

2.97 

TABLE 3. (continued) 

Macroscopic examination 

Xenolith roughly rounded, fresh· surfaces 
dark gr~-black with prominent altered 
orthopyroxene. 

vIell-rounded, smooth xenolith, altered 
appearance, dar~ grey on fresh surfaces. 

Rounded xenolith, rough pitted surface. 
Thick zone of surface weathering. 

Well-rounded xenolith, thick weathered 
zone. On fresh surfaces greenish grey 
and altered appearance~ 

Well<'"rounded roug~ xenolith, dark grey, 
appreciably al tered.. Abundant chrome 
diopside. 

-"."", !,;' 

Microscopic examination 

Olivine extensively fractured, dust-like alter­
ation on fractures, slight uneven extinction. 
Orthopyroxene altered to semi-opaque material,. 
l~aellar structure visible, rimmed by 
p~ogopite. Spinel-phlogopite symplectite. 

Olivine extensively fractured, tlgranulatedu , 
sho'Hs intragranular recrystallisation, uneven 
extinction, deformation lamallae. Abundant 
secondary serpentine, calcite and phlogopite. 
Orthopyroxene fractured, partly replaced, 
intergrOv.ID 'vi th chrome diopside" Rock 
approaches pyroxenite in composition. 

Olivine extensively serpentinised, fractured, 
sho,,;s-abundant intragranular and intergranular 
recrJstallisation. Orthopyroxene altered to 
talcose and chloritic material, shows uneven 
extinction. 

Olivine extensively fractured and serpentinised,: 
no signs of tectonic deformation. Orthopyroxene~ 
appreciably altered to talc and chlorite. 
Spinel as rounded or euhedral grains,maximum 
size 2 mm. 

Olivine typically fractured and paxtly 
serpentinised, shows no deformation structures. 
Abundant serpentine veining and secondary 
phlogopi te. Chrome spinel associated vIi th 
pale green chrome diopside, often partly 
altered. Occasional minute garn9t grains 
c1stecte'd" 

... /~ 



Specimen No. 

])T.IO 

DT.13 

DT.16 

DT.21 

RV.12 

Rock type 

Recrystallised 
peridotite* 

Spinel lherzolite 

Recrystallised 
peridotite* 

Altered 
lherzolite* 

Spinel 
harzburgite 

S.G. 

2.97 

TABLE 3. (continued) 

Macroscopic examination 

Smoothly rounded xenolith, blackish 
fresh surfaces, texture unlike the 
normal peridotites. 

Smooth well-rounded xenolith, thin 
zone of surface weathering. Fresh 
surfaces greenish grey, contains 
scattered mica flakes. 

3.00 Well-rounded, pitted xenolith, 
:extensively weathered, thick zone of 
ochrous material. Fresh surfaces are 
very fine-grained, blackish. 

2.85 Ochrous, pitted surface. Unweathered 
material is dark green-grey, appears 
altered. 

2.99 Well-rounded,-s.mooth surface, thin 
ochrous weathered material. Fresh 
rock, greenish grey. 

Microscopic examination 

Completely recrystallised to a fine-grained, 
granular mosaic of olivine tv.ith interstitial 
sel~entine1 iron oxide and phlogopite. Relicts 
of original olivine present. 

Olivine slightly ngranulated ff , extensively 
fractured, shows kink bands, deformation 
lamellae, intragranular recrystallisation. 
Orthopyroxene slightly altered, shows kink 
bands, uneven extinction and possible 
clinoenstatite inversion lamellae. Phlogopite 
probably secondary. Chrome spinel, small 
rounded grains. 

Olivine has been almost completely 
recrystallised to a fine-grained, granular 
mosaic, "lith interstitial serpentine and 
phlogopite. Remnants of the original olivine 
are scattered through the rock. 

Olivine extensively serpentinised and 
fractured, very slight uneven extinction. 
Abundant secondary serpentine, phlogopite, 
minor calcite. Orthopyroxene altered to 
talcose matenial. Trace of spinel, opaque 
grains. 

Olivine fractured, slightly serpentinised, 
shovls kink bands and occasional intragranular 
recIjTstallisation features. Orthopyroxene 
shov·TS occasional kink bands and slight 
lamellar structure. Phlogopite (in places 
enclosed by olivine) possibly primary. Spinel 
occurs as e1L~edral, opaque grains& 

\.J1 
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Specimen No.; Rock type 

RV.14 Spinel lherzolite 

RV .. 15 

RV.11 

RV.19 

Phlogopite-spinel 
lherzolite*' 

Spinel lherzolite 

Spinel 
harzburgite 

S.G. 

3.02 

3.01 

2.97 

TABLE 3. (continued) 

Macroscopic examination 

Typical well-rounded xenolith, thin 
ochrous surface alteration zone. F~esh 
material is greenish grey 

Blocky, roughly rounded xenolith, 
very little surface weathering. Fresh 
surfaces are greenish grey with abundant 
mica flakes. 

Rough, rounded surface, very little 
weathering. Fresh rock in yellowish 
green with green orthopyroxene. 

Typical 'YJell-rounded xenolith, thin 
ochrous surface weathering. Fresh 
surfaces green-grey with occasional 
mica flakes. 

} 

Microscopic examination 

Olivine slightly "granulated", contains intra­
granular recrystallisation, shovlS uneven 
extinction, deformation lamellae. 
Orthopyroxene, bent crystals, uneven extinction. 
Phlogopite (in places enclosed by olivine) 
possibly primary. Spinel, small euhedral to 
rounded, opaque grains. 

Olivine fractured, very slightly serpentinised. 
Orthopyroxene slightly altered, shows lamellar 
structure, associated Hith with clinopyroxene. 
Abundant phlogopite, often as inclusions in 
olivine, possibly primary. Spinel, small 
subhedral grains, often occur in mica. 

Olivine typical fractured, partly serpentinised, 
faint kink bands. Orthopyroxene slightly 
altered to talcose material, shows uneven 
extinction, lamellar structure. Thin serpentine­
phlogopite veinlets. Spinel-pyroxene 
s;)'Tllpl eo ti te • 

Olivine extensively fractured, slightly 
serpentinised, shows occasional kink bands, 
uneven extinction. Orthopyroxene very 
slightly altered, shows faint lamellar 
structure. Phlogopite laths occur within 
olivine grains, possibly primary. Spinel 
opaque, subhedral. 
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and also possibly attrition or oorrosion within the kimberlite at the time of 

intrusion, the harder or more resistant minerals, suoh as orthopyroxene and 

garnet, stand up in relief on the rounded surfaoes of any of the xenoliths, 

the olivine grains forming finely honeyoombed pits. 

Individual xenoliths v~ oonsiderably in shape but are generally of 

a well-rounded, ellipsoidal outline, often showing a tendenoy to be slightly 

flattened or elongated along one direotion, suggesting a gneissose struoture 

witibin the xenolitllS. It is interesting to note that aooidental, xenoliths of 

Karroo dolerite, also inoorporated in the same kimberlites of the Kimberley 

distriot, are well-rounded and of spheroidal outline, presumably due to the 

random orientation of the oonstituents. Reoent researoh on the petrofabrios 

of lherzolite, pyroxenite and eologite inclusions from kimberlite pipes in 

utah and Arizona (Helmstaedt and Anderson, 1969) suggest that the teotonio 

deformation of these~rocks took place in a crustal environment prior to incor­

poration in the kimberlite. 

Plate 4. Typical xenoliths from kimberlite. Note particularly the 

variation in size and the smooth, well-rounded surfaces. 

The scale is 45 em in length. 
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Considerable differences in size exist, ranging from specimens 

with a longest diameter of approximately 30 cm to those with a longest 

diameter of 15 cm. A selection of both peridotite and eclogite xenoliths, 

illustrated in Plate 4, clearly shows their variable shape and size. 

The fabric of the peridotites is essentially equigranular allo­

triomorphic but modified on occasions by a tendency towards a seriate texture. 

Usually the rocks are of a striking appearance and oontrast with most other 

varieties of igneous and metamorphic rocks. Perhaps the most noticeable 

features are the rounded grains of dark reddish garnet which are scattered 

throughout the garnet-bearing variety and the minor amount of vivid green 

chrome diopside found in most xenoliths. The textures of several t,ypioal 

garnet peridotite xenoliths is illustrated in Plates 5 to 9. These photo­

micrographs clearly show the allotriomorphic textures and the relationships 

bet"t-reen the constituent minerals. The spinel-bearing peridotites are not 

illustrated, but, except for the absence of garnet, are virtually identical 

"lith the garnetiferous variety. 

Thin-section studies have shown that the peridotites are essentially 

compact mosaics of interlocking olivine and orthopyroxene grains and can be 

regarded as harzburgites. In most xenoliths a small amount of clinopyroxene 

(chrome diopside), var,ying from several per cent to only a trace, is present, 

which gives the specimens a distinct lherzolitic character. OtHara (personal 

communication) suggests that the presence of chrome diopside, even in minute 

runounts, is indicative that the assemblage belongs within the lherzolite 

stability field and hence all specimens which contain even a trace of clino­

pyroxene should correctly be termed lnerzolites. However, as the chrome 

diopside is often only a ver,y minor and widely dispersed constituent the 

identification of such peridotites with true lherzolites is often impractical. 

Although the xenoliths are identified as such in Tables 2 and 3 for the rest 

of the stuqy they will be simply regarded as peridotites. 

In addition to the chrome diopside other accesso~ minerals include 

roundish grains of red garnet (usually surrounded by thin kelyphitic borders), 

chrome spinel (often intergrown in a vermicular or symplectic manner with 

diopside), flakes of phlogopite and occasional traces of sulphides and 
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Plate 5. Garnet peridotite BF.l. Notice the somewhat rounded 

orthopyroxene and the patches of phlogopite. The olivine 

is extensively veined by serpentine. 

Magnification X5, ordinary light. 

K~ to Plate 5. olivine (01), orthopyroxene (opx), garnet (g), 

chrome diopside (cpx), phlogopite (phI). 
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Plate 6. Garnet peridotite BF.3. A small amount of chrome diopside 

can be seen. Notice also the small garnet inclusions in 
the orthopyroxene. 

Magnification X5, ordinary light. 

Key to Plate 6. olivine (01), orthopyroxene (opx), 

garnet (g), chrome diopside (cpx). 
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Plate 7. Garnet peridotite BP.5. The serpentinisation and granulation 

of the olivine is well shown while the orthopyroxene remains 

unaffected. 

Magnification X5, ordinary light. 

K~ to Plate 7. olivine (01), orthopyroxene (opx), 

garnet (g) \I 
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Plate 8. Garnet peridotite RV.16. The garnets in this rock are 

surrounded by a thick kelyphitic rim (black). 

Magnification X5? ordin~ light. 

Key to Plate 8. olivine (01), orthopyroxene (opx), 

garnet (g), chrome diopside (cpx). 
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Plate 9. Garnet peridotite BF.4, showing an area unusually rich in 

irregular garnet. 

Magnification X8, ordinary light. 

Key to Plate 9. olivine (01), orthopyroxene (opx) , garnet (g). 
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graphite. One specimen contains a very small amount of ilmenite. Thin, 

secondary carbonate and serpentine veins are not uncommon. Compared with the 

garnet in the garnet peridotites the spinel in the spinel peridotites 

constitutes a much smaller amount (see Modal Analyses). Individual minerals 

8Te described more fully in Chapter IX. 

Many of the peridotite xenoliths show microscopic features t,ypical 

of stress and tectonic deformation, such as uneven extinction of the constituent 

minerals between crossed nicols, the development of bent crys,tals., kink bands, 

possible inversion products and recrystallisation. These features are also 

dealt with in much greater detail in Chapter IX. 

The state of preservation of each rock varies from specimen to 

specimen but all have undergone an appreciable period of serpentinisation and 

carbonatisation during the intrusion of the kimberlite. Other alteration 

features include the formation of zeolites and phlogopite. 

The highly altered peridotite xenoliths, several of which are 

extensively "granulated" and approach a dunite in composition, are similar in 

shape and size to the xenoliths of garnet- and spinel-bearing types. Unusual 

peridoti tes.inolude two containing exceptionally large amounts of clinopyroxene 

(DT.2, DT.9) and one which contains abundant mica (RV.15). Typical textural 

features of the highly "granulated" types are illustrated in Plates 10 and 11. 

rlineralogic data from altered and unusual types have not been used in the 

calculations of the "average" compositions, nor in,cluded in the diagrams. 

All altered and unusual xenoliths (except one, RV.15) originate from 

the Dutoi tspan rune, a feature which may 'be of some significance. The 

!!granulated ll xenoliths are fine-grained, in contrast with the much coarser­

grained normal ~pes, and contain neither spinel nor garnet. Of the remaining 

xenoli ths spinel is found in only .t"IO rocks, one of which also contains a 

trace of garnet. In the "granulated" xenoliths only relicts of the original 

olivine are present; orthopyroxene, where evident, is highly altered and 

phlogopite is a common constituent. Indications are that the so-called 

"granulation" is not essentially a physical disintergration of the rock under 

stress but rather a recr,ystallisation of the olivine under conditions of high 

temperature and stress. This could not have taken place within the kimberlite 
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PLATE 10. Altered peridotite DT.16, highly "grat.rulat.ed" 

and partly serpentinised. Only reliots of 

the oi'iginai oii vine a.re present. 

Magnifi¢~iion X 6,5~ ~rdinir,y light. 

PLATE 11 ~ AI tered peridotite DT.IO, very similar to DT,.16 

above.. A relict of the original olivine is 

visible. The intergranular serpentine is almost 

opaque, being highly charged with d~st-like iron 

oxide. 

Magnification X 6.5, ordinary light. 

~~, 
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and must represent tectonic recr,ysta1lisation at depth (see also Olivine and 

Orthopyroxene, Chapter IX). Serpentinisation and phlogopitisation would have 

taken place during the intrusion of the kimberlite. 

B. ECLOGITES. 

As in the case of the peridotites all eclogite specimens were 

initial~ examined maoroscopically and notes made of their structure, colour 

and forms of alteration. These observations are incorporated in Table 4. 

This superficial examination clearly showed that the eclogite suite consisted 

of several distinct t,ypes which differed from each other by: 

a) slight changes in the colour of the constituent minerals, 

particularly the garnet, and 

b) distinctive mineral additions to the basic garnet­

clinopyroxene composition, as witnessed by the 

presence of kyanite, corundum, rutile or diamond. 

The distinct differences recorded by MacGregor and Carter (1969), who recognised 

two groups of eclogite xenoliths from the Roberts Victor Mine on textural 

considerations, could not be clearly seen by the writer. Their first group 

consists of large, subhedral to rounded garnets in a matrix of anhedral to 

inte+stitial clinopyroxene and their second group of anhedral, irregular garnet 

and clinopyroxene with a tightly interlocking fabric. Support of this simple 

two-fold textural grouping of the eclogite xenoliths was not forthcoming from 

a careful stuqy by the present writer of all specimens available. 

Even though there are distinct differences in the structure of a 

number of the eclogite xenoliths, many for example exhibiting a rudimentary 

lC\Vering, their texture shows no consistent variation. Consequently, only a 

general description of the xenoliths is given here, while more detailed 

petrographic notes, summarising the major differences and noting features of 

interest, are presented in Table 4. 

The eclogite xenoliths are ".rell-rounded and generally ellipsoidal 

or ovate in outline. Several typical xenoliths are illustrated in Plate 4. 

Compared with the peridotite xenoliths they often show a considerably greater 

flattening in one direction, with the result that some xenoliths are almost 

~ 

'; 

r' 



TABLE 4. 

PETROGRAPHIC NOTES ON THE ECLOGITE XENOLITHS. 

NOTE: The maximum estimated size of the garnet grains and the colour of both the garnet and clinopyroxene is indicated in brackets 

Specimen No. . Rook ~e 

RV.I Eclogite 

RV.2 Eclogite 

RV.3 Eclogite 

RV.4 Diamond eclogite 

S.G. Macroscopic examination 

3.41 Garnet unevenly distributed, occurs 
in bands and patches. 

3.30 Garnet fairly evenly distribute1, 
grains tend to cluster in places. 

Xenolith has rudely banded appearance, 
similar to RV.I. Garnet unevenly 
distributed, grains vary in size. 

Xenolith roughly discoidal, very 
rough surface, diamo:nds visible, 
gneissose appearance. 

Microscopic examination 

Garnet (pale pinkish orange, 5 rom) turbid, irregular,; 
anhedral grains with abundant fractures and occasionaT 
faint anisotropism. Thin micaceous kelyphitic rims. . 
Clinopyroxene (pale blue-green) generally inter­
stitial to garnet, highly altered to ultrafine semi­
opaque aggregates, only relicts of original material 
remain. 

Garnet (redclish orange, 7 rom) angular to rounded, 
fractured, contain minute oriented anisotropic 
spindles (unidentified), altered in places. Thin 
micaceous kel~rphite. Clinopyroxene (dark green) 
appears interstitial, fine alteration on partings. 

Garnet (pale pinkish orange, 5 rom) turbid,irregular 
to rounded, completely anhedral, abundant sub­
parallel fractures, slight alteration, very faint , 
anisotropism. Clinopyroxene (pale green) extensively; 
altered to ultrafine semi-opaque material, relicts . 
of original pyroxene. Kelyphitic material contains 
minute feldspar laths., 

Garnet (pale orange, 4 mm) elongated, subhedral to 
anhedralt sub-parallel fractures, turbid in places. 
Clinopyroxene (pale green) extensively altered to 
fine-grained, semi-opaque aggregates concentrated 
along fraotures and partings. Rutile and diamond 
are accessories. Kelyphite contains feldspar 
microlites. Seoondary quartz. 

'oI!' '.,: 
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Specimen No. Rock type 

RV.5 Eclogite 

Rv.6 

RV.7 

RV.S 

Kyanite-corundum 
eclogite 

Eclogite 

Eclogite 

. , : 
• ~r - ~ 

TABLE 4. (continued) 

S .. G-_ Macroscopic examination 

3~54 Discoidal, well-polished xenolith, garnet 
concentrated in places, similar to RV.l. 

Xenolith rounded, rough surface, banded. 
Two distinot types of eclogite evident 
in hand specimen, one containing 
kyanite predominates 

Garnet irregularly distributed, very 
similar to RV.I, occurs in segregated 
areas. 

3.35 Rough, uneven surface,slightly 
weathered, garnet -L..f!,irly evenly 
distributed through tbe rock. 

• ~ J, 
~ .... ~~ .. ." ~- -.- .. ' ~. .' '" . 

:: r~' - . ;:"' .. ~..: .:.' . 

Microscopic examination 

Garnet (pale orange, 6 mrn) rounded to angular, , 
anhedral, turbid, subparallel fractures, in place~ 
ver.y faintly anisotropic, contain clinopyroxene 
inclusions. Clinopyroxene (pale green) _ 
distinctly interstitial, partly altered to V1hitis~ 
semi-opaque aggregates, especially on cracks. -

Garnet (orange, 5 mm) irregular, anhedral, sub­
parallel fractures, kyanite-corundum inclusions, 
turbid in places. Clinopyroxene mainly altered 
to ver;{ fine-grained semi-opaque material. 
Kyani te occurs as rounded or irregular grains 'J 
contains mauve corundum. Glassy material, vIi th 
feldspar crystallites, occurs within the 
altered clinopyroxene. Trace of rutile present. 

Garnet (pale pinkish orange) fractured'} turbid, 
anhedral grains, rounded to irregular. 
Clinopyroxene (bluish green) highly altered to 
ultrafine-grained, opaque aggregates. Glassy 
material occurs as thin veins, (associated with 
kelyphite), contains feldspar laths, amphibole, 
spinel, mica. Py~oxene distinctly interstitial. 

Garnet (reddish orange, 6 ram) anhedral, roundish, 
slightly fractured, incipient alteration visible, 
faint anisotropism in places. Clinopyroxene 
(dark green), interstitial to garnet, contains 
small garnet inclUSions, partly altered to 
ultrafine-grained aggregates. Kelphitic 
margins very micaceous, traces of glassy 
material in places • 

• :' .• ~ .: ' " J." .' 



Specimen No. Rock type 

RV.9 Eclogite 

RV.IO I Eclogite 

RV.lB : AI tered eclogi ie 

RV.20 j Eclogite 

TABLE 4. (continued) 

S.G. Macroscopic examination 

Exceptionally rich in garnet, pyroxene 
extensively altered. 

3.26 Garnet and pyroxene evenly distributed, 
no banding evident. 

3.03 Well-rounded xenolith, not banded, 
abundant micaceous material, garnet 
evenly distributed through rock. 

3.22 Well-rounded, discoidal xenolith, 
slightly finer-grained than most 
xenoliths. Similar to RV.IO. 

Microscopic examination 

Garnet (pale pinkish orange, 5 mrn) anhedral, 
roundish to irregular, abundant subparallel 
fractures, turbid in places. Clinopyroxene 
highly altered to ultrafine-grained semi-opaque 
aggregates, in places shows signs of melting 
and formation of feldspar laths. Kelyphitic 
material borders some garnets. 

Garnet (brownish red, 6 mm) angular, subhedral 
to anhedral grains, subparallel fractures, 
turbid alteration in places, contain minute 
birefringent oriented spindles. Clinopyroxene 
(green) not typically interstitial, slightly 
altered, shows distinct tvanning on (100) 
parting. JYIicaceous kelyphi tee 

Garnet (pale pink, 5 mm) rounded to elongated 
fractured, extensively altered, anhedral, in 
places only relicts remain. Clinopyroxene 
largely replaced by dark mica , fine-grained 
relicts of earlier material remain. Other 
second~ minerals include pale green amphibole 
and occasional feYdspar laths. 

Garnet (brownish pink, 3 mm) angular and 
elongated, fracture~.subhedral to anhedral, 
evenly distributed. Rimmed by opaque and 
micaceous kelyphite. Clinopyroxene (pale green) 
not interstitial, abundant subparallel fractures. 
JYlica probably second~. 



Specimen No. 

RV.26 

RV.27 

RV.29 

Rock type S.G. 

Eclogi te 3.31 

Contact~eclogite- n.d. 
~anite eclogite 

Altered eclogite 

n.d. not determined. 

TABLE 4. (continued) 

Macroscopic examination 

Xenolith elongated, angular. 
grained than most xenoliths. 
RV.2, RV.S. 

Finer­
Similar to 

Roughly rounded xenolith, two distinct 
vypes clearly visible, sharp contact 
(see Plate 13). 

Well-rounded xenolith, extensively 
replaced by mica. Similar to RV.lS. 

~licroscopic examination 

Garnet (reddish orange, 3 mm) roundish to 
irregular anhedral grains, slightly fractured, 
turbid in places, ve~ faintly anisotropic. 
Thin kel~~hitic borders. Clinopyroxene (dark 
green) appreciably altered, especially along 
fractures and partings, to very fine-grained 
semi-opaque materials. Occasional small garnet 
inclusion in pyroxene • 

. (a)EclogitegGarnet (broymish orange, 5 mm) roundish 
or irregular, anhedral, turbid, extensively 
fractured. Clinopyroxene (dark green) partly 
altered to ~ical fine-grained products, 
appears interstitial • 

. (b)Kyanite eclotite:Garnet (orange, 4 mm) roundish 
to elongated, anhedral or vaguely subhedral, 
turbid, fractured. Clinopyroxen~ completely 
altered to opaque very fine-grained material, 
glassy in places, shows feldspar crystallites. 
Kyani te (blue) rounded to irregular grains 
included in both garnet and pyroxene. 

Garnet (pinkish orange, 5 mm) rounded to 
irregular, anfledral, surrounded by extensive 
dark mica (secondary). Clinopyroxene (dark 
green) highly altered, relicts of original 
material remain. Mica, reddish brown, 
probably biotite. 



Specimen No. Rock t,ype 

RV.30 Eclogite 

RV.31 Eclogite 

RV .. 32 Eclogite 

RV.33 Eclogite 

TABLE 4. (continued) 

S.G. Macroscopic examination 

3.41 Large, discoidal xenolith. Garnet and 
clinopyroxene evenly distributed, 
clustered in groups of several grains. 
Rock has a fresh appearance, similar to 
RV.2, RV.8, RV.26. 

3.32 Xenolith distinctly banded into two 
eclogite types, very rough surface 
(one type occurs only in minor amount)', 

3.43 Well-rounded, flattend, rough surface, 
gneissose structure. 

3.39 Extremely rough surface, xenolith 
vaguely rounded, surface material 
weathered. 

. '. 

Microscopic examination 

Garnet (reddish orange, 5 rom) rounded to 
irregular, anhedral, slightly fractured, turbid, 
thin kelj~hite, faintly anisotropic in places. 
Clinopyroxene (dark green) extensively altered 
to opaque materials, occasionally contain small, 
rounded garnet inclusions. 

Garnet (pale orange, 5 rom) rounded to irregular, 
fractured anhedral, thin rims of kelyphitic 
material. Clinopyroxene (pale green) inter­
stitial, almost completely altered to very 
fine-grained, whitish, semi-opaque material9 
Glassy material and feldspar microlites in 
places. Secondary quartz. 

Garnet (reddish orange, 6 rom) angular, elongated, 
often subhedral, contain oriented spindles 
(unidentified), subparallel fractures, slightly 
turbid. Clinopyroxene (very dark green) not 
~ically interstitial, partly altered to very 
fine-grained materials, especially on fractures 
and partings, contains rutile (?) inclusions. 
Slight melting in; places. 

Garnet (pale orange, 5 mm) roundish to 
irregular, anhedral, subparallel fractures, 
slight anomalous extinction, thin micaceous 
kelyphitic rims contains occasional feldspar 
laths. Clinopyroxene (green) extensively 
altered in t.ypical fashion. Secondary quartz 
occurs in minor amounts, glassy material in 
places • 



Specimen No. Rock type 

RV.34 : Kyani te eclogite 

RVlJ·2 Eclogite 

RVL.5 Eclogite 

\ 
RVL.IO Eclogite 

} 

TABLE 4. (continued) 

S.G. Macroscopic examination 

3.15 : Typical kyanite-bearing specimen. 

3.27 

· (See Plate 21). Slightly weathered 
surface. 

Smoothly rounded, weathered surface. 
Garnet evenly distributed. 

3.A4 : Well-polished surface, thin surface 
· alteration, garnet evenly distributed. 

• 3.35 Well-rounded, polished xenolith, 
· thin surface alteration. 

Microscopic examination 

Garnet (reddish orange, 4 rom) rounded to sub­
hedral, slightly fractured, turbid in places. 
ClinoP:y"roxene completely opaque, very fine­
grained greyish aggregate, traces of original 
pyroxene (pale green) visible, melting has 
occurred in places. Kyanite (blue) generally 
rounded or subhedral. 

Garnet (pinkish orange, 5 rom) irregular to 
rounded,occasionally subhedral, slightly 
fractured, turbid in places. Clinopyroxene 
(dark green) extensively altered, particularly 
along fractures. Veinlets of glassy material 
CYlith feldspar and amphibole) associated with 
kelyphitic material. 

Garnet (reddish orange, 5 mm) slightly aniso­
tropic, roundish, anhedral to subhedral, 
slightly fractured, thin kelyphite. 
Clinopyroxene (green) fairly fresh, altered 
to fine-grained material mainly on fractures 
and partings, pyroxene is not generally 
interstitial. 

Garnet (reddish orange, 6 mm) rounded to 
irregular, anhedral, fractured, turbid, thin 
kelj~hitic rims. Clinopyroxene (dark green) 
slightly altered in typical manner, occasional 
small garnet inclusionss 

/ 



Specimen No. Rock type S .. G. 

RV~.16 Eclogite 

TABLE 4. (continued) 

Macroscopic examination 

Xenolith is of fresh appearance, well 
rounded. 

Microscopic examination 

Garnet (dark orange, 5 rnm) rounded to angular, 
elongated, subhedral. Clinopyroxene (dark green) 
not interstitial, slightly altered to fine-grained 
products. Garnet-pyroxene symplecti te in places, . 
other garnet occurs as thin stringers on 
pyroxene grain boundaries (exsolution feature?). 
Garnets also contain oriented birefringent 
spindles, clinopyroxene contains rutile prisms. 



69 .. 

discoidal. This is thought to be due to the gneissose or layered structure 

exhibited by many of the rocks, a fine example of which is illustrated in 

Plate 12. This xenolith, of which only a portion is shown, also clearly 

illustrates the high degree of rounding and well-polished surfaces of many of 

these inclusions. In many other specimens which possess a less well defined 

l~rering, garnet is inhomogeneously distributed through the rock and occurs 

as clusters, often several centimetres across. Whilst the original surface of 

.many of the xenoliths is exceptionally smooth and polished, ,others are roughly 

pitted. 

Plate 13 illustrates a very unusual feature - the contact between a 

normal eclogite and a kyanite eclogite. It is interesting to note that the 

colour of the garnets in each type differ considerably, as does the nature of 

the clinopyroxene. Dawson (1968) has described a similar specimen and Mathias 

~ (1970) refer to thin alternating bands of kyanite and kyanite-free 

eclogite in one xenolith examined by them. 

Plate 12. A portion of a well-l~ered eclogite xenolith RVL.2. 

Notice the distinct garnet-rich layers. The xenolith 

is considerably flattened in a direction parallel to 

the plane of the paper, which corresponds roughly to 

the layering. 
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Plate 13. Layered eclogite RV.27, showing the contact between a normal 

clinopyroxene-garnet assemblage and a clinopyroxene-garnet~k,yanite 

rock. The xenolith has a maximum diameter of approximately 14 cm. 

The size of individual xenoliths varies considerably but, ",hen 

complete, their longest dimension is generally of the order of 10: to 20 cm •. 

In 'some cases only a portion of . a xenolith "'as available for examination and 

it was impossible to estimate the size of the original speoimen with aocuracy. 

Close examination of the eclogites shows that th~ are essentially 

phaneroc~stalline, medium- to coarse-grained aggregates of brownish, orange 

or red garnet and dark green clinopyroxene. Their fabric, which can be 

described as allotriomorphic, consists of a compact interlocking mosaic of 

irregular to rounded anhedral grains. As would be expected from their cubic 

symmetry the garnet grains are more rounded than the clinopyroxene but very 

rarely show any sign of distinct subhedral outline.. Many of the garnet grains 

are also completely irregular. In most cases the pyroxene appears to be 

interstitial to the garnet suggesting that the garnet formed before the 

pyroxene.. This texture may however be deceptive as garnet exerts a much 

stronger crystallising force than pyroxenes, even in the solid state 

(Harker, 1950). 

~~ .. 

, .. ~" 
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Two rock slabs showing the typical texture of eclogite are illustratc:( 

in Plate 14. A range of textures, seen microscopically, is illustrated by 

photomicrographs in Plates 15 to 20. Points to note, other than the textural 

features, are the abundant sub-parallel fractures in the garnet (Plates 16 to 

18), thought to be due to tectonism, the highly altered nature of much of the 

clinopyroxene (Plates 15, 16, 18 and 20) and the presence of laths of mica 

associated with the kelyphitic material (Plate 17.) 

Three specimens of bJanite-bearing eclogite were identified, one 

being the striking rock (RV.34) whown in Plate 21. S",ritzer and Melson (1969) 

have recently described, in detail, a partially melted kyanite eclogite from 

the Roberts Victor pipe. The xenoliths of kyanite eclogites are characterised 

by an intense alteration of the clinopyroxene to a very fine-grained grey, 

opaque matrix in which only traces of the original material are still present 

(see Plate 20). X-ray diffraction clearly shows that the crystalline structure 

of this material, whilst poorly developed, is still essentially that of a 

clinopyroxene. Blue kyanite occurs as irregular, rounded or subhedral grains 

Plate 14. Slabs of eclogite [RV.32 (left) and RV.33 (right)] used in 

modal analyses, illustrating the typical macroscopically 

visible textures. The slabs are approximately 7 cm across. 
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Plate 15. Eclogite RV.l. Notice the extensive alteration of the 

clinopyroxene and the irregular shape of the garnet. 

Magnification X5, ordinar,y light. 

K)Y to Plate 15. clinopyroxene (cpx), garnet (g). 
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Plate 16. Diamondiferous eclogite RV.4. The sub-parallel fractures in 

the garnet are particularly outstanding. 

Magnification X5, ordinar,y light. 

K~ to Plate 16. clinopyroxene (cpx), garnet (g), quartz (q). 
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Plate 17. Eclogite RV.20. Flakes and patches of mica, probably of 

secondar,y origin, are closely associated with the kelyphitic 
rims of the garnet. 

Magnification X5, ordinar,y light. 

~ . 

Key to Plate ~7. clinopyroxene (cpx), garnet (g), phlogopite (phl). 
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Plate 18. Eclogite RV~33. The extensive alteration of the clinopyroxene 

is ver,y marked, as are the subparallel fractures in the garnet. 

Notice also the patches of secondary chalcedonic quartz. 

Magnification X5, ordinary light. 

Key to Plate 18. clinopyroxene (cpx), garnet (g), secondary quartz (q). 

:?~: 
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Plate 19. Eclogite RVL.16. An unusually fresh specimen of eclogite, 

showing only slight alteration of the clinopyroxene. 

Magnification X5, ordinary light. 

Key to Plate 19. clinopyroxene (cpx) , garnet (g). 
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Plate 20. Kyanite eclogite RV.34. Notice the rounded or subhedral 

grains of kyanite and the opaque, completely altered 

nature of the clinopyroxene. 

Magnification X5, ordinary light. 

Key to Plate 20. clinopyroxene (cpx) , garnet (g), kyanite (k). 
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often showing a good cleavage. In places it is poikiloblastically enclosed 

by the garnet. In specimen Rv.6 the kyanite is associated with a minor amount 

of mauve,lath-shaped corundum, which introduces a primary four-phase assooiat-

ion~ Similar clinopyroxene-garnet-kyanite-oorundum assooiations have reoently 

been reported by Sobolev et al (1968) from the Zagadoohmaya pipe in Yakutia 

and by l'1athias et al (1970) from the Crown lYline (South Afrioa). 

One speoimen of diamond-bearing eologite, RV.4, oalls for special 

mention. In appearanoe ru1d texture this rook olosely resembles the other 

eologites. The oomplete xenolith, discoidal in shape (approximately 13 x 10 x 

5 cm), has a distinctly gneissose structure and the rounded to elongated, 

pale orange-coloured garnets show prominent sub-parallel fractures (Plate 16), 

some grains show an ill-defined crystal shape. The clinopyroxene is poorly 

preserved, only occasional pale green relict grains being visible, the 

remainder of the material fonning a soft, khaki-ooloured, earthy matrix. 

Diamonds, ranging in size from a maximum of approximately 4 rom across to less 

than 1 rom, are scattered throughout the rook. Compared with a diamondiferous 

kimberlite, this eclogite is fabulously rich. Two typioal diamonds are 

illustrated in Plates 22 and 23. The shapES of the diamonds vary fro¥ single 

:,' ,"i;:':~~',":' 
...... 

'<Tell-formed octahedra (Plate 22) to irregular crystalline ag~egate's (Plate 23), 

while in colour they change from glass-clear to blackish. The results of a 

more detailed study of the diamonds are given 1:n Chapter IX. It is interesting 

to note that rutile, showing minute, orientated" opaque inclusions, is a minor 

acoesso~ of the rock and appears identical with the rutile found as an 

inclusion in diamond from eclogite (Gurn,ey et aI, in press). 

One of the most interesting features, seen to a greater or lesser 

degree in almost every eclogite, is the presence of small, looalised amounts 

of interstitial, brownish, glassy material (often containing feldspar 

cr.ystallites) or ve~ fine-grained, secondary, plagioclase-amphibole (or 

plagioclase-mica) aggregates. Similar features have been reported by 

Switzer and Melson (1969) and Frick (1970). The glassy material and feldspar 

c~stallites~ illustrated in Plate 24~ are best developed in the clinopyroxene, 

which sho\lrs the effects of appreciable melting, and in the kelyphi tic material 

along the contact between garnet and pyroxene. The partial melting of the 

eclogites and the formation of constituents stable at lower pressure is thought 

;'-.)-

.:;;./ 

. ;:.~ 
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Plate 21. Kyanite eclogite RV.34. The kyanite (blue) and the garnet (orange) 

are set in an opaque, greyish matrix of altered clinopyroxene. 

Magnification XI.5. 

to be due to a sudden relief of pressure, probably on the rapid and explosive 

intrusion of the kimberlite and the subsequent chilling of minor amounts of 

glassy material formed. 

other than melting, changes in the eclogites are shown by typical 

kelyphitic margins around the garnet. These kelyphitic margins normally 

consist of a very fine intergrowth of a pale brown amphibole, phlogopite, green 

spinel and occasionally feldspar and glass. Alteration of the clinopyroxene 

results in the formation of areas of ultra fine-grained, whitish aggregates. 

This altered material, found in the pyroxene of almost every specimen in var,ying 

amounts, is espeoially conoentrated along fractures and partings and in places 

has assumed almost a "sa\<l-toothed" pattern. The nature of this secondary 

material is dealt with in more detail in Chapter IX. 

other changes attributed to hydrothermal alteration and weathering 

include the formation of patches of secondary, chalcedonic quartz and small 

~ounts of minerals such as analcime, a stilbite-like mineral and red~ jaspe~' 

silica. In some xenoliths brownish micaceous material is an important constit~ 

uent. 

:~" 
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In conclusion, a brief mention of the observed primary eclogitic 

mineral associations can be made. In their recent study Mathias et al (1970) 

list 15 distinct eclogite associations occurring in the kimberlites of 

Lesotho, Rhodesia, South Africa and Tanzania. The following four mineral 

assemblages were recognised in the xenoliths of the present investigation~ 

1. clinopyroxene - garnet. 

2. clinopyroxene - garnet - kyanite. 

3. clinopyroxene - garnet - kyanite - corundum. 

4. clinopyroxene - garnet - diamond. 

In addition to the minerals mentioned above, trace amounts of other 

primary phases were detected in many of the rocks but it was considered that 

these did not warrant definition as essential constituents. These minerals 

include rutile (~ormally containing minute, orientated, opaque inclusions), 

sulphides (pyrite, marcasite and a polydymite-~pe mineral) and rarely traces 

of corundum, l~anite, chrome spinel and ilmenite. Chalcedonic quartz, slightly 

milkji" in appearance, is an accessory in five of the rocks and is considered to 

be of secondary origin. 

A more detailed description of the individual minerals and quantitative ' 

optical, chemical and physical data are presented in Chapter IX. 

Plate 22. A clear, well-formed octahedral diamond on the surface of 

eclogite RV.4. 

Magnification X5. 

-:~ . 
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Plate 23. A clear but irregular aggregate of diamond embedded in 

eclogite RV.4. 

Magnification X5. 

Plate 24. The glassy material i~ eclogite RV.6. Note the feldspar 

cr.ystallites. 

Magnification X639 polarised light. 

':;. 
'f 

;~ ... 



Plate 25. 
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A patch of glassy material in eclogite RV.7. 

Greenish, weakly pleochroic amphibole, spinel and 

calcite have developed in a glassy groundmass~ 

Magnification X90~ ordina~ light. 

~~':-
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2. Hodal Analyses. 

The results of modal analyses of the peridotites and eclogites are 

presented in Table 5 (garnet peridotites), Table 6 (spinel and altered peridotites) 

and Table 8 (eclogites). The volumetric percentage of the major constituents, 

that is, those greater than 10 per cent by volume, have been rounded off to the 

nearest one per cent and the figure for the minor constituents (those less than 

10 per cent by volume) to the nearest one-tenth per cent. It must be understood, 

however, that due to the coarse-grained and inhomogeneous nature of the xenoliths 

these values are not necessarily always highly accurate, but in most cases, 

unless specifically indicated, the accuracy is thought to- be within five per cent 

relative of the amount present for the major constituents· and 1},i thin 10 per cent 

for the aocessor,yrminerals_ 

A. PERIDOTITES. 

The results of the garnet peridotite analyses, tabulated, in Table 5, 

are presented graphically in Fig. 4, in which the values are plotted on a 

triangular diagram using olivine, total pyroxene (orthopyroxene plus any 

acoesso~ amounts of chrome diopside) and garnet as the end-members. Where 

phlogopite does not exoeed half of one per cent by volume it is combined 

with the garnet end-member but when in excess of this amount it is ignored 

and the sum of the other constituents recalculated to a total of one hundred 

per cent. This has been done as it is considered that the bulk of the 

phlogopite is of seconda~ origin (however, see Phlogopite, Chapter IX). 

Fig. 5 is a diagrammatio representation of the essential mineralogical 

composition of a number of typical garnet peridotite xenoliths based on the 

results found in Table 4. This diagram gives some indication of the range in 

mineralogical oomposition of the garnet peridotites, whilst the histograms 

shown in Fig. 6 illustrate the distribution frequenoy of the four main 

constituents, 

The oomposition of the spinel peridotites is also presented graphically 

in Fig. 4 but the nature of the altered peridotites makes them unsuitable for 
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TABLE 5. 

MODAL ANALYSES OF THE GARNET PERIDOTITE XENOLITHS. 

Volume percentage* 
Specimen ~--------------------------------------------~ Trace 

No.. 01" Ortho- Chrome PhI . t consti tuents 
2V2ne . pyroxene diopside OgOp2 e 

BF.l 

2 

3 

4 

5 
6 

7 
8 

9 

w.6 
7 
8 

9 
10 

DT.6 

7 
8 

11 

14 
15 
18 

20 

. RV.16 

* 

~!...)~ 
i\ I .. 

tr 

25 

68 

80 

68 

59 
71 
63 

75 

74 
62 

55 
52 
73 
58 
66 

77 
61 

70 

65 
59 
64 

65 

64 

57 
59 

26 

13 
26 

33 
21 

31 
21 

23 

32 

39 
38 

23 

37 
29 
20 

33 
25 
22 

35 
30*1<-

26 

31** 

37 
36 

3.7 
4.5 
3.6 
7.4 
4.0 
5.2 
3.7 
4.0 
6.3 

5.9 
4.7 
2.9 
3.6 
5.0 
2.4 
5.8 
4.8 
5.9 
5.6 
5.2 
3.8 

3.9 

1.2 

1.9 
2.0 

1.4 
0.2 

0.5 

0.2 

tr 

0.7 

1.6 

0.2 

tr 

5.0 
0.5 

4.9 1 .. 0 

4.1 .~ 0.7 

1.2 

0.4 
0.2 

2.7 
0.4 

tr 

tr 

tr 

5.6 
0.8 

tr 

0.1 

tr 

tr 

1.2 

0.4 
0.2 

4.2 

0.6 

tr 

sulphides 

graphi te 

chrome spinel, 
graphite 

chrome spinel 

sulphides 

chrome spinel 

chrome spinel, 
sulphides 

Various alteration products are included with the original constituent 

i.e. serpentine combined with olivine, kelyphite with garnet. 

Small amounts of chrome diopside are associated with the orthopyroxene. 

trace. 

'%!J:!' 
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Specimen 
No .• 

BF.IO 

iJl, 1 

3 

4 

5 

DT. 2-lt-

3-* 

4 

9* 

101~ 

13 

16:~ 

21* 

RV.12 

14 

15 x-

17 

19 

)*" 

1f* 

¢ 

+ 

tr 

Olivine 

59 

55 

75 

65 

68 

39 

82 

89 

80 

95 

89 

94 

91 

78 

71 

63 

69 

78 

85. 

TABLE 6. 

MODAL ANALYSES OF THE SPINEL PERIDOTITE 
AND ALTERED PERIDOTITE XENOLITHS. 

Volume percentage + 

Ortho- Chrome j PhI " t Spinel d" 'd i ogop~ e pyroxene ~ops~ e j 

, 
40 j 0.6 

35** tr 9.4 0.6 

21 0.5 3.2 0.3 

34** 0 .. 6 

31** tr 0.6 

45;6 1.6 

18 

11 0.2 0.3 0.3 

13.6 6.4 tr 

remainder alteration products 

11 0.3 1.4 0.2 

4 2 .. 0 

7 1.2 0.3 

21 0.2 0.1 

23 0.3 5.9 0.2 

tr 6.7 30 0.1 

30 0.1 0.8 0.1 

19 2.8 0., 

altered peridotites. 

Trace 
constituents 

garnet, sulphide 

garnet 

garnet 

garnet, sulphides 

ilmenite 

garnet ,sulphides 

garnet 

small amounts of chrome diopside are associated with orthopyroxene. 

consists of intergrown orthopyroxene and chrome diopside. 

various alteration products are included with the original oonstituent. 

trace. 
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7 
ORTHOPYROXENEN=24 

6 

5 

4 

3 

2 

0' I 

90 
o 10 20 30 40 50 

VOLUME PER CENT 

CHROME DlOPSIDE N =23* 

14 

13 

12 

11 

10 

9 

8 

7 

6 

5 

4 

3 

2 

0 
9 o 0·2 0'4 0·6 0'8 1·0 1·2 1-4 1-6 1'8 2-0 2-2 

VOLUME PER CENT 
* One specimen (OT 11) 

not included 

illustrating the distribution 
of the major constituents In 

Peridotite Xenoliths 

"'c 

; 

~, 
:r., 



J­
Z 
w 
U 
Q: 
w 
c.. 

~ 
Q: 
I­
W 

::E 
::::) 
....I o 
> 

5 

>-1 4 
U 
Z 
w 
::::)1 3 
0 
w 
Q: 
u.. 

80 

60 

40 

20 

o 

80 

60 

40 

20 

0 

89 

FIG. 7 

oJ OpX cpx phi sp 01 opx cpx phi sp 

BE1D 80 DT.4 

60 

40 

20 

It (I I I _L--.-l o 

(a) 

W.3 
80 RV.15 

~ 40 

~ [D' . ....... 
l,:,)~~~ ..... ,. 1-20 
, ....... 

~~~~~\~.~ 

V / / h-rn-n 

LL........LJ.~ 1...0 r •• ". -, 

MINERALOGICAL COMPOSITION 

01 olivine cpx clinopyroxene sp spinel 

opx orthopyroxene phi phlogopite 

OLIVINE N=ll ORTHOPYROXENE N~ll 

5 

4 

3 (b) 

I :[ n Il n 
2 

O~I ------~--~~~~4-~ __ ~_ 
50 60 70 80 90 o 10 20 30 40 

VOLUME PER CENT 

-------------- -------

(a) AN ILLUSTRATION OF THE ESSENTIAL MINERALOGICAL 

COMPOSITION OF SELECTED SPINEL PERIDOTITE XENOLITHS 

(b) HISTOGRAMS SHOWING THE DISTRIBUTION .. F~~EOUENCY OF 

OLIVINE AND ORTHOPYROXENE IN THE SPINEL PERIDOTITES 

""\) 

1; 



90. 

diagrammatic representation. In the case of the spinel peridotites spinel 

has been substituted for the garnet end-member and the diagram should be 

read thus. Phlogopite was similarly combined as for the garnet peridotite 

analyses. The essential mineralogical composition of a number of the spinel 

peridotites, but not the highly altered material, is also shown in Fig. 7(a) 

whilst histograms showing the distribution frequency of olivine and ortho­

pyroxene in the spinel peridotites are presented in Fig. 7(b). Chrome 

diopside, usually present in only small or trace amounts, is not shown. 

The essential results of the modal analyses of the garnet peridotites 

are summarised in Table 7 (Section A). It is apparent from the analyses that 

on the basis of mineralogical composition the garnet peridotites sho"l a 

large and more or less continuous range. Although no one particular com-

position dominates the group, there is a distinct tendency for the calculated 

average composition to be most abundant (Table 7). A possible inference to 

be dra"m from these results, if the garnet peridotite xenoliths are regarded 

as being samples of the upper mantle, is that beneath the Kimberley area of 

southern Africa the upper mantle is relatively inhomogeneous and possibly 
layered. 

The essential results of the modal analyses of the spinel and altered 

peridoti tes are summarised in Sections 13 8.nd C respectively of Table 7. This 

illustrates that the spinel-bearing t.ypes are broadly similar to the garnet 

peridotites and similar conclusions regarding the possible nature of the 

upper mantle can be drawn. There is hO"/ever a noticeable increase in the 

average amount of olivine in the spinel peridotites (72%) as compared "lith 

the garnet peridotites (65;1) ;the altered peridotites appear to have contained 

an even greater amount of olivine (average 84%). 

B. ECLOGITES 8 

The results obtained from a modal analysis of 24 specimens of eclogite 

are listed in Table 8, together with trace constituents in these rocks, and 

are sho"m graphically in Fig. 8(a) and (b). In the first triangular diagram 

[Fig. 8(a)J the three end-members are clinopyroxene, garnet and "others ll , 

"others" including all kelyphitic reaction rims, micaceous material, kyanite 

and secondary products. In Fig. 8(b) the three end-members are clinopyroxene, 

garnet plus kelyphi tic and micaceous material and "others", "lhich now includes 

~ 



91. 

TABLE 7. 

SUMMARY OF THE ESSENTIAL RESULTS OF TEE 
MODAL ANALYSES OF THE PERIDOTITE XENOLITHS. 

. Range in 
l volumetric Average 

Constituent composition composition 
(%) (%) 

A. GARNET PERIDOTITES (24 specimens) 

Olivine 

Orthopyroxene 

Chrome diopside 

Garnet 

Ph1ogopite 

52 - 80 

12 - 39 
Nil - 50 
2.4 - 7.4 
Nil - 6.4 

65 
29 

0.7 
4.6 
1.0 

Histogram maximum 

(%) 

61 - 65 
21 - 25 and 31 - 35 

o - 0.2 

3.0 - 4.0 
n.d. 

Spinel I trace in four xenoliths ! 
·· .. ·B·~·······spiNE1·····PERIDOT"ITE~···········(ii·····~;·~~·~J~·~5····················· .. ·· .. · ................................................................................................... . 

Olivine 55 - 89 72 66 - 70 
Orthopyroxene 11 - 40 25 21 - 25 and 31 - 35 
Chrome diopside tr - 0.5 0.1 n.d. 

Spinel 0 .. 1 - 0.6 0.4 n.d. 
Phlogopite Nil - 9.4 2.2 n.d. 
Garnet trace in four xenoliths 

.... ·C·: .... ·ALT_ .... PERiDOT'IT]JS .... ·-........ ·('6 ...... ~~·~·~·i~~~·~5'~ ...................... · .. · .... · .... · .. ·t· .... · .. ·· ......................... . 

Olivine (altered) 1 82 - 95 84 

Orthopyroxene ~ p:esent but , 
Chrome diopside) h~ghly altered 

Garnet 

Spinel 

Phlogopite 
Ilmenite 

·tr trace 

n.d. not determined 

trace in two xenoliths 

Nil - D.' n.d. 

Nil - 30 n.d. 
trace in obe xenolith 

* DT.2 not included 

n. d. 

n.d. 

n. d. 
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Specimen 
No. 

RV\ll 

2 

:; 

4 

5 
6 

7 
8 

9 
10 

18 
20 

26 

27 

29 

30 

31 
32 

33 
34*-:t 

RVL.2 

5 
10** 

16** 

.:t 

** 
tr : 
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TABLE 8. 

MODAL ANALYSES OF THE ECLOGITE XENOLITHS. 

Volume percentage 

~ Trace constituents 
Garnet 'Clino- Micaceous Others* ! pyroxene material ; 

i 

;i 
I .~. 

62, l 24 12 2.1 I qani te, sulphides 
~ 

33 61 5.7 tr I sulphides 
i 

57 37 5.9 tr I sulphides 

50 49 tr 1.4 I diamond, rutile 
68 31 0.7 tr I spinel 

47 49 tr ,.7 I (includes 3.?P/o kyani te ) 
I corundum, rutile .. 
~ 

65 26 8,2 1.5 ! sulphides ,. i 
40 56 3.8 tr I sulphides, rutile 

70 27 0.5 2 .. 7 I kyani te, sulphides 

42 38 20 tr ! 
22 52 26 tr 

23 69 8.0 tr 

32 61 6.9 tr sulphides 

(49 47 ,.9 tr 
(35 54 4.4 7.0 (includes 3.~kyanite) 

14 42 44 
46 49 3 .. 1 1 .. 9 1 corundum, kyani te 

sulphides, rutile 

74 20 1.2 4.4 I sulphides 

41 53 6.0 tr 

63 34 2.2 1 .. 0 sulphides 

32 50 9 9 (9% kyani te ) 

19 79 tr ~ 1.6 rutile, ilmenite 

45 52 2.7 tr rutile 

40 57 :; tr ! rutile, sulphides 

46 51 3 tr 

"Others" oonsists mainly of secondary veining, quartz, zeolites 
and oa1cite. 

results from thin sections. 
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,. 

"OTHERS "INCLUDING KELYPHITIC 
AND MICACEOUS MATERIAL 

FIG. 8 

") 

GARNET CLINOPYROXENE .'. 

11 OTHERS! 
[NOT INCLUDING 
KELYPHITIC AND 
MICACEOUS 
MATERIAL] 

x x 
X 
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(b) 
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GARNET 
PLUS 
KELYPHITE 

CLINOPYROXENE 

Diagrammatic representation of the modal 
analyses of the Eclogite Xenoliths using the 
en d.- m e m b e r sin d.i cat e d ( for e x p I a nat ion see t ext ) 
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FIG. 9 

9 cpx mi oth ky 9 cpx mi oth 

80 
RV.3 

80 
RV.20 

60 60 

40 40 

20 20 

o o 

80 
RV.5 

80 
RV.29 

60 

~ 
60 

40 40 

,20 l '" ", 'II I I I I II t-20 

~O I '> '> 'II I I I I 1 ' , __ I \-0 I' " I ! ! I I ! m'W%1?'&"X1J _ _) 

,80 RV.6 180 RV.30 

~60 r60 

'40 

~ [40 
20 20 

0 I~ ~ ~ I I I I I I I 1·.- ...... ".l ""0 

80 RV.S 80 RVL.2 

60 60 

40 40 

20 20 

o 1\'\\1111111mmamm 1 __ 1 o 

MINERALOGICAL COMPOSITION 

AN ILLUSTRATION OF THE ESSENTIAL MINERALOGICAL 

COMPOSITION OF SELECTED ECLOGITE XENOLITHS 
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FIG.l0 
GARNET N = 25 
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Dotted line represents garnet t--l 
plus kelyphitic material. 
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only kyanite, secondary quartz and veining. This has been done as it is 

considered that the bulk of the kelyphitic and micaceous material has been "\ 

derived from the garnet. 

The modal composition of eight specimens of eclogite is illustrated 

in Fig. 9 and clearly sho't'Ts the large range in mineralogical composition 

that exists. Histograms showing the distribution frequency of clinopyroxene, ~ 
:J; .... 
,;:. 

garnet and garnet plus kelyphitic material are presented in Fig. 10, whilst 

a summar,y of the essential results is given in Table 9. 

It is evident that on the basis of mineralogical composition alone no 

reliable grouping of the eclogite xenoliths can be attempted and no distinct 

types of eclogite can be defined. 

The distribution frequency of the garnet is clearly bimodal but that 

of the clinopyroxene unimodal. The wide variation in the mineralogical 

composition of the eclogites, which is ve~ much greater than that shOyID by 

the peridotites, suggests that either the eclogite xenoliths originated from 

an inhomogeneous source (or sources) or that during eclogite formation 

within the upper mantle, conditions of formation fluctuated over an 

appreciable range, resulting in eclogite of variable composition. The origin 

of the eclogite xenoliths is dealt with more fully in Chapter XI. 
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TABLE ].. 

SUMMARY OF THE ESSENTIAL RESULTS OF THE 
MODAL ANALYSES OF THE ECLOGITE XENOLI~HS. 

--~~~~-~~~~R~g~~~i~~~ r~--- -~-~-~-~. I----~---~--

· volumetrio I Averag~* I Histogram maximum 
Const~ tuent oomposi tion I oomposi tl.on I (%) 

(%) I (%) ! 0 
~ 1.. t i ;" 'h -... --.--- -~-------r~-.-··~-~-~··~~--~ I-~~- -~~I ~·-~~~--~--~·l 

Garnet I 14 ~ 74 I 45 I 41 ... 45, 61 - 70 

I I I 
Clinopyroxene! 20 - 79 I 47 l 51 - 60 

! I 
Micaceous 
material ,. 

Others 

Kyanite 
(3 speoimens 

only) 

~ i 
~ l 
I traoe - 44 i 
1 I 

Nil - 9.0 I 
I 
I 

3.3 - 9.0 I 

n.d. not determined. 

7a3 n. d. 

1.5 n. d. 

5.4 n.d. 

* average composition inoludes the three kyanite-bearing t,ypes. 
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3. Chemistry 

In troduc tion. 

As many of the eclogite and peridotite xenoliths have been appreciably 

altered, either within the kimberlite or by surfaoe weathering, the number of 
~ 

inclusions that could be used for reliable chemioal analyses was oonsiderably 

less than the total number of xenoliths examined during the oQurse of this 

investigation. Of the 42 peridotite and 24 eologite xenoliths studied, nine 

garnet peridotites, four spinel peridotites and nine eclogites were seleoted for 

detailed chemical analysis. None of the appreciably altered peridotites or 

eclogites were ~nalysed and zones of weathering were as far as possible, removed 

from the selected. xenoliths prior to analysis. In the s.eleotion of the peridotites 

a number of other~considerations also had to be kept in mind, namely, that each 

kimberlite pipe be represented and that the analyses should, as far as possible, 

be representative of distinct mineralogical variations within the rock-types. 

Reference to the modal analyses will show that for the garnet peridotites the 

analysed rocks are spread over a considerable range of mineralogical composition, 

as are the spinel peridotites.. The selection of the eclogite xenoliths was, to 

a large extent, controlled by the estimated garnet compositions (see Chapter IX) 

and by the presence of accessor; minerals, such as kyanite and diamond_ Con-

sequently both a diamondiferous and a kyanite-bearing eclogite were selected, in 

addition to seleoting the least altered xenoliths representative of the different 

estimated garnet oompositions. 

-The results of the major element analyses, oarried out using the 

'techniques described in Chapter VII, are listed in Table 10 (garnet peridotites), 

Table 11 (spinel peridotites) and Table 12 (eologites). The X-ray fluoresoence 

analyses were carried out by the staff of the X-ray Analytical Laborator.y and the 

wet-ohemical analyses by the Analytical Section, both of Anglo American Researoh 

Laboratory. 

It is immediately apparent from these analyses that the peridotites have 

a ver,y restricted range of oomposition whilst the eclogites show a muoh greater 

range. The results of a semi-quantitative traoe element analysis of these 

xenoliths are presented in Tables 20 and 21. 
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Si0 2 

Ti02 

A1 203 

Cr203 

Fe20 a 

FeO 

MnO 

NiO 

MgO 

CaO 

K20 

Na20 

P2 0S 

H 0+ 
2 

H 0-
2 

CO 2 

BF.2 

41.17 

0.05 

1.08 

0.31 

0.91 

5.66 

0.11 

0.32 

44.01 

0.82 

0.13 

0.44 

0.01 

3052 

0.42 

0.38 

99. 

TABLE 10. 

CHEMICAL ANALYSES OF SELECTED 
GARNET PERIDOTITE XENOLITHS* 

BF.5 EF.8: BF.9 W.9! W.IO I TIT.7 ! TIT.8 RV.16 

42.97 43.83 45.46 46.61 44.15 45.31 45.51 44.56 

0.05 [ 0.03 0.04 0.05 0.11 0.09 0.04 0.08 

0.78 i 1.29 1.19 0.60 1.04 1.'56 .1.47 1.48 

0.23: 0.18 

2.75 2.23 

4.25 4.58 

0.10 i 0.11 

0.34: 0.32 

0.23 

1.73 

4.47 

0.11 

0.32 

0.18 

1.62 

4.81 

0.11 

0034 

0.17 

1.58 

4.83 

0.11 

0.34 

0.19 

1.83 

4.29 

0.11 

0.31 

41.96: 41.30 ; 41.60 : 42.24 [ 41.19 : 41.62 

0.51: 0.54 

0.22: 0.07 

O.35! 0.09 

<0.01: <0.01 

4.73· 3.91 

0.66' 0.64 

0.22: 0.20 

0.49 

0.07 

0.12 

0.01 

2.44 

0.51 

0.20 

0.85 0.46 

0.12 0.12 

0.24 0.18 

0.03 <0.01 

1.33 3.38 

0.33 0.63 

0.12 0.28 

0 .. 78 

0.17 

0.11 

0 .. 02 

2.59 

0.62 

0.22 

0.21 

1.17 

4.81 

0.11 

0.31 

0.20 

1.83 

4.74 

0.11 

0.32 

41.90 41.31 

0.69 

0.10 

0.12 

3.18 

0.78 

0.17 

0.91 

0.14 

0.11 

0.04 

3.02 

0.59 

0.21 

99.34 . 100.12' 99 .. 32 98 .. 99 . 99.58 • 98.57 ! 99.82 : 100.57 99.65 

~ Analyses by X-ray' Analytical Laborato~ and Analytical Section, 

Anglo American Research Laborator~. 
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Si02 

Ti02 

A12O:; 

Cr2O:; 

F~203 

FeO 

MnO 

NiO 

JYlgO 

CaO 

K20 

Na20 

P205 

H 0+ 2 

H 0-2 

CO2 

100. 

TABLE II. 

CHEMICAL ANALYSES OF SELECTED 
SPllfEL PERIDOTITE XENOLITHS* 

BF.IO W.4 DT.4 

45.46 41.93 39.78 

0.03 0.03 0.11 

1.37 0.80 0.07 

0.29 0.17 0.10 

2.55 1.22 2 .. 36 

3.88 4.49 3.24 

0.10 0.09 0.08 

0.31 0.33 0.35 

42.19 42.44 42.61 

"0 .. 48 0.42 0.43 

0.04 0.05 0.10 

0.07 0.09 0.07 

<0 .. 01 <0.01 0.05 

3.01 3.55 7.44 

0.45 0.72 1.27 

0.16 q.23 0.39 

100.39 96.56 98.45 

RV.l2 

42.63 

0.18 

0.36 

0.16 

2.06 

4.51 

0.09 

0.34 

43.80 

0.78 

0.30 

0.16 

0,05 

4.06 

0.73 

0.37 

101.03 

* Analyses by X-r~ Analytical Laborator.y and Analytical Section, 

Anglo American Research Laborator.y. 
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~i02 

Ti02 

: A1 2 0 3 

: Cr2O;s 

: Fe
2
0

3 

FeO 

MnO 

: NiO 

MgO 

, CaO 

, K
2

0 

Na20 

: P20S 

; H
2

O+ 

H 0-
: 2 

CO2 

101. 

TABLE 12. 

CHEMICAL ANALYSES OF 
SELECTED ECLOGITE XENOLITHS* 

RV.l RV.4 RV.5 RV.6 RV,,8 RV.I0 i RV.32 RVL.5 RVL.I0 

: 43. 43 45.89 43.12 ; 42.27 46.13 43.93 44.90 : 46.40 46.89 
''', 

0.32 0.32 0.30 0.46 0.31 0.20 0.27 0.37 ' 0 .. 48 

: 18 t 19 '18.89 18.30 22.16 13.64 14.23 ; 15.26 : 15.09 : 12.58 

0.06 0.08 0.08 0,,03 0.09 0.13 0.06 0.08 0.08 

2.57 3.94 1.68 1.18 4.63 2.37 4.11 2 .. 51 3.79 

9.08 5.37 10.37 6.63 8.83 5.22 9.39 10.12 8.07 

0.28 0.15 0.29 0.25 0.53 0.17 0.26 0.27 0.24 

0.05 0.03 0.03 0,,02 0.04 0.07 0.03 0.04 0.04 

12.79 : 11.81 : 12.99 6.51 13.66 16.26 9.63 13.16 12.17 

8.47 8.48 8.27 9.75 9.36 13.25 11.82 8.49 10.79 

0.47 0.63 0.39 0.70 0.41 0.87 0.28 0.54 0.23 

1.27 1.89 1.00 4.31 2.13 0.82 2.43 1.40 2.40 

0.05 0.02 0.01 0 .. 01 0.03 <0.01 0.01 

0.62 1.12 0.41 2.12 1.03 1.21 0.47 0.19 0.47 

0.39 1.04 0.27 0 .. 77 0.80 0.51 0.30 0.26 0.30 

0.30 0.08 0.08 0.39 0.08 0.19 0.21 0.21 0.07 

-l 
j 98.34 ; 99.74 : 97. 58 :. 97 • 56 ! 101.68 99.46 i 99.42 199.13 I 98.61 

* Analyses by X-ray Imalytical Laborator,y and Analytical Section, 

Anglo American Research Laboratory. 
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C.I.P.W. norms and Niggli values, calculated from the major element 

analyses using conventional methods (Burri, 1964) are compared in Table 13 

(garnet peridotites), Table 14 (spinel peridotites) and Table 15 (eclogites). 

As both the eclogite and peridotite xenoliths have been subjected to appreciaple 

changes, both within the kimberlite and after extraction from it, as is witnessed 

by the development of secondar,y hydrated minerals and carbonates, it was 

considered that to obtain a more realistic impression of their original chemical 

composition the chemical analyses should be recalculated on a water- and carbon 

dioxide-free basis. Recalculated analyses of the garnet and spinel peridotites 

are found in Tables 16 and 17 respectively and those of the eclogites in Table 18. 

All diagrams used in illustrating the dhemistr,y of these rocks have been 

prepared using the adjusted values; figures quoted in the discussion of the 

petrochemist~ are similarly based on the recalculated values and not on the 

original analyses. Table 19 summarises the essential chemical data, giving the 

average chemical composition of the peridotites and eclogites and indicating the 

compositional range for all types. 

C,I.P."!, nom.sand Niggli values. 

According to the C.I.P.W. norms calculated from the original analyses 

(sho~m in Tables 13 to 15) all the garnet and spinel peridotites are enstatite 

and olivine normative and consequently fall into the undersatured olivine 

tholeiite field (Yoder and Tilley, 1962, Fig. 2). Complete melting of the 

peridotites would thus form a pieri tic basaltic liquid. An inspection of the 

eclogi te norms sho~Ts that most of them are also enstatite and olivine normative 

(and hence they similarly fall into the~olivine tholeiite field) but three 

specimens are olivine and nepheline normative, which places them in the alkalic 

basaltic field. The presence of corundum in the norms of many of the peridotites 

and eclogites suggests a relationship to the high-alumina basalts, but it is 

interesting to note that two spinel peridotites contain normative acmite 

reflecting a deficiency of alumina. 

The eclogite norms are also characterised by high diopside, anorthite 

and albite values whilst values for the peridotites are low or even zero. The 

forsterite/fayalite ratio of the peridotites is high compared with that of the 

eclogites (indicating that magnesiunl greatly exceeds iron in the peridotites) 
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TABLE 13. 

C • I. P • \1f. NOill/IS .AND NIGGLI VALUES 
OF THE ANALYSED GARNET PERIDOTITE XENOLITHS. * 

BF.2 EF.5 EF.8 W.I0 DT.7 DT.8 RV.16 

(A) C. I • P • \1T. NORMS. 

· or 0.56 1.11 0.56 0.56 0~56 0.56 1.11 0.56 0.56 
• ab 3!1 14 3.14 0.52 1.05 2.10 . 1.57 1.05 1.05 1.05 

an 1~11 1.11 1.11 0.28 0.28 2.50 2.50 3.06 
di 0~22 0,,86 2.63 

· en 9.80 23,30 32,,80: 35.90. 33.00 32.00 33.10 33.00 . 31.00 
of 0.79 1.19 2.11 . 2.24 . 2.38 2.38 1.98 2.38 . 2.11 
fo ; 69.44 ' 56.28 48.72 . 47 .18 49.56' 49014 49.14 49.70 49.98 

· fa 6.73 3.26 3.47 3.26 3.88 4.06 : 3.26 3.88 3.88 
: rot 1.39 4.18 3.25 : 2.55 : 2.32 2.32 2.78 2" 55 . 2.55 
: il 0.15 0.15 0,,15 0.15 : 0.15 0.15 : 0.15 

00 0.90 0 .. 50 0.50 : 0!50 0.20 : 0,,70 0.50 ! 0.30 . 0.50 
; C 0.71 0.51 ' 0.51 0.31 0.31 0.10 

......... -':" ............ ... ,' ~...... ..... . . ............. - ................... , " .......... ; .. "" .. ........... . .. , ......... ,";' ... ,. ...... . ............ " ...... : .. ,. , .. 

(E) ! NIGGLI VALUES,: 

, al 0.89 0.68 1.12 i 1.04 : 0.51 : 0.87 1.37 1.26 • 1.29 
: fID : 97.40 97,,88 97 ~ 93 : 97.93 97.79 98.09 97 • 09' 97" 45 : 97.08 

0 1.14 0.76 0.78 0.78 1.27 0.70 1.20 1.02 : 1.37 
: alk 0.57 0.68 0.17 0.26 0 .. 42 i 0.35 0.34 0.26 : 0.26 
si 55.60 60,61 62,95 65.37 65.82 63.91 64.61 64. 46 ~ 63.75 

• mg 0.91 0.90 0.90 0.91 0.91 0.91 0.91 0.91 ; 0.91 
ik 0.14 0.25 0.50 0.33 0.20 0.33 0.50 0.33 ' 0.33 
: ti 0.08 0.08 0.09 0.08 0.09 0.09 

qz -46.7 -42,,1 . -37,,7 -35.'7 -35.5 -36,8 36.6 -36.6 . -37" 3 
'0 
• /fm 

0.01 0.01 ; 0.01 0.01 0.01 0.01 ! 0.01 0.01 : 0.01 

-l(- Calculated from data given in Table 10. 
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TABLE 14. 

C.I.P.W. NORMS AND NIGGLI VALUES 
OF THE ANALYSED SPINEL PERIDOTITE XENOLITHS; , , 

___ ~ ___ l ___________ . __________ ______ ._~_~_. __ ---.J __ , __ ~_~,,--_ 

BF.10 

(A) C.I.P.W. NORMS. 

:t 0.52 
an 1.67 
di 

ac 

en 38.10 
of 1.72 
fa 46.62 
fa 2045 
rot 3.71 
il 

cc 0.30 
ap 

C 0.71 

(B) NIGGLI VALUES. 

al 

fro 

1.19 

97.95 
c 0.77 
alk 0.09 

si 64.54 
rog 0.91 
k 

ti 

qz -35.8 

c/fro 0,01 

W.4 TIT. 7 

0.56 0.56 
1.05 
0.28 

0.46 
23.60 20.70 
1.58 0.92 

57.26 59.50 
4.28 2.86 
1.86 3.25 

0.15 
0.60 0.50 

0.34 
0.41 

0.69 0.09 
98.46 99.05 
0.60 0.69 
0.26 0.17 

59.81 57.06 
0.92 0.92 
0.33 0.50 

0.09 
41.2 -43.5 

0.01 0.01 

* Calculated from data given in Table 11. 

RV.12 

.... 

1.67 
0.52 

0.65 
0.92 

20.30 
1.19 

61.60 
4.08 

2.55 
0.46 
0.80 

0.34 

0.33 
98.03 
1.14 

0.49 
58.24 
0.91 
0.50 

0.25 

-43.2 
0.01 
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TABLE 15. 

C. I. P ,. W. NORMS .AND NI GGLI VALUES 
OF THE ANALYSED ECLOGITE XENOLITHS.* 

RV.l RV.4 RV.5 RV.6 RV.8 RV.l0 RV.32 RVL.5 RVL.I0 

(A) .C.I.P.W. NORMS. 

or 2.78 3.34 7.23 3.89 2.22 5.00 1.67 2.78 • 1.11 ... 

ab 10.48 16.24 8.38 13.10· 17.82 2.10 15.72 12.05 . 20.44 
ne 12.50 2.56 . 2.56 . 

an 39.20 . 41.14 0 40.31 34.47 26.41 32.53 : 30.02 : 33.36 : 23.07 
di 0.43 8.48 0 15.60 25.04 . 21.88 6.05 24.07 
en . 11.80 . 12.60 4.00 . 4.60 14.80 • 2.20 
of 5.28 2.64 ; 2.11 1.58 7.13 0 0.79 

. fa : 14.00 : 11.62 19.74 6.73 16.66 21.14 : 12.04; 11.06: 13.72 
fa 6.94 2.65 : 11.63' 13.10 6.73 4.08 : 7.34 • 6.12 5.51 
rot 3.71 0 5. 57 : 2.55 [ 1.86 6.73 . 3.48 : 6.03 • 3.71 5.57 
i1 0.61 : 0.61 : 0.61 • 0.91 0 0.61 . 0.46 • 0.61 0.76 0.91 
cc 0.70 0.20 • 0.20 • 0.90 0.20 0.50 : 0.50 0.50 • 0.20 
ap 0.34 : 

C 1.33 • 0.61 0 1.84 . 

····· .. ···1··· 

(B) NIGGLI VALUES. 

a1 21.23 : 23.10 21.00; 29.11. 15.18: 15.17 1 7 • 94 0 14. 89 17.64 
fm 57.89 53.31 58.46 : 37.52 61.42 56.66 ; 51.91 j 57.02 60.90 
c 17.91 18.98 • 17.15. 23.23· 19.06. 25.76: 25.12 23.17 18.12 
alk 2.97 4.62 : 3.38 10.15 4.38 ; 2.40 : 5.02 4.92 3.34 
si . 85.77 95.38 : 83.78 93.99 87~67 79.80: 89.47 93.76 92.13 

; mg 0.74 • 0.69 : 0.64 • 0.57 0.63 0.78 : 0.55 0.63 0.64 
ok 0.20 : 0.16 : 0.45 0 0.09 -0.11 0.41 1 0.07 . 0.05 0.17 
• ti 0.47 0.50 0.51: 0.80 0.46 : 0.33 • 0.48 : 0.72 0.60 

qz -26.1 : :...23.1 : -29. '7 : ... 46.6 -29.9 : -29 .. 8 ; -30.6 • -25.9 '-21.2 
c · jfm: 0.31 • 0.36 0.29 : 0,62 0.31 0.45 : 0.48 0.41 0.30 

:"t- Calculated from data given in Table 12. 

\.,t1 
·:t. 
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TABLE 16. 

RECALCULATED* CHEMICAL ANALYSES OF 
THE GARNET PERIDOTITE XENOLITHS. 

BF.2 BF.5 BF.8 BF.9 \11 • 9 W.I0 DT • 7 DT • 8 RV.16 

FeOgFe203 6.21 1.55 : 2.05 i 2.57 2.96 3.05 : 2034 4.12 2.59 

FeO)*'::- 6.82 7.12 6.96 i 6.29 6.41 6.63 ; 6.16 : 6.08 6.67 

HgO g FeO-:H *, 6.79 6.24' 6.27 61190 6.74 6.59 : 7.01 . 7.15: 6.46 
.. ' 

*" Recalculated to 100.0{0 after elimination of all H20 and CO 2 , 

*/,< .. Total iron expressed as FeO. 

·r$ 
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TABLE 17. 

REC.L~LCULATED·;(- CHEJYII CAL ANALYSES 
OF THE SPINEL PERIDOTITE XENOLITHS. 

BF.10 W.4 DT.4 

46.98 45.54 44.52 

0.03 0.03 0.12 

1.42 0.87 0.08 

0.30 0.18 0.11 

2.64 1.32 2.64 

4.01 4.88 3.63 

0.10 0.10 0.09 

0.32 0.36 0.39 

43.60 46.10 47.69 

0 .. 50 0.46 0.48 

0.04 0.05 0.11 

0.07 0.10 0.08 

<0.01 <0.01 0 .. 06 

1.52 3.70 1.38 

6.39 6.07 6.01 

6.82 7.59 7.94 

RV.12 

44.68 

0.19 

0.38 

0.17 

2.16 

4.73 

0 .. 09 

0.36 

45.90 

0.82 

0.31 

0.17 

0.05 

2.19 

6.67 

6.88 

7~ Recalculated to 100.~~ after elimination of all H20 and CO2 , 

*)~ .. Total iron expressed as FeO. 
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TABLE 18. 

RECALCULATE]})\- CHEMICAL .ANALYSES 
OF THE ECLOGITE XENOLITHS. 

RV.l ' RV.4 . RV.5 RV.6 . RV.8 . RV.I0 RV .. 32 RVL.5 . RVL.10 

44.76 47.07 44.54 44.83 46.24 :45.03 45.61 • 47.12 47.96 
''''. 

0.33 . 0.33 0.31 0.49 0.31 0.21 0.27 ' 0.38 . 0.49 

. 18.75 ; 19" 37 18.90 23.50 : 13.67 '14.59 : 15.50 15.32 .12.87 

0.06 • 0.08 • 0.08 0.03 0.09 0.13 0.06 0.08 0.08 

2.65 ; 4.04 : 1.74. 1.25' 4.64 2.43 4.18 2.55: 3.88 

9.36 ; 5.51 • 10.71: 7.03' 8.85 5.35 9.54 ' 10.28 8.25 

0.29 , 0.15 : 0.30 0.27 0.53 . 0.17 0.26 . 0.27 0.25 

0.05 0.03 0.,03: 0.02, 0.04 : 0.07 0.03 . 0.04, 0.04 

13.18 12.11 13.42: 6.90: 13.69 • 16.67 9.78 ; 13.36 : 12.45 

8.73 ; 8.70 8.54 10.34 : 9.38 : 13.58 : 12.01 ' 8.62 ! 11.04 

0.48 : 0.65 i 0.40: 0.74' 0.41 ; 0.89 0.28 i 0.55 0.24 

1.31 i 1.94 i 1.03' 4.57, 2.13 • 0.84 2.47 . 1.42 2·.45 

0.05 [ 0.02 • 0.01 : 0.01 0.03 (0.01 0.01 

3.53 : 1.36 I 6.16. 5" 62 . : 1.91 : 2.20 j 2.28 4.03 2.13 .. 

11.74 : 9.15 : 12.28' 8.15· 13.03 7.54 :13.30 12.57 II.:'! 4 

1.12 : 1.32 : 1.09' 0.85 1,05 : 2.21 ' 0.74 1.06 1.06 

.)f Recalculated to 100.01{· after elimination of all H2 0 and CJ0 2 , 

** Total iron expressed as FeO. 

;~~ .. 
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but in the case of the kyanite-bearing eclogite (Rv.6) normative fayalite actually 

exceeds forsterite. The presence of olivine in all the norms indicates that the;r 

are all undersaturated with respect to silica. 

The Niggli values show that the aI, alk and ~ values for the peridotites 

are all very low, with a consequent very high fm value (usually >97). The high mg 

values indicate the magnesium-rich nature of these rocks and the negative qz 

values sho1;-!s their undersaturated nature. A study of the Niggli values for the 

eclogites shows that whilst fm is still predominant both ~ and ~ are appreciable 

and a minor amount of alk is also evi~0nt. These Niggli values suggests that the 

rocks have an essentially basic composition. 

Diagrammatic representation of analyses. 

Variations in the major element chemistry of the eclogite and peridotite 

specimens can be adequately represented within a double tetrahedron, the apices 

corresponding to CaO, MgO, FeO,(A120 3 + Fe20 3 ) and (Na20 + K20),as shown in 

Fig. ll(b). The range in silica content of the rocks is so small that it need 

not be considered. The variation of any three-component system within the double 

tetrahedron can be illustrated by projecting the values onto the relevant 

triangular face. In this way the variation in the amounts of the following 

components have been selected for projection and appear in the figures shown. The 

method of plotting is that used for normal triangular diagrams, the sum of the 

three selectee components being recalculated proportionately to total 100 per cent 

and plotted on an equilateral triangle. (Burri, 1964, p.21). 

Mgo 

Mgo 

Mgo 

Feo 

FeO 

Feo 

CaO 

(Na2 0 + K20) 

(Al 20 3 + Fe2 0 3 ) 

Fig. If (a) .. 

Fig. 12(a). 

Fig .. l2(b). 

In all three triangular variation diagrams the very restri(~ted chemical 

composition of the peridotites is clearly shown and no distinction can be made 

between the garnet- and spinel-bearing types. The composition o~ the peridotites 

is in fact so similar that certain values are superimposed on each other in the 

triangular diagrams. The variation in the eclogites, however, is much wider but it 

is difficult to detect any distinct trends. Whilst the majrJrity of the eclogite 

analyses plot wi thin a fairly small area a number of therr;~l consistently fall outside 
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this area and perhaps constitue a number of chemically distinct eclogite-types. 

Before any definite conclusions along these lines can be made many more analyses 

of all ~es of eclogite derived from kimberlite will be required. On the 

triangular diagrams the variations apparent in several other rGck types are sho~m 

for comparative purposes. These include average continental and oceanic basalts 

(Manson, 1967, p.222) and ~pical basaltic and micaceous kimberlites (Dawson, 

1960, Table 4). 

Fig. 13 illustrates the variation in alkali~silica ratio for all 

specimells and, for comparative purpr"lses, ±ncludeR th8 vQ.lue for average moeanic 

basalt. Typical kimberlites and average continental basalt cannot ~e shown due to 

the restricted silica range. From this diagram, using the line defining the 

boundary between the alkalic and tholeiitic fields taken from the alkali:silica 

diagram of Macdonald and Katsura (1964, p.87) the bulk of the eclogites fall 

within the tholeiitic field, only two specimens being alkali~. All the peridotites 

plot in the tholeiitic field. This supports a similar conclusion made from a 

study of the C.I.P.W. norms. 

Shown in Fig. 14 is the variation in MgO and FeO. In this case the FeO 

represents the total iron, i.e. ferrous iron plus ferric iron recalculated as 

ferrous. The clustering of the peridotites is a conspicuous feature whilst the' 

eclogites cover a much larger area and show a wider distribution. 

An attempt at illustrating the petrochemistry using the Niggli value~ 

proved to be of no more value than the diagrams already shown. Plotting the 

values on the al-alk-..£-fm tetrahedron showed that the peridotites clustered 

tightly around the fm apex and the eclogites in a relatively small area ne8trby. 

In general the similarity of composition between the various ~es of ecltogite 

and peridotite and the absence of any consistent variations or trends m8~es these 

analyses rather unsuitable for diagrammatic representation. 

rlJajor and minor element variation. 

The average compositions and compositional ranges of th~ peridotite 

specimens can be found in Table 19 and these results are represented graphically 

in Fig. 15. These figures are based on the recalculated analYfses found in Tables 

16, 17 and 18. Individual major and minor elements are deal~t with briefly in the 

following sections. Where comparisons with element abundapces of other igneous 

~. 
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rock-types-are -made, the values adopted are those listed by Dawson (1967b 9 ,:p.if~71 

and 273). 

Silica. Both the peridotites and eclogites are undersatured rocks, as sho~m by 

the presence of olivine and nepheline in the C.I.P.W. norms and the negative qz 

Niggli values. The amount of silica is surprisingly similar in .oth peridotites 

and eclogites and the range relatively small. The amount of silica in these 

rocks, is however, appreciably higher than in their host, kimberlite. 

Titania~ This element is found in only trace amounts in the peridotites and in 

most cases does not exceed 0.1 per cent. Strictly, it should be regarded as a 

trace element. In the eclogites the average titania content is 0.33 per cent but 

comes nowhere near the values reported for kimberlite, which are of the order of 

two per cent. Indications are therefore that kimberlite is not the product of 

complete melting of either peridotite or eclogite. 

Alumina. In the peridotites alumina occurs in only minor amounts, generally of 

the order of one per cent, a figure considerably less than that found in kimberlites. 

The garnet peridotites appear to be slightly enriched in alumina compared to the 

spinel peridotites and this is probably reflected in the presence of garnet. 

Alumina forms a major constituent of the eclogites and shows a considerable range 

from approximately 13 per cent to 19 per cent. As would be expected, the kyanite­

bearing specimen is unusually rich in alumina, exceeding 23 per cent. The average 

alumina content of the eclogites (excluding the kyanite eclogite) is similar to 

that of basic and intermediate rocks, the average alumina content of the peridotites 

is approximately that found in ultrabasic rocks. 

Chromia. This element is usually present ~n minor amounts in ultrabasic rocks 

(~ 2400 ppm Cr, Goles, 1967) and in trace amounts in basic rocks (~ 200 ppm Cr, 

Dawson, 1967b'!). The chromia contents of both the peridoti tes (average, 0.2 per cent 

Cr203 ) and the eclogites (average,0.08 per cent Cr203 ) are approximately in keeping 

with those of ultrabasic and basic rocks respectively, whilst the range of 

chromia content in both the peridotites and eclogites does not generally exceed 

0.1 per cent Cr2 03 • Comparison of the chromia values ~ri th those of other analysed 

peridotite xenoliths (O'Hara and Mercy, 1963; Carwell and Dawson, 1970) and 

eclogite xenoliths (Kushiro and Aoki, 1968) show that they are of the same order~ 

but slightly lower. The chromia content of the peridotite xenoliths are also 
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similar to those for kimberlite. The chrome is present in the form of chrome 

diopside, chrome-rich garnet, chrome spinel and to a lesser extent in the 

orthopyroxene. 

Ferric and ferrous iron. The amount of total iron in the peridotites (expressed 

as FeO) is remarkably constant, ranging from approximately six per cent to seven 

per cent. The spinel peridotites appears to contain slightly les8 ir~n than the 

garnetiferous type. In the peridotites ferric iron varies over a slightly wider 

range, this being thought to be mainly due to varying degrees of alteration. No .. , 

consistent variation in FeOgFe
2
0 3 ratio of the peridotites nor eclogites is 

apparent, values ranging from 1.36 to 6.21. On the other hand, compared with 

the peridotites, the eclogites show a much wider range both in total iron content 

(from approximately 7 per cent to 13 per cent) and in the amount of ferric iron. 

The total iron content of the peridotites is appreciably less than that quoted by 

Dawson (1967b) for ultrabasic rocks (12.6 per cent FeO) but the eclogites 

contain approximately the same amount of iron as basic rocks (10.9 per cent), 

Magnesia. Magnesia constitutes approximately 43 to 47 per cent of the peridotites, 

with an average of 43 per cent for the garnetiferous rocks and 45 per cent for the 

spinel-bearing types. These figures match fairly well the magnesia content of 

ultrabasic rocks. Although the MgOgFeO*ratios are exceptionally high, reflecting 

the relatively low iron content of the peridotites, they are consistently 

OI the order bf six to '7~5. The magnesia is accommodated mainly within the 

olivine and orthopyroxene. The magnesia content of the eclogites is considerably 

less than that of the peridotites but appreciably more than that typical of basic 

rocks. The average value is of the order of 13 per cent, whilst for the kyanite 

eclogite it is approximately seven per cent. The MgO:FeO*ratio of the eclogites 

is considerably less than that of the peridotites and slightly larger than that 

for basic rocks. In the eclogites the magnesia occurs both within the garnets 

and the clinopyroxene. (NOTE~ * indicates total iron expressed as FeO). 

Lime. The amount of lime in the peridotites does not exceed one per cent whilst 

in the eclogites it averages 10 per cent. Both figures are much the same as the 

average amounts found in ultrabasic and basic rocks. The lime content of the 

eclogites is also similar to that found in kimberlites. As with magnesia, lime 

occurs within the garnet and clinopyroxene of the eclogites. The lime content of 

many of the xenoliths, particularly the peridotites, may have been enhanced by 

,. 



TABLE 19. 

AVERAGE CHEMICAL COMPOSITIONS AND COMPOSITIO}ulL 
RANGES OF THE PERIDOTITE AND ECLOGITE XENOLITHS. 

Garnet peridotite Spinel peridotite Eclogite7:-
(9 xenoliths) (4 xenoliths) (8 xenoliths) 

Average Range Average Range Average Range 

Si02 46.42 44.33 - 47.66 45.43 44.52 - 46.98 46.04 44.54 - 47.96 
Ti02 0.06 0.03 - 0.12 0.09 0.03 - 0.19 0.33 0.21 - 0 .. 49 

A1 203 1.22 0.83 - 1.62 0.68 0.08 - 1.42 16 .. 12 12.87 - 19.37 

Cr2 03 0.25 0.18 - 0.33 0.19 0.11 - 0.30 0.08 0.06 - 0.13 

Fe2 03 1.82 1.21 - 2.91 2.19 1.32 - 2.64 3.26 1.74 - 4.64 
FeO 4.93 4.45 - 5.96 4.31 3.63 - 4.88 8.49 5.35 - 10.71 

; .. 
MnO 0.11 0.10 - 0.12 0.10 0.09 - 0.10 0.28 0.15 - 0.53 

NiO 0.34 0.32 - 0.36 0.36 0.32 - 0.39 0.04 0.03 - 0.07 

HgO 43.82 43.11 - 46.31 45.82 43.60 - 47.69 13.08 9.78 - 13.69 
CaO 0.70 0.49 - 0.95 0.57 0.46 - 0.82 10 .. 08 8.54 - 13.58 

K2 0 0.13 0.07 - 0.23 0.13 0.04 - 0.31 0.49 0.24 - 0.89 

Na20 0.20 0.10 - 0.46 0.11 0.07 - 0.17 1.70 0.84 - 2.47 

P205 0.01 Nil - 0.04 0.03 <0.01 - 0.06 0.02 Nil - 0.05 

FeOgFe203 2.71 1.55 - 6.21 1.97 1.38 - 2.19 2.60 1.36 - 6.16 

FeO* 6.57 6.08 - 7.12 6.28 6.01 - 6.67 11.42 7.54 - 13.30 
~IgOgFeO** 6.67 6.24 - 7.15 7.30 6.82 - 7.94 1.15 0.74 - 2.21 

~L Kyanite-bearing eclogite (RV.6) excluded 

';t-* Totril iron e~::pressed as FeO. 

Kyanite eclogite 
(1 xenolith) 

44.83 

0.49 

23.50 

0.03 
J-I 

1.25 J-I 
-J . 

7.03 

0.27 

0.02 

6.90 

10.34 

0.74 

4.57 

0.01 

5.62 

8.15 

0.85 
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the presence of seconda~ calcite. 

Alkalis. Alkalis are present in only minor to trace amounts in the peridotites, 

soda being approximately equal to or in excess of potash and both being more or 

less of the order of that found in ultrabasic rocks. The low potash content of the 

peridotites contrasts with the relatively high potash content of kimberlite 

(approximately one to two per cent). Some p~tash is evidently of secondar.y origin 

and was probably introduced into the peridotites in the form of phlog~ite. The 

eclogites contain a much larger amount of soda, averaging 1.7 per cent for the .. ' 

garnet-clinopyroxene rocks and 4.60 per cent for kyanite-bearing type. Potash 

is also much more abundant in the eclogites, averaging about 0.5 per cent. 

Phosphate. This constituent is either absent or present in only trace amounts. 

It is probably of secondary origin having been introduced by the kimberlite. 

Volatiles. All peridotite analyses show an unusually high volatile content, 

predominantly in the form of water but including a minor amount of carbon dioxide. 

As no primary water-bearing minerals occur in the peridotites (except possibly 

for minor amounts of phlogopite in some specimens) the bulk of water occurs in 

the secondary serpentine and was probably introduced during the period ~f 

kimberlite intrusion. The eclogites contain much less water but a similar amount 

of carbon dioxide. They too contain no primar.y water-bearing minerals and as 

for the peridotites,a similar conclusion can be made. 

Trace element contento 

The results of semi-quantitative trace element analyses of the xenoliths 

are presented in Table 20 (peridotites) and Table 21 (eclogites). These analyses, 

except where indicated, were done by emission spectrographic techniques* and their 

accuracy is somewhat limited. It is estimated that the concentration of these 

elements ranges between twice the given value to one half of that value. The 

values for Ni, eu and Zn, were determined by X-ray fluorescence techniques~* 

*" 

**" 

Emission spectrographic analyses done by the Analytical Research Section, 

Anglo American Research Laboratory. 

X-ray fluorescence analyses done by the X-r~ ~4nalytical Laboratory, 

Anglo American Research Laboratory. 
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EF.2 10 

EF.5 10 

BF.8 10 

BF.9 10 

W.9 <10 

W.I0 10 

])T.7 <10 

])T.8 <10 

. RV.16 10 

BF.I0 10 .. 

W.4 10 

])T.4 10 

RV.12 10 

Limit of 
deteotion 10 
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TABLE 20. 

SEMI-QUANTITATIVE TRACE ELEMENT CONTENT 
OF llIE PERIDOTITE XENOLITHS.+ 

(values in parts per million) 

Co Ni* Cu* Zn* Zr 

170 2520 50 45 25 

120 2710 30 45 20 

150 2505 30 40 20 

200 2495 65 45 30 

150 2670 55 40 30 

170 2640 85 40 35 

200 2400 40 40 25 

170 2500 50 40 30 

200 2500 90 40 40 

200 2430 35 40 25 

170 2560 55 40 30 

120 2755 40 40 20 

120 2655 55 45 35 

10 5 5 5 10 

In all peridotite speoimens 

Li < 50 Cd < 10 
Be < 0.5 Sb < 10 

V < 50 Ba <100 

Ge < 10 La <100 

As <100 Pt < 50 
Sr < 10 Au < 5 
y < 10 Pb < 10 

Nd < 10 Bi < 5 
Ag < 0.1 

Mo 

10 

8 

1 

<1 

2 

<1 

<1 

<1 

<1 

1 

<1 

1 

<1 

1 

t,!. Quantitative values, determined by X-r~ fluoresoenoe teohniques. 

Sn 

10 

10 

10 

15 

15 

20 

15 

15 

30 

20 

20 

10 

15 

10 

+ Analyses by Analytioal Researoh Section and X-ray Analytioal Laboratory, 

Anglo Amerioan Researoh Laboratory. 
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RV.l 

RV.4 

RV.5 

RV.6 

RV.8 

RV.I0 

RV.32 

RVL.5 

RVLIII0 

Limits 
of 
deteotion; 
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TABLE 21. 

SEMI-QUANTITATIVE TRACE ELEMENT 
CONTENT OF THE ECLOGITE XENOLITHS.+ 

v Co : Ni* Cu~t Zn~" . Sr Y Zr. Nb 

(50 i 200 i 380 : 90 ' 55 60 i (10 ; 50 • 10 4 30 200 

(50 : 200 240 65 70 80 : (10 : 40 (10 ; <1 20 ' 170 

(50 . 250' 210 40 60 <10 55 ; 10 3 . 30 : 400 

. (50 150: 180 30 . 55 200 <10 i 45: (10 i (I :20 : 700 

50 . 170: 350 145 ; 60 90 <10 , 50 <10 : 1 :30 100 

<50 . 200 ~ 540 : 30 : 35 80 : <10 ; 45 <10 1 ,25 : 300 

<50 : 220: 260 65 ; 70 100 . <10 . 60 : (10 2 30 ; 200 

, 50 : 200: 350 : 65 : 65 200 • 15 ' 50 <10 1 25 : 220 

<50 200: 330 120 : 85 100 15 . 50 . <10 1 :25 l150 

50 . 10 • 5 : 5. 5 10 : 10 ! 10 : 10 : 1 :10 j 100 

In all eologite speoimens8 

Li < 50 Sb < 10 

Be <0.5 La <100 

B < 10 Pt < 50 
Ge < 10 Au < 5 
As <100 Pb < 10 

Ag (0.1 Bi < 5 
Cd < 10 

* Quantitative values, dete~nined by X-ray fluoresoenoe teohniques. 

+ Analyses by Analytioal Researoh Seotion and X-ray Analytioal Laborato~r, 

Anglo Amerioan Research Laboratory. 
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and can be regarded as quantitative (variation! 10 parts per million). The 

resul ts have been compared "lith the average trace element content of other rock-

types, given by ]awson(rL961b, p.273) and Gole's "average" ultrabasic rock (1967, 

p.354). The trace element contents of both the garnet and spinel peridotites 

show no consistent differences and are typical of those of ultrabasic rocks. This 

suite is characterised by high Ni, Or and Co values. The relatively high Sn and, 

:? "}:". :.:" .~ .. ';':", 
'; " 

. ~~. 

in some cases, Cu and Mo are probably due to instrumental errors inherent to the r 

technique used. 

." 

The eclogites on the other hand show values more appropriate of basic 

rocks, Ni, Cr and Co are much lower than in the peridotites. Sr, Y, Zr and Nb 

values are consistently lower than those of basic rocks. An interesting feature 

shown by the peridotites and eclogites is that, in comparison with their host 

rock, kimberlite, they have exoeptionally low Ba, Sr and Nb contents. 
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4. Summar,y' and Disoussion. ' 

A. PERIDOTITES. 

It has been shovID that the garnet- and spinel-bearing peridotite 

xenoliths are phanerocr.ystalline, medium- to coarse-grained aggregates 

consisting essentially of a mosaic of primar,y olivine and orthopyroxene 

with minor amounts of one or more of garnet, clinopyroxene, spinel and 

possibly phlogopite. The non-garnetiferous peridotites always contain small , 

amounts of spinel, either as discrete grains or as spinel-pyroxene symplectic 

intergro\-lths. The fabric of the peridotites is allotriomorphic and no 

textural differences between the two main types appears to exist. 

The xenoliths are generally well-rounded, ellipsoidal in outline and 

often display a slight gneissose structure. Those xenoliths examined range 

considerably in size, from about 15 cm to 30 cm across their longest diameter. 

A characteristic feature of most of the peridotite xenoliths is the effects 

of tectonic deformation, either vii thin the upper mantle or lower crust; tlD.is 

being reflected by recrystallisation of the olivine and the development of 

typical deformation phenomena such as kink bands, deformation lame~lae, uneven 

optical extinction and possible inversion products. 

Alteration of the xenoliths is shown by the presence of abundant 

seconda~J serpentine. In addition phlogopite, talc, carbonates, iron oxides, 

kelyphitic material and occasionally zeolites occur as alteration products. 

The alteration is considered to have taken place either during the intrusion 

of the kimberlite or by deep ... weatheri~g processes after intrusion .. 
.. 

In addition to the normal garnet and spinel peridotites a number of 

highly altered or unusual xenoliths have also been examined. These consist of 

oompletely reorystallised peridotites or xenoliths so extensively altered that 

their original mineralogioal oomposition cannot be accurately assessed. One 

specimen contains an abnormally large amount of phlogopite, much of which may 

be primar,y, whilst another contains a very minor amount of ilmenite. 

As has already been mentioned no significant textural differences exist 

between the spinel and garnet peridotites. This suggests that they have a 

similar origin, the only differenoe being whether the peridotite formed in a 

to 
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ga~et-stable environment or not (see Chapters',X and XI.) 

It is notable that the average speoific gravity of the garnet peridotite 

xenoliths is 3.03, compared to that of spinel peridotites, 2.99. If the 

garnet and spinel peridotites are considered to represent upper mantle 

material originating from different depths this slight but very significant 

change in the average density of these two rock-types m~ have a marked effect 

on the variation of seismic velocity 1-1i thin the upper m'a;ntle. 

A study of the results shows that all four kimberlit~ pipes sampled 

produced both spinel- and garnet-bearing types, although not always in the 

same amounts. A reliable frequency distribution of the two main peridotite 

~pes in the kimberlites will require that many more samples be examined (to 

constitute a representative collection). Ideally xenoliths should be collected 

in s,.; tu to eliminate any sampling bias but this is; as has been explained~ 

virtually impossible~ 

Assuming that the xenoliths are samples of upper mantle material, it 

seems possible that beneath the Kimberley area of the African Shield the mantle 

consists of both garnet and spinel peridotite and that the garnetiferous type 

occurs at greater depth. Similar conclusions have been drawn from /;I:;he results 

f 

of experimental studies of the stability fields of garnet "pyroli te" (peridoti te) ~ 

and aluminous pyroxene plus spinel "pyrolite tl (spinel peridotite) by Green and 

Ringwood (1967b). Th~ oonsider that beneath the Precambrian Shields there may 

be an extremely limited zone near the base of the crust where a rock of 

"pyrolite" (essentially undepleted peridotite) composition would form an 

olivine-aluminous orthopyroxene-olinopyroxene assemblage. Below 35 - 40 km 

they suggest that "pyroli te" "lOuld yield an olivine-alumina-poor orthopyroxene-

clinopyroxene and garnet assemblage (i.e. garnet lherzolite). Green and 

Ringwood also point out~ however, that along the Preoambrian Shield geotherm 

-the probability of chemical zoning 1.-10uld limit the possible assemblages and 

~ that no regular change in mineralogy would occur. 
;' ~:' 

Ito and Kennedy (1967), from a study of the phase relations of a natural 

peridotite point out that experimental evidence indicates that in the upper 

mantle below the Precambrian Shields, garnet peridotite is stable and spinel 

peridotite is unstable. The results of this present study suggest that this 

is not necessarily the case. In addition in four garnet peridotites s9ine1 
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was found and in six of the spinel and alteredrperidotites traces of garnet 

were detected. This suggests that a transition region from garnet peridotite 

to spinel peridotite may occur, probably over a small range of temperature 

and pressure conditions. 

Ho"rever, if the upper mantle consists mainly of garnet peridotite the 

average mineralogical composition of the garnet peridotites of the present 

investigation m~ be compared with estimates of upper mantle composition from 

the results of other workers. Calculations by Harris et a~ (1967) give the 
-" 

average composition in Column 1 below and the estimate of Mathias et al (1970) 

is shown in Column 2. Column 3 is the average garnet peridotite from the 
I 

present investigation whilst Column 4 is the composition of the most chrome 

diopside-rich garnet lherzolite (DT.ll) examined in this study (and which may 

most olosely approach the composition of the unmodified upper mantle). 

Volume per cent 

1 2 L .1 -
Olivine 67 64 65 65 

Orthopyroxene 12 27 29 22 

Clinopyroxene 11 3 0.7 5.0 

Garnet 10 6 4.6 5.9 

Phlogopite 1.0 1.2 

A more detailed discussion of the origin of the peridotite xenoliths is 

given in Chapter X. 

A more detailed look at the various mineral associations found in the 

peridotites can now be made. Of the 24 garnet peridotite xenoliths 16 are 

garnet lherzolites and eight garnet harzburgites. The amount of clinopyroxene 

(chrome diopside) in the lherzolitic rocks varies from a trace to approximately 

five per cent, with an average of a little over one per cent. Except for the 

presence of chrome diopside, the garnet lherzolites show no distinctive 

petrographic characteristics "Then compared "lith the garnet harzburgi tes. Of 

the garnetiferous xenoliths examined those from the Kimberley mines include 

both varieties but the Roberts Victor Mine produced only garnet lherzolite. 

The total number of garnet peridotite samples, however, is much too small for 

the results to be reliably used for any frequency distribution analysis •. 
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Of the spinel peridotites, 6 xenoliths are lherzolitic, the remaining 

5 being harzburgites. The true distribution of these varieties between the 4 

kimberlite pipes sampled cannot be reliably decided, the number of xenoliths 

examined being too small for statistical interpretation. Xenoliths from the 

Wessel ton and Roberts Victor Mines, both of which have 4 samples each of spinel 

peridotite, are divided equally between harzburgites and lherzolites. 

Before briefly discussing the petrochemistr,y of the peridotites it 

should be noted that generally the xenoliths from the Roberts Victor Mine are 
''', 

identical with those from the Kimberley mines,approximately 80 km distant. 

Another feature of some significance may be the fact that both the spinel 

peridotites and the unusual or altered xenoliths, which originate from the 

Dutoitspan Mine, are significantly richer in olivine [except for one altered 

xenolith (DT.2) which has a pyroxenitio character]. Only one xenolith of 

(altered) wehrli tic composition was reoognised, this also being from the 

Dutoi tspan Mine. 

Chemioally the peridotites are all ver.y similar to one another and fall 

into the olivine tholeiite field. Individual analyses of the spinel- and 

garnet-bearing types show no significant oharacteristic variati()I;l.s,except 

perhaps for a slight decrease in the amount of alumina. in the spinel 

peridotites. Average values (Table 19) show that the spinel-bearing rocks 

are also deficient in silica (relative to the garnet ~~ridotites), a faot 

that is reflected in a generally higher olivine content (see Table 7). 

However, the difference m~ be due to unrepresentative sampling. It should 

also be borne in mind that, especially under the Preoambrian Shields the 

supposed higher-level spinel peridotite zone m~ consist of a greater 

proportion of refractor,y residual peridotite, that i~peridotite depleted in 

the more readily fusible constituents~ Before any distinot trends or 

variations between the two t,ypes of peridotites can be accurately made many more 

reliable analyses will be necessar,y. 

Chemical variations between the garnet harzburgites and garnet Iherzolites 

are small or even non-existent. The lime oontent of the lherzolitic variet,y 

appears to be slightly higher than the harzburgi tes, a feature whioh would be 

expected. 
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The essential similarit.y in both major and trace element chemistry of 

all the analysed peridotite xenoliths strongly suggests that they originate 

from a common relatively homogeneous source, possibly from two different 

levels. It is considered that the upper mantle would provide the ideal source. 

If this is so the analyses suggest that chemical variations in the upper mantle 

beneath Precambrian Shield areas are surprisingly small. It is much more 

difficult to imagine that rocks of such similar chemistry could have formed 

as a cognate phase of a kimberlite magma. This aspect is also dealt with in 

Chapter X. ''', 

In conclusion petrologio studies of both the spinel peridotite and garnet 

peridotite xenoliths have adequately demonstrated their very similar but 

distinct nature,and within the limits posed by the rather inadequate sampling 

have also illustrated the essential variation in mineralogioal and chemical 

composition of what may represent a portion of the upper mantle beneath the 

Preoambrian Shield of South Africa. These facts should be borne in mind when 

the origin of the xenoliths is discussed. 

B. ECLOGITES. 

The examination of the eclogites has sholjll1 them to be essentially 

medium-to ooarse-grained, phanerocrystalline aggregates of garnet and 

clinopyroxene and occasionally containing an accessory amount of kyanite and 

traces of corundum, rutile and diamond. Their fabric oan be described as 

allotriomorphic but considerable variations in the textures shown by 

individual xenoliths are apparent. The garnet varies in shape from irregular 

to rounded and occasionally angular qr subhedral whilst the clinopyroxene is 

irregular to angular and often of an interstitial nature. The distribution 

of the garnet and clinopyroxene varies considerably from specimen to specimen, 

in some instances garnet has segregated into olustered patches or distinct 

bands and in others it is evenly distributed throughout the rock. From 

textural considerations alone it appears unwise to attempt any grouping of 

the eclogite xenoliths. 

The xenoliths are generally well-rounded and often displ~ a polished 

surface but angular, rough-surfaced xenoliths are not unoommon. Their size 

is of the same order of that sholj/l1 by the peridotite xenoliths and gneissose 
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, 
structures have often ~een developed. Thin-section studies have shown that 

the garnets and the clinopyroxene are often highly fractured, a feature taken 

to be indicative of tectonic deformation, either within the upper mantle or the 

crust. Slight anisotropism of the garnets leads to a similar conclusion. 

That the eclogites formed under extremely high pressure conditions cannot be 

disputed (this is reflected in the presence of diamond) and evidence for a 

rapid release of pressure ,is shown by the presence of glassy material (often 

with feldspar crystallites) in many of the xenoliths. The kelyphitic material 

surrounding the garnets typically contains, in addition to 'mica, t\-Tinned 

feldspar microlites and pale secondar,y amphibole. It is considered possible 

that slight melting of the clinopyroxene, and possibly even of the garnet, 

\-lould have been accentuated on the garnet-pyroxene contact by the presence of 

traces of water on the interface. This phase would have drastically lowered 

the melting point of the silicates and also resulted in the crystallisation 

of the amphibole. Extensive alteration of the clinopyroxene to ultra-

fine-grained aggregates (consisting of poorly crystalline pyroxene, feldspar 

and zeolite) is typical and is proba.bly related to the period of intrusion of 

the kimberlite. 

A major aspect of the petrologic study of the eclogite xenoli:/ths has 

been to define some criterion which can be used to group the eclog-it.es, 

preferably one of some genetic significance. Textural considerations have been 

found to be unsuitable but study of the rocks in hand specimen clearly 

indicated that a broad distinction between three main groups could be made on 

the basis of variations in the colour of the constituent minerals (particularly 

the garnet) and the degree of alterat~on of the pyroxene. This petrographic 

grouping, which is only descriptive, defines the following three groups: 

Group 1. Garnets dark reddish or bro~mish orange, usually clear; 

clinopyroxene dark green and only partly altered. 

Group 2. Garnets pale orange, pinkish orange or pink and often turbid; 

clinopyroxene pale green, usually extensively altered. Diamond 

m~ be a rare accessory. 

Group 3. Garnets bright orange, usually clear; clinopyroxene almost 

completely altered. Kyanite is a constant accessory, more rarely 

corundum. 

.. ~ " 

\ ; 

1::'~'::f:\~" :,; jYf~::" '. 

r 

.... '" 

'\ 

"t 
J.:.. 

~~~il 
;:~~ 
,.~~~ 
~ !~-;.-

~';),~ 
./{' 
;,"-(-' 

::Z"', 

:l~ 
·.~.7,~) 
:,) 

;~.~~: 
'f:' 
fir 
;.\ 

!,~ 

~"..;t 

>.,\ 
• ;t. 

{,,l • . ,.!:~~. 

;~~ 
;:~ 
.~~~ 
".'~; 
~ ... ~. 

:J 

~~ 
r~ 
~r', 
'~.,! 

.~ 
.;:~ 

:Jj 
;~~; 

I 
~~ 
~!;~1' 

~ 
"~ 
..... ;.~ 

•• Iq' 

~ 

t 

t· 

.... ~ 

'J 

", 

~ 
j .t 



\~ 

~ 

129. 

A study of the modal oompositions of the 24 xenoliths shows that the 

amount of garnet varies tremendously, from about 14 per cent to 74 per oent 

and that the distribution frequency of the garnet is bimodal (see Fig. 10). 

Although no obvious grouping of the xenoliths, using the modal values, oan be 

made, there are definite indioations that Group 1 eologites do not contain 

more than 50 per cent garnet whilst Group 2 eologites invariably contain 50 

per cent or more. The Group 3 eologites, characterised by the presence of 

kyanite, contain less than 50 per cent garnet. Using the modal ananlyses 

-presented in Table 8 (garnet inoludes micaceous material),oRmbined with the 

tentative grouping described above, the follo'l,<ling "average" mineralogioal 

compositions of the 3 groups are given~ 

Volume per cent 

Group 1 Group 2 Group 3 
Major constituepts (10 specimens) (12 specimens) (3 speoimens) 

Garnet 43 62 42 

Clinopyroxene 57 37 51 

Kyanite 5.4 

others 0.3 1.1 1·9 

Average S.G. 3.37 3.29 3·.12 

Chemically the eologites show muoh greater variation than the peridotites, 

alumina, lime, iron magnesia and soda exhibit relatively large ranges. 

Normative caloulations show that only three of the nine analysed xenoliths 

are nepheline normative and hence fall-into the alkalio field. The remainder 

are olivine tholeiitic and show high alumina. Complete melting of the 

eologi tes ,,,ould not yield liquids of typioally basal tic oharaoter. This 

indioates that eologite xenoliths do not simply represent a high pressure 

isochemioal transformation of gabbro. Complete melting of the eologites would 

produce a liquid of piorite or allivalite oomposition. 

The inhomogeneous and variable nature of the eclogite xenoliths suggests 

that they represent either soattered eologite segregations within the upper 

mantle or a oumulative phase (resulting from eologite fraotionation) related 
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to the formation of kimberlite. As only the R;berts Victor Mine (of the 

four mines sampled) has produced eclogite xenoliths in any abundance the 

former suggestion appears the more likely. Their origin as highly meta-

morphosed crustal rocks cannot be overlooked. The origin of the eclogites is 

discussed more fully in Chapter XI. ~ 
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IX. MINERALOGY OF THE XENOLITHS. 

As has already [.r:en stated. the peridotites consist almost exclusively of 

olivine and orthopyroxene 'vi th minor or trace amounts of one or more of 

clinopyroxene, garnet, spinel, phlogopite, graphite and sulphides. The eclogites 

consist essentially of clinopyroxene and garnet "lith minor or trace amounts of 

kyanite, corundum? rutile, sulphides, diamond and mica. In the following sections 

each of these mixleral species is dealt with in some detail, this including a 

general description of each type, a note on features of alteration and tectonic 
- ." 

deformation and the determination of accurate optical, physical and chemical 

properties. The significance of these findings is discussed in the final section, 

"lith special reference to the origin of the xenoliths. 

1. Olivine. 

~J definition olivine (or its serpentinous alteration product) is the 

major constituent of all the peridotite specimens. rNo olivine was found in any of 

the eclogi tes ~/ 
, 

1 ,,~ . 

General description. 

In hand specimen the olivine appears a glassy grey-green, but on 

crushing it becomes almost colourless, with a slight greenish yellow tinge. 

Observations in thin-section show that it forms large, colourless anhedral grains, 

usually smoothly irregular but occasionally equant or rounded in shape_ Many 

grains are angular and in places occur interstitially to the orthopyroxene. Small 

well-rounded crystals of olivine are sometimes included within the orthopyroxene 

(see Plate 29) or in the garnet (see Plate 33). In size the olivine grains vary 

considerably, some being more than 1 crn across, but most are of the order of 

5 mm. The size and shape of the individual olivine grains in the peridotites are 

well illustrated in Plates 5 to 11. Granulation and recrystallisation of the 

olivine is typical of many specimens and will be dealt with in more detail in a 

follo'l,.Ting section. 

Serpentinisation of the olivine. 

The olivine grains invariably exhibit a characteristic anastomosing 
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pattern of irregular oracks and fractures along whiph yellowish secondar,y 

serpentine has formed. This serpentine is usually free of typical dust-like 

particles of iron oxide thus indicating the magnesium-rich composition of the 

olivine. This secondar,y serpentine, probably of the antigorite variet,y, is found 

in smaller or greater amounts in all specimens, particularly along grain 

boundaries. In some cases large portions of a grain have been altered to the 

pale yellowish material, leaving only small isolated relicts of the original 

olivine in the secondar,y mass. This extensive serpentinisation of the olivine 

i&particUlarly well developed in proximit,y to secondar,y vei~~g. The anastomosing 

pattern of the serpentine is well illustrated in Plate 2 where peridotite slabs 

have been etched by hydrochloric acid. 

The serpentinisation is no doubt a late-stage hydrothermal phenomenon. 

In the presence of water and at moderate to low pressures Bowen and Tuttle (1949) 

found that serpentine could only be prepared below 500°0. Serpentinisation of 

olivine by water can only be aohieved at temperatures below 400 0 0 (Deer ~ 

1962, vol. 3). Indications are therefore that the alteration of the olivine took 

place mainly on early-formed fractures and cleavages, either during the intrusion 

of the kimberlite when the temperature dropped below 400°C or by a deep-weathering 

process in the upper portions of a consolidated kimberlite. 

Deformation and rec5[stallisation structures. 

When examined in thin-seotion under crossed nicols the olivine of many 

of the peridotite xenoliths shows a very noticeable wavy or uneven optical 

extinction. Individual olivine grains often extinguish over a range of 30 0 or more, 

This clearly indicates that the peridotites were, at some stage, subjected to 

considerable stress deformation, a feature also evidenced by the formation of kink 

bands and thin deformation lamellae within the olivine grains. Raleigh (1967, 

1968) has studied the mechanism of plastic deformation in experimentally deformed 

olivine grains at high temperatures and high pressures and has demonstrated that the 

deformation is due to slip along a number of systems. At all temperatures and 

pressures kink bands and plastic bending occur by a mechanism of discontinuous 

slip along translation glide planes, the kink band boundaries occuring in three 

principal cr,ystallographic directions, approximately parallel to (100), (010) and 

(001). Deformation lamellae found in experimentally deformed olivine form parallel 

to the active slip planes. 
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In naturally deformed olivine grains it appears that the predominant 

glide mechanism involves slip in the [lOOJ direction. with (010) being the slip 

plane, Experimentally this feature is oonfined to grains deformed at temperatures 

above 1000°0. Raleigh conoludes that the slip meohanism is therefore favoured by 

high temp era ture. 

The mioro-deformation structures desoribed by Raleigh appear to be very 

similar to those observed in many of the naturally deformed olivine grains in the 

peridotite xenoliths. Similar plastio deformation struotures in olivine have also 

been described by Chudoba and FrecbeD (1950). It is therefore ... ooncluded that 

plastic flow of the olivine has taken place by teotonic deformation at high 

temperatures, probably in exoess of 1000°0. 

The suggestion of Challis (1967) that the deformation lamellae in 

olivine are produced mainly in the last stages of cr.ystal1isation where rapidly 

growing olivine orystals are competing for spaoe (i.e. by orystallisation pressure). 

is not supported in the light of the extensive recrystallisation of the olivine 
. 

and the deformed nature of the other silicate constituents. It should also be 

mentioned that Raleigh goes as far as to say that one of the principa.t mechanisms of 

flow in the upper mantle is b,y slip in olivine. 

Another verr interesting feature of the olivine from many of the perid~tite 

xenoliths is the fine marginal granulation of many of the grains, illustrated in 

Plate 26. It is most noticeable that this granulation has only affected the 

olivine while adjaoent grains of orthopyroxene or garnet are unaffected. This 

"mylonitisation" of the olivine appears to be a form of recrystallisation induced 

by stress, possibly acoompanying intergranular movement; the large original grains 

show all the features characteristic of plastic deformation but the newly 

cr,ystallised granular material is completely free of these features. The degree to 

which this granulation or reor,ystallisation has developed undoubtedly depends on the 

stress involved. While generally oonfined to the peripher,y of the olivine grains 

(as illustrated in Plate 26) specimens showing almost complete recr,ystallisation 

of the olivine are found (see Plates 10 and 11). In rocks such as these only 

reliots of the original olivine are present. 

Yet another feature, also undoubtedly due to recr.ystallisation, is 

apparent in some of the deformed olivine grains. Large individual grains of 

olivine have partly or completely recr,ystallised into numerous lath-like olivine 

~~' 
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PLATE 26. Peridotite BF.2 showing the marginal granulation of 

olivine in contact with orthopyroxene and garnet. 

Magnification X 25, ordinary light. 

PLATE 27. Newly formed (recr,ystallised) lath-like olivine 

grains in peridotite W.9. Note in particular 

their sub-parallel alignment and subhedral outline. 

Magnification X 21, ordinary light. 

~~'. 
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or,ystals, often of subhedral or euhedral outline. Trre end-result of this feature, 

an intragranular olivine reor,ystallisation, is ver.y well illustrated in Plate 27. 

These newly formed olivine oxystals often show a tendenoy towards a olustered, sub­

parallel alignment but individually exhibit none of the oharacteristio features of 

stress or strain, even though they ma.y be entirely enclosed within a grain showing 

uneven extinotion. The alignment of these grains suggests that recr,ystallisation, 

has been induced by teo tonic deformation, also probably at high 8emperatures. 

In conolusion it is ver,y interesting to note that Jaokson (1968) suggests 
'''. 

that reoxystal1isation m~ be an important meohanism of flow within the upper mantle. 

In a vexy recent publication Ave'Lallemant and Carter (1970) discuss recr,ystallisat­

ion of olivine and modes of flow in the upper mantle and oonolude (p.2215) " •• , •• , •• 

that an important or dominant mode of flow in the upper mantle is s,yntectonio 

recr.ystallisation. Plastic deformation •••• , ••••• must oertainly contribute to the 

deformation but, as observed in the 'upper mantle' rooks, cannot account for large 

creep strains". The recognition of reorystallisation and deformation struotures 

in the peridotite xenoliths of the present investigation, whioh are likely to be 

of mantle origin (see Chapter X), supports this hypothesis, 

Lastly it can be mentioned that shock waves can also induoe both 

deformation and transformation in minerals. Milller and Hornemunn. (1968,' 1969) haye 

reoorded distinctive planar structures in experimentally shock-loaded olivine 

grains and in natural olivine grains from chondritic ·meteorites. Similar structures 

were not detected in any of the olivine of the peridotite xenoliths and this 

' .. 

;/' 

suggests that shock metamorphism has had little or no effect on the xenoliths, either' 

in their original source or in the kimberlite. 

Physical properties and composition of the olivine. 

The composition of the olivine from ever,y peridotite has been estimated 

by two or more techniques and these results are presented in Table 21. Techniques 

applied included the acourate deter.mination of refractive index (in most cases 

only the p value) and the measurement of the optical axial angle (2V~ ), 

graphical estimation of the Mg oontent was made from data given by Deer ~ 

(1962, vol. 1, Fig. 11). These results were checked by the X-r~ determinative 

method of Yoder and Sahama (1957), using an internal standard. .The X-r93' 

determinative method described by Heckroodt (1953) was also tested using olivine 

from the 10 Bultfontein peridotites. As these' results were found to be consistently 
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TABLE 21. 

OPTICAL PROPERTIES AND di30 INTERPLANAR 
SPACING FOR OLIVINE FROM THE PERIDOTITE 
XENOLITHS, WITH ESTIMATED COMPOSITIONS. 

Refractive indices Optic axial 
angle di30 interplanar 

(~ 0.005) (~ 2 0
) 

spacing 
SPecimenL-____________ ~------~----~----~----_f--------_r------~ 

No. fl 'v !Atom.:% 2V, Vol % d (A) % Fo~H' 

BF.l 
2 
3 
4 
5 
6 
7 
8 
9 

10 

W.l 
3 
4 
5 
6 
7 
8 
9 

10 

DT.2 
3 
4 
6 
7 
8 
9 

10 
11 
13 
14 
15 
16 
18 
20 
21 

RV.12 
14 
15 
16 
17 
19 
25 

0< 

1.647 

1.649 

1.650 
1.648 
1.647 

r I Mg* 1 Mg* 130 

I 1.668 92 2.7710 /~ 
1.669 1.685 91 88° 90 2.7703 92 

: 1.668 92 2.7703 92 
1.667 93 2.7689 93 
1.669 1.684 91 88° 90 2.7703 92 
1.669 91 2.7703 92 
1.668 92 2.7689 93 
1.667 1.687 93 87° 92 2.7689 93 
1.668 1.683 92 88° 90 2.7703 92 
1.668 1.683 92 87° 92 2.7689 93 
1.670 91 2.7703 
1.669 91 2.7689 
1.667 ' 93 2.7696 
1.668 92 2.7668 
1.670 91 2.7676 
1.668 92 2.7689 
1.668 92 2.7696 
1.668 92 2.7682 
1.668 92 2.7682 

1.666 : 94 2.7696 
1.666 ; 94 2.7682 
1.667 93 2.7703 
1.667 93 2.7689 
1.669 91 2.7689 
1.667 93 2.7696 
1.667 93 2.7696 
1.668 92 2.7710 
1.668 92 -; 2.7696 
1.668 92 2.7689 
1.668 92 2.7689 
1.668 92 2.7689 
1.670 91 2.7732 
1.667 93 2.7689 
1.669 91 2.7689 
1.667 93 2.7689 
1.666 
1.668 
1.667 
1.667 
1.668 
1.668 
1.667 

94 
92 
93 
93 
92 
92 
93 

2.7682 
2.7682 
2.7696 
2 .. 7682 
2.7696 
2.7689 
2.7696 

92 
93 
92 
94 
92 
93 
92 
93 
93 
92 
93 
92 
93 
93 
92 
92 
91 
92 
93 
93 
93 
89 
93 
93 
93 

93 
93 
92 
93 
92 
93 
92 

* Estimated graphically using values from Deer ~,(l962,vol. 1, Fig. 11). 

~f-* Estimated graphically using the olivine X-ray determinative curve from 
Yoder and Sahama (1957). 
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higher (of the order of two to four per cent forsterite) than those estimated from 

optical measurements and from the Yoder and Sahama X-ray diffraction method, this 

technique "ldaS not applied further. Excellent agreement was obtained between the 

compositions inferred from both optical and X-ray properties. Complete optical 

properties (~,~, r and 2Vy ) are given only for the chemically analysed olivine 

samples, that is, olivine from xenoliths BF.2, BF.5, BF.8, BF.9 and BF.IO. 

What is immediately striking from a study of Table 21 is the almost 

identical mineral composition of the olivine in every peridotite, the forsterite 

content ranging from 91 to 94 per cent. Whether the xenoliths are garnetiferous? 

spinel-bearing or altered apparently makes no difference? neither does whether 

they are harzburgites or Iherzolitic. 

Table 22 gives the results of a full chemical analysis of five 

pure olivine separates, two being from garnet lherzolites (BF.2, BF.5), two from 

garnet harzburgites (EF.8, EF.9) and one from a spinel harzburgite (BF.IO). A 

structural formula has been calculated for each analysis using the method 

described by Deer et al (1966, p.5l5-5l7) and gives the number of ions on the 

basis of 4 oxygens. In the calculations of the Fe2+ and Mg atomic ratios all 

iron has been expressed in the divalent form (FeO). These analyses clearly 

support the compositions inferred from the physical properties (Table 21), the Mg 

atomic per cent ranging between 90.9 to 92.3, that is? approximately 91 to 92 

per cent forsterite. Specific gravities of the analysed olivines are also given. 

In Table 23 the results of a semi-quanti tati ve trace element analys.i S 01' 

the same olivine concentrates are presented. Other than Ni and Cr (see Table 22) 

these results show that the only trace elements of any significance are Co, Zr, Mo 

and Sn. 

It is significant to note that all minor elements (with the exception 

of manganese and nickel) are present in extremely low concentrations. For 

olivine the ferric iron content is somewhat high; this can be attributed to the 

appreciable serpentinisation of the olivine. Although the analysed olivine 

concentrates were virtually free of any secondary serpentine a substantial amount 

of the prima:.-y Fe2 + has apparently oxidised to Fe 3+ • 

The analytical results indicate that the minor element distribution 

in the analysed olivines is in accordance with the results of Simkin and Smith 
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TABLE 22. 

CHEMICAL ANALYSES, STRUCTURAL 
FORMULAE AND ATOMIC RATIOS OF OLIVlNE.+ 

BF.2 

(A) CHEMICAL ANALYSESg 

Si02 

Ti02 

Al20a 

C:r"20a 

Fe20a 

FeO 

MnO 
NiO 

MgO 

CaO 

K2 0 

P20S 

41.09 

0.02 

<0.01 

0.04 

1.10 

6.93 

0.10 

0.37 

50.4 

0.03 

0.01 

0.01 

100.10 

FeO*" ! 7.92 

BF.5 

40.09 

0.02 

<0.01 

0.06 

j 8.90* 
) 

0.10 

0.39 

50.3 
0.03 

<0.01 

0.01 

99.90 

8.90 

(B) STRUCTURAL FORMULAE** 

BF.8 

41.56 

0.01 

<0.01 

0.05 

1.56 

7.00 

0.10 

0.45 

50.9 

0.03 

0.02 

<0.01 

101.68 

8.40 

Si : 0.997 )==1.00 0.983 )=0.98· 0.994 )=0.99 

Al 
Cr 

Fea+ 
Fe2+ 

Mn 

Ni 

Mg 

Ca 

0.002 ) 
) 

0.020 ) 

0.140 ) 
0.002 )=2.00 

0.007 ~ 
) 

1.822 ) 

0.002 ) 

(0) A~OMIC RATIOS (%) 
Fe2+* : 8.2 

0.003 

0.183 

0.002 

0.007 

1.836 

0.002 

9.1 

) 
) 
) 

~=2. 03 • 

~ 
~ 
) 

0.003 ~ 
0.029 ) 

0.139 ) 
0.001 ~=2.00 

0.009 j 
1.813 ) 

0.001 ) 

8.7 

BF.9 

41.06 

<0.01 

<0.01 

0.02 

1.10 

6.46 

0.08 

0 .. 46 

51.3 

<0.01 

<0.01 

<0.01 

100.48 

7.45 

0.992 )=0.99 

0.020 ~ 
0.131 ) 
0.002 )=2.01 ) . 

0.009 ) : 

1.844 ~ 
) 

7.7 

BF.I0 

40.87 

0.02 

0.05 

0.01 

1.33 

6.84 

0.10 

0.42 

50.2 
<0.01 

0.01 

<0.01 

99.85 

8.04 

0.996 ) . 

0.003 ~=1.ob 

0.~23 ~ . 

0.134 j 
0.002 )::;;1.99 

0.007 ~ 
1.821 ~ 

8.3 
Mg . 91.8 90.9 91.3 : 92.3 • 91.7 

S.G. 3.31 3.32 3.31 3.31 3.28 

* Total iron expressed as FeO. 

** structural formulae calculated as the number of anions on the basis of 

4 o~gens. 

+ Analyses by X-r~ Analytical Laboratory and Analytical Section, 

Anglo American Research Laboratory. 
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TABLE 23. 

SEMI-QUANTITATIVE TRAOE ELEMENT ANALYSIS 
OF OLIVINE FROM THE PERIDOTITE XENOLITHS.+ 

(in parts per million) 

Specimen 
00 Zr Mo Sn No. 

BF.2 200 30 10 15 

3 200 30 (10 20 

8 150 30 10 20 

9 200 30 10 15 

10 150 30 <10 15 

Limit of 
detection 10 10 1 10 

In all olivine specimens 

B < 10 Bi < 5 
Li < 50 Cd < 10 

Be <0.5 Sb < 10 
V < 50 Ba <100 
Ge < 10 La <100 

As <100 Pt < 50 
Sr < 50 Cu < 10 
y < 10 Zn < 50 
Nb < 10 Au < 5 
Ag <0.1 Pb < 10 

+ Analyses by Analytical Research Section, 

Anglo American Research Laborator.y. 
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TABLE 24. 

X-RAY DIFFRACTION DATA FOR OLIVINE 
FROM PERIDOTITES BF~8 AND BF.I0. 

A8TM card No. 7-74 Olivine Olivine 
Forsterite BF.8 BF.I0 

0 0 0 

d(A) I hkl d(A) I* d(A) I* 

5.10 50 020 5.09 MS 5.09 MS 
4.30 10 110 
3.883 : 70 021 3.894 83 3.879 83 
3.723 10 101 3.719 VvJ 3.724 ' VvJ 
3.496 10 111 ) 

W 
) 

\J 3.478 20 120 )3.490 )3.490 

3.007 : 10 121 ~2.996 W 
) 

W 2.992 . 10 002 )2.993 

2.878 VVW 2.876 VVW 
2.768 60 130 2.769 vs 2.769 V8 
2.512 70 131 2.513 VS2 2.514 VS? 
2.458 100 112 2.460 VSl. 2.461 V8l. 
2.383 5 200 
2.347 20 041 2.349 W 2.347 VW 
2. 316 ~ 10 210 2.310 Vvv.! 2.317 VVW 
2.269 : 40 122 2.270 MS 2.271 M8 
2.250 ; 30 140 2.251 118 2.251 M8 
2.161 : 10 220,211 2.162 W 2.161 VW 
2.032 ; 5 132 2.033 VVW 2.033 VVW 
1.876 20 150 1.877 VW 1.877 VW 
1.785 • ·5 151 1.791 VVW 1.792 VVW 
1.750 : 40 222 1.749 8 1.748 8 
1.740 ' 10 240 1.740 VW 1.740 VvJ 
1.731 10 123 1.731 VVW 1.731 VVW 
1.671 : 10 241 1.671 VW 1.671 VW 
1.636 : 10 061 
1.634 10 232 
1.619 • 20 133 1.619 w 1.618 VVW 
1.590 5 152 1.592 VVW 1.591 VVW 

1.572 VW 1.572 VW 
1.497 . 20 004 1.497 M8 1.496 MS 
1.479 20 062 1.480 S 1.480 M8 
1.397 10 170,233 1.395 w 1.395 w 
1.388 8 312 1.389 VVW 1.388 VVW 
1.351 20 322 1.352 VW 1.352 VW 
1.316 10 134 1.317 VW 1.317 VW 

1.295 VVW 1.295 VlT'VIJ 

d interplanar spacings 

I intensity of reflections 
)to estimated intensi~, using the following scale~ 

V8 very strong 

S strong 

M8 moderately strong 

W weak 

VW very 1-leak 

VVW ::;; very, very weak 

hkl Miller indices 

:1.,2,3 indicates strongest, second strongest and third 
strongest reflections respectively. 
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(1970) who have sho\m that for olivine in general relatively high nickel 

correlates with high magnesium, low manganese correlates with low iron and 

extremely low calcium agrees with a deep-seated c~stallisation environment. 

No distinct major or minor element differences exist between the olivine 

from the garnet or spinel peridotites with the exception that the olivine from the 

spinel peridotite contains a slightly smaller amount of chrome and is fractionally 

richer in alumina. 

Interplanar (d) spacings. 

X-ray powder diffraction data of two analysed olivines (BF.8, BF.IO) are 

presented in Table 24. These results, determined by powder diffraction techniques 

using an internal silicon standard, are compared with an ASTM reference standard 

of forsterite (card No. 7-74). The d-spacings and estimated intensities shown 

by these two olivines are virtually identical to the reference material. Miller 

indices are assumed to be the same as for the standard. 

A study of the interplanar spacings of the olivine was done to determine 

whether olivine from a high pressure environment shows any anomalous diffraction 

property which would serve as a petrogenic indicator. The study has indicated 

that this is not the case, the structure of the olivine apparently being contro~led 

only by the chemical composition. C~stal structure studies of natural olivines 

by Birle et al (1968) have similarly indicated (p.822) that " •••••• the structural 

parameters (of olivine) are quite regular and apparently immune to crystallisation 

history. Only chemical parameters seem to be of value". 

2. Orthopyroxene, 

In virtually eve~ xenolith of peridotite, orthopyroxene is the second­

most abundant constituent. As with the olivine no orthopyroxene was detected in 

any of the eclogite xenoliths. 

General description. 

The orthopyroxene, being more resistant to weathering than the olivine, 

often forms prominent grains on the weathered surface of the xenoliths. On fresh 

surfaces it is greenish to yellowish-green and in a number of the xenoliths displays 

"'~ 
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a well-developed parting. The characteristic pyroxen~ cleavages are normally well­

developed. Study in thin-seotion has shown that in general the orthopyroxene forms 

anhedral grains, usually more irregular in outline than the olivine grains, with 

which it forms an interlocking mozaic (see Plates 5 to 9). In size the orthopyroxene 

grains are similar to the olivine but considerable differences exist from xenolith 

to xenolith. Inspection of numerous thin-sections of the peridotites leaves one 

with the impression that in most cases the orthopyroxene crystallised out at a 

slightly lateTstage than the olivine, but before the clinopyroxene. This is also 

born~ out by the fact that orthopyroxene orystals often contain i?olusions of both 

olivine and garnet while the reverse is rare. Plates 28 and 29 illustrate re­

speotively garnet and olivine inclusions in orthopyroxene. 

In thin-seotion the orthopyroxene grains are virtually colourless or very 

pale yellowish, when oompared with the olivine. In hand specimen the orthopyroxene 

from the spinel peridotites is notioeably greener than that from the garnetiferous 

rocks and i8 1 as wi~i be shown, an indication of the higher chrome content of this 

orthopyroxene. The orthopyroxene grains are t,ypically fractured, cracked and show 

incipient alteration. Features due to tectonic deformation are oommon and will be 

dealt with in a following section. 

It is of some significanoe to record that whilst all the orthopyroxene 

from the garnet peridotites appears "clean", that occurring in the spinel 

peridotite xenoliths often shows very fine but distinct lamellae of another phase 

parallel to the (100) parting direction. This is the typical lamellar struoture 

characteristic of orthopyroxene of the Bushveld type. \N.hile individual lamellae are 

much too fine for optical identification, indications are that they probably 

represent lamellae of a calcium-rich phase :xsolved at lower temperatures '(and 

pressures? ) • 

Alteration of the orthopyroxene. 

Unlike the olivine the orthopyroxene shows vexy little in the way of 

alteration. A fine ndustiness" or slight turbidity is evident within most of the 

grains and appears conoentrated on fractures and cleavages. Alteration of the 

orthopyroxene, while not oommon, is shown by the development of semi-fibrous talcose, 

chloritic and serpentinous aggregates, partioularly in the highly serpentinised rocks. 

In one xenolith (W.5) the orthopyroxene is exoeptionally turbid and brownish in colour. 

This orthopyroxene (illustrated in Plate 30) is typically rimmed by numerous pale 

'.' 'f' 



PLATE 28 .. 

PLATE 29. 
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Orthopyroxene displaying typical fractures and 

cleavage traces as well as two rounded inclusions 

of garnet (W.9). 

Magnification X 19, ordinary light. 

A large irregular grain of orthopyroxene in peridotite 

W.9 with several roundish inclusions of olivine (01). 
Magnification X 8.5~ ordinary light. 



PLATE 30. 
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An unusual ~Jpe of alteration in orthopyroxene. The 

pyroxene is light brown, turbid and shows a well­

developed parting. The grains are almost completely 

surrounded by laths of phlogopite. From peridotite W.5. 
Magnification X 14, ordinaxy light. 
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brown phlogopite laths and also displ~s a ver.y well-developed parting. Indications 

are that the orthopyroxene has been partially altered to the mica, by a process of 

phlogopitisation. 

Deformation and inversion features. 

Evidence of stress and tectonic deformation is found in the orthopyroxene 

of many of the peridotite xenoliths. These features are invariably accompanied by 

the previously described deformation and recr,ystallisation structures in the co­

exist~ng olivine grains. 

The deformation shows itself by uneven optical extinction, bent cr.ystals~ 

kink bands and evidence of a possible orthopyroxene ----> clinopyroxene inversion. 

Two ~ical examples of deformation are illustrated in Plates 31 and 32. The uneven 

optical extinction and the bending of the orthopyroxene grains (as revealed by bent 

cleavage traces) are self explanator,y but the development of kink bands and possible 

polymorphism calls for special attention. 

The microscopic effects accompanying the experimental deformation of 

orthopyroxene (enstatite) have been described by Turner ~ (1960)? Borg and 

Handin (1966) and Riecker and Rooney (1967). All these workers obtained clear 

evidence of intergranular plastic deformation, such as the bending of enstatite 

crystalS, the development of kink bands and the inversion of enstatite (orthorhombic 

s,ymmetr,y) to clinoenstatite (monoclinic symmetr,y); all agree that the kink bands 

form on the slip system (100) [OOlJ by a translation gliding mechanism. 

In several peridotite xenoliths occasional grains of well-kinked 

orthopyroxene appear to contain lamellae of a ver,y slightly different nature. These 

lamellae, which show.up with a slightly high~ relief and fractionally higher 

polarisation colours, are considered likely to represent clinoenstatite inversions. 

They are of similar appearance to the inversion lamellae produced experimentally and 

to those recently recognised as occurring in terrestrial bronzite crystals 

(Trommsdorff and Wenk~ 1968). Unfortunately the lamellae are very thin and could 

not be satisfactorily analysed by optical methods. Refractive index measurements 

point to the lamellae having the same composition as the host orthopyroxene. 

Clearly detailed research along this line is indicated. 

From recent studies (Boyd and England, 1965) it appears that enstatite is 

the stable high temperature-high pressure form (which can persist metastably under 

~~, 
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PLATE 31(a). A typical deformed orthopyroxene grain from xenolith BF.4 

The grain is slightly bent, contains numerous kink bands 

and possible clinoenstatite inversion lamellae (arrowed). 

Magnification X 15, ordina~ light. 
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PLATE 3l(b). The same grain illustrated above but now observed in 

polarised light. Notice the uneven extinction and the 

well-developed kink bands. 

Magnification X 15, polarised light. 



PLATE 32(a). 

PLATE 32 (b) • 
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Another deformed orthopyroxene grain from xenolith BF.8~ 

Numerous kink bands are evident. 

Magnification X 16, ordinary light. 

The same grain illustrated above, but now seen in 

polarised light. The kink bands are more conspicuous. 

Magnification X 16, polarised light. 

:~ .. 
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other conditions) whilst clinoenstatite is a high pressure-low temperature phase. 

>: •• :"~'~':::' 

:~ 
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It has been demonstrated that under the appropriate conditions of high shear strain . .! 

experimentally stressed enstatite can invert to clinoenst'ati tee The concept of 

"stress minerals" has been discussed by Harker (1950, p.150), the occurrence of 

enstatite ----> clinoenstatite inversion supplies proof of the validity of this 

concept and also demonstrates the effect of a large shearing stress on the poly-

morphism of enstatite. 

The presence of the abovementioned deformation structures in the 
.... 

orthopyroxene undoubtedly demonstrates (as do the olivine deformations) the high 

stress that these rocks have experienced, either within the upper mantle or lower 

crust. The possible presence of clinoenstatite inversion products (coupled with 

the resultant small volume change that would take place) in naturally deformed 

terrestrial rocks of deep-seated origin has tremendous tectonic implications, 

particularly in th~ production of seismic energy (Randall, 1964). The finding of 

clinoenstatite in mantle-type rocks supports the conclusion of Riecker and 

Rooney (1967, p.l051) who suggest H ••••• the inversion of rhombic to monoclinic 

enstatite should be considered as a possible source mechanism for some intermediate-

and deep-focus earthquakes n • 

Physical Rropertles and composition of the orthopyroxene. 

The composition of the orthopyroxene from almost ever,y peridotite 

(except those that are completely recrystallised or extensively altered) has been 

estimated by one or more optical techniques. These inoluded the accurate 

determination of the Y refractive index and the measurement of the optic axial 

angle (2V~). The compositions were estimated graphically from data given by 

Deer ~ (1962, vol. 2, Fig. 10). These results appear in Table 25. The 

refractive index and optic axial angle of five analysed orthopyroxenes (BF.2, 

BF.5, BF.8, BF.9 and BF.lO) are also given. Excellent agreement was found between 

compositions estimated by the two optioal methods and those chemically analysed 

(see Table 26). 

As with the olivine the most striking feature about these results is the 

almost identical composition of the orthopyroxene from the different xenoliths, 

which in all cases corresponds to that of enstatite, ranging from En94 to Enss -

Indioations are that the Mg oontent of the enstatite from the spinel peridotites 

may be fractionally less than that from the garnet peridotites. 
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TABLE 22-

OPTICAL PROPERTIES _~ ESTIMATED COMPOSITIONS OF 
ORTHOPYROXENE FROM THE PERIDOTITE XENOLITHS. 

Refractive indices Optical Inferred 
Specimen (2: 0.005) axial composition angle (2:2 0

) No. 

t>( y 2'bc A* B* 

BF .. 1 1.673 92 
2 1.662 1.673 1040 92 93 
:; 1.672 93 
4 1.671 94 
5 1.663 1.674 105 0 91 93 
6 1.672 93 
7 1.672 93 
8 1.661 1.673 105 0 92 93 
9 1.660 1.672 1040 93 93 

10 1.667 1.677 102 0 88 92 
W. 1 1.674 91 

3 1.673 1040 92 93 
4 1.677 102 0 88 92 
5 ,..1.67 <Y93 
6 1.673 92 
7 1.673 92 
8 1.673 1060 92 94 
9 1.673 92 

10 1.673 92 
DT. 2 

3 
4 1.674 1040 91 93 
6 1.673 92 
7 1.675 90 
8 1.672 93 
9 

10 
11 1.672 93 
13 1.673 102 0 92 92 
14 1.674 91 
15 1.674 1060 91 94 
16 

DT.18 1.672 93 
20 1.675 1040 90 93 
21 

RV.12 1.672 93 
14 1.673 92 
15 1 .. 672 93 
16 1.672 93 
17 1.677 102 0 88 92 
19 1.671 94 

.25 1.674 105 0 91 93 

A: Estimated from 1 refractive index 

B Estimated from 2V~ 

* Both estimations are based on data from Deer et a1 

(1962, vol. 2, Fig. 10) and are expressed as 
100 Mg ~ Mg + Fe2+ + Mh. 
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Differences between harzburgites and 1herzolites are non-existent. 

The results of a complete chemical analysis of five pure enstatite 

separates are given in Table 26, together with structural formulae calculated for 

the number of anions on the basis of 6 oxygens (Deer et aI, 1966, p.515-517). 

Atomic ratios (% Fe2+, Mg and Ca) and specific gravities are also given. 

One of the most important features of the orthopyroxene analyses is the 

101-1 alumina content of those from the garnet peridotites which contrasts with the 

relatively high alumina content of the enstatite from the spinel peridotite. Early 

experimental work by Boyd and England (1960) indicated that orthopyroxenes from a 

high pressure alumina-bearing environment might contain large amounts of alumina. 

It has been" subsequently shown "bj;- Boyd and England (1964)., during' an examination 

of the system enstatite-pyrope,that the alumina content of an enstatite in 

equilibrium with pyrope is a function of both temperature and pressure. Increase of 

pressure greatly reduces the solubility of alumina in enstatite and results in the 

formation of pyrope by the following simplified reaction: 

Aluminous enstatite ----> Alumina~poor'enstatite + pyrope 
<-

The results obtained from the present study are in keeping with this experimental 

work and clearly demonstrate that the enstatite in the spinel peridotites was 

formed in a region of lower pressure than the enstatite in the garnet peridotites. 

The inference is that the garnet peridotites formed under higher pressure conditions 

than the spinel peridotites. 

The orthopyroxenes also contain an exceptionally high chromium content, a 

feature which is in keeping with enstatite from peridotites in general. It is 

significant to note that the chromia content of the enstatite from the spinel 

peridotite is approximately twice that of ~he garnet peridotite enstatites. The 

lime distribution follows the same trend and as would be expected the magnesia 

content of the spinel peridotite enstatite is slightly lower than that for the 

garnet peridotites. The relatively high lime content of the spinel 

peridotite enstatites is also demonstrated by the presence of a fine lamellar 

structure in many of these pyroxenes. These fine lamellae are considered to 

represent an exsolved Ca-rich phase. The lamellae are entirely absent from the 

alumina-poor garnet peridotite enstatites, the excess lime having no doubt 

entered the garnet structure. 
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TABLE 26. 

CHEMICAL ANALYSES, STRUCTURAL FORMULAE 
AND ATOMIC RATIOS OF ORTHOPYROXENE. + 

BF.2 BF.5 BF.8 BF.9 

(A) CHEMICAL ANALYSES 

Si02 i 57.24 56.42 57.22 56.98 

Ti02 0.04 0.02 0.04 0.02 

A1203 0.73 0.68 0.77 0.90 

Cr203 0.42 0.38 0.35 0.37 

Fe203 ) : ) 0.46 0.03 

FeO 
) 5.10* ! ) 5.91* 

4.65 4.74 

r1nO 0.11 0.12 0.11 0.10 

NiO 0.09 0.13 0.12 0.12 

11gO 35.7 35.1 . 35.4 35.6 

CaO 0.51 0.53 0.58 0.35 

K20 0.02 0.02 0.01 0.02 

P20S 0.01 <0.01 0.02 0.05 

99.97 99.31 99.73 99.28 

FeO'* j 5.10 5.91 5.06 4.77 

(B) STRUCTURAL FORMULAE** 

Si 1.966~ • 1. 964~ 1.952~ . 1.972~ ::::2.00 =1.99 ::::1.99 =2.00 
AI 0.029) 0.029) 0.033) 0.028) 
Al - ) - ) - ) 0.009) 
Cr ) 0.OO8~ 0.OO8~ 00008~ O~O21~ 
Fe3+ - ) 0.O12~ - ~ 
Fe2+ : ) ) 

0.146) 0.172) 0.135) 00137) 
Mn o .002j~2 002 • 0.002j~2003 0.002)=2.00 O.OO2t200l 

Ni ) 
00002) 0.002) Oo002l 0.002~ 

r1g 1.825 . 1.822) 1.817 1.835 
Ca Oo019~ ) 

0:023j 00013~ 0.019) 

(C) ATOMIC RATIOS (%) 
Fe2 +*: 7.3 8.5 6.8 6.9 
Mg 91.7 90.5 92.0 92.4 
Ca 1.0 0.9 1.2 0.7 

S.G. 3.24 3.23 3.25 3.22 

* Total iron expressed as FeO. 

BF.lO 

55.76 

0.02 

2.88 

0.80 

<0.01 

4.79 

0.12 

0.10 

34.3 

0.96 

0.03 

0.03 

99.79 

4.79 

1. 923~ 
=2.00 

0.077) 

0.039) 

0.025~ 
- ) 

0.139~ 
0.002 =2.01 

) 
0.002) 

1.763) 

00037l 

7.2 

90.9 

1.9 

3.27 

** Struotura1 formulae oaloulated as the number of anions on the basis of 
6 oxygens. 

+ Analyses by X-ray Analytioa1 Laboratory and Analytioal Seotion, 

lU1g10 American Researoh Laborator,y. 
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The relatively high alumina, lime and chro~ia content of the spinel 

peridotite enstatites is of considerable petrologic importance. Whole rock 

chemistr,y and olivine compositions show no essential differences.between the two 

major peridotite t,ypes. Indioations are that the mineralogical changes are only 

pressure dependant~ Experimental verification is obtained in the high pressure-

high temperature work of Green and Ringwood (1967b) who, using material of pyrolite 

composi tion (a synthetic garnet peridotite co.mposi tion); have shown that garnet 

appears only when the pressure is sufficient to cause the aluminous pyroxene to 

bre~ down to garnet plus a less-aluminous pyroxene. 

The results of a semi-quantitative trace element analysis of the five 

analysed enstatites is presented in Table 27 and indioate that, as with the 

olivine, only Co, Zr and Sn are of aQy importance. It is interesting to note 

that the minor element content of the enstatites follows a different pattern to 

that of the olivine. It is particularly notioeable in the low nickel and high 

chromium, lime and alumina oontents of the enstatites in comparison with those of 

the olivines, where the situation is reversed. .As with the olivines the titania, 

potash and phosphate contents are negligible. 

Finally it should be mentioned that the structural formulae of the 

enstatites, except for one case, show a slight excess of oations over the expected 

figure of four per formula unit. Mercy and O'Hara (1965b), in ~ study of olivines 

and orthopyroxenes from garnetiferous peridotites,suggest that the departure from 

the ideal formulae is due to the presence of minor amounts of the olivine molecule 

in solid solution in the orthopyroxene and indicate that these results are 

consistent with the deduction that the garnet peridotites attained equilibrium at 

relatively low temperatures. B.y analogy ~ similar deduction can be made for the 

peridotites of the present investigation. 

Inte;rRlanar (d) spacings. 

Two of the enstatite separates have been analysed by normal X-ray 

diffraction teohniques using silicon as a precisely calibrated internal standard. 

These results are listed in Table 28 and are compared with an ASTM reference standard 

of enstatite (card No. 7-216). Miller indices are assumed to be the same as for the 

reference material. The d-spacings of enstatite BF.8 are in close agreement with 

those of the referenoe material (a meteoric enstatite with low Fe, Ca and AI). The 

interplanar spacings of enstatite BF.IO show a slight but consistent decrease 
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TABLE 27. 

SEMI-QUANTITATIVE TRACE ELEMENT ANALYSIS 
OF ORTHOPYROXENE FROM THE PERIDOTITE XENOLITHS. * 

I 

(in parts per million) 

Specimen 
No. 

BF. 2 

5 

8 

9 

10 

Limit of 
detection 

Co 

60 

60 

80 

80 

60 

10 

Zr 

20 

20 

20 

20 

20 

10 

In all orthopyroxene specimens 

B < 10 Bi < 5 
Li < 50 Cd < 10 

Be <0.5 Sb < 10 

V < 50 :Sa <100 

Ge < 10 La <100 

As <100 Pt < 50 

Sr < 50 Cu < 10 
y < 10 Zr < 50 

Nb < 10 An< 5 
Ag <0.1 Pb < 10 

Mo < 10 

Sn 

10 

10 

10 

10 

10 

10 

* Analyses by Analytical Research Section, 

Anglo American Research Laborator,y. 

':t, ' 

.:: "~~t·" :. 

~ :-' 

..: 

. ... 

, ~. 
-.~ 

"-'" 

. ~; 



154. 

TABLE 28. 

X-RAY DIFFRACTION DATA FOR ORTHOPYROXENE 
FROM PERIDOTITES BF.8 AND BF.I0. 

ASTM card No. 7-74 
Enstatite 

o 
d(A) 

6.33 
4.41 
3.303 
3.167 
2.941 
2.872 
2.825 
2.706 
2.534 
2.494 
2.471 
2.385 

2.280 
2.252 
2.232 
2.114 
2.096 
2.058 

2.019 
1.984 
1.968 
1.926 
1.887 
1.854 

1.800 
1.786 
1.773 
1.732 
1.702 
1.698 
1.679 
1.649 

1.603 

1.588 

1.525 
1.520 
1.485 
1.470 
1.418 

1.392 
1.379 

1.360 

1.307 

1.267 

I hk1 

<1 210 
14 020 

. 35 121 
1 100 420,221 
i 45 321 

85 610 
25 511 
25 421 
45 131 
50 202 
30 430,521 
8 331 

6 800 
8 402,621 
8 431 

25 630 
20 531 
14 721,512 

10 820,422 
14 241 
25 631 
4 341,612 

'6 821 
4 441,332 

8 622,830 i 

10 640, 10 . 1.01 
8 541 
8 921 

10 831 
8 722 

10 812,~42 

7 741 

20 10.2.1. 

10 931 

7 551 
14 
34 • remainder 1 

22 not 
6 indexed 

17 
6 

2 

6 

8 

Enstati te 
BF.8 

o 

d(A) 

6.33 
4.41 
3.303 
3.167 
2.941 
2.872 
2.827 
2.704 
2.533 
2.495 
2.471 
2.385 
2.357 
2.278 
2.251 
2.232 
2.113 
2.095 
2.058 
2.027 
2.022 
2.019 
1.984 
1.958 

1.887 
1.853 
1.839 
1.802 
1.786 
1.774 
1.733 
1.700 

1.682 

1.610 
1.603 
1.598 
1.589 
1.586 
1.527 
1.521 
1.486 
1.471 
1.419 
1.398. 
1.392 
1.380 
1.377 
1.358 
1.339 
1.307 
1.298 
1.295 
1.289 
1.268 

1* 

vw 
w 
W 

VSi 

MS 
VS2 

W 
r1S 

S3 
MS 

S 
VVW 
VVW 
VVW 

VW 
VVW 

MS 
r1S 

W 
VVVI 
VVW 

VW 
MS 
MS 

vw 
VVW 
VVW 
VVW 

W 
VW 

W 

ViI" 

vvw 

vvw 
VVW 

I 'VVW 
: W 

VW 
MS 

W 
MS 
MS 

VVW 
VW 
MS 

VVW 
VVW 

VW 
VVW 

VW 
VW 
VW 

W 
W 

Enstatite 
BF.I0 

o 

d(A) *.* 

6.30 
4.39 
3.297 
3.164 
2.938 
2.872 
2.825 
2.696 
2.529 
2.494 
2.468 
2.385 
2.356 
2.273 
2.252 
2.229 
2.111 
2.092 
2.056 
2.027 

2.013 
1.979 
1.956 

1.886 

1.786 
1.771 
1.729 
1.701 

1.587 

1.524 

1.485 
1.468 
1.418 
1.397 
1.391 

1.307 

1.266 

1* 

As for 
BF.8 
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d interplanar spacings. 

I intensity of reflection • 

. X- estimated intensity, using the following scale: 

1.,2,3 

** 

VS very strong. 

S strong. 

MS moderately strong. 

W ,\-Teak. 

VVI very weak. 

VViN very, very weak. 

hkl Miller indices 

indioates strongest, seoond strongest and third strongest 

reflections respsctively. 

numerous very weak reflecti.ons omitt~d. 

~~' 
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and it is thought to be due to a slight increase in the Ca and Al content of this 

pyroxene, a feature which will noticeably affect the cell parameters (Hess 1952; 

Kuno, 1954). 

3. Garnets. 

As the peridotites and eclogites each contain garnet which is distinct 

in both appearance and mineralogical composition it is convenient to deal with 

each type separately. 

A) THE GARNETS OF THE PERIDOTITES. 

General description. 

It has been sho~m that garnet is a minor yet essential constituent of the 

garnet peridotite xenoliths and that trace amounts are also present in some of 

the spinel and altered peridotite xenoliths. In the garnet peridotites it 

occurs in a fairly constant amount, ranging between two and six per cent by 

volume (Chapter VIII, Modal Analyses, p.84). 

On the rounded, weathered surfaces of the xenoliths the resistant garnets 

normally stand up in fairly high relief as scattered, dark red grains. Close 

examination of fresh rock surfaces and the prepared rock-slabs shows that the 

garnets are unevenly distributed and are often, although not exclusively, in 

contact with? or in close proximity to grains of orthopyroxene. Examination in 

thin-section has also shown that occasionally small, rounded c~stals of garnet 

are included in the orthopyroxene grains (Plate 28). 

The shape of the garnets varies ~rom roundish to irregular with rare grains 

exhibiting'distinct crystal faces. Well_rounded grains predominate but in some 

xenoliths large irregular patches of garnet are found (Plate 9). In size the 

rounded grains vary from approximately 1 to 4 millimetres. The shape, size and 

textural relationships of the garnet to the other constituents of the peridotites 

is illustrated in Plates 5 to 9. 

In hand specimen all garnets are dark wine-red but on separation from the 

host rock and examination with the aid of a stereoscopic microscope it is seen 

that they are all a very characteristic intense, lustrous pink. Slight 

variations from mauvish pink through magenta-pink to a slight orange-pink are 

~ 
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evident. Bragg (1958) has suggested that variations in the colour of pyrope-

rich garnets can be related to their chromium content. Results obtained during 

this study indicate that this is true, at least in part. Analysed garnets 

(Table 29) have colours ranging from mauve-pink (BF.5, 2.35 per cent Cr2 03 ) to 

magenta-pink (BF.2 and BF.8, 1.88 and 1.03 per cent Cr203 respectively) and pale 

mauve-pink (BF.9, 0.50 per cent Cr203 ). The very distinctive and vivid colours 

of all the garnets can be exaotly matched by those derived from the kimberlite 

matrix. 

''', 

The garnet grains are always extensively fractured, as illustrated in 

Plate 33. This fracturing can be attributed to tectonic deformation of the 

peridotites in depth (as sho~m by the deformation structures in the other 

constituents) followed by a rapid release of pressure on the eruption of the 

kimberlite. Garnet grains occasionally show small rounded olivine inclusions 

which on serpentination have caused the development of sub-radiating expansion 

cracks., Other inclusions, so common in garnets from high-grade metamorphic 

terrains, are completely missing. 

Seen in thin-section the garnets are very pale mauvish pink and except for 

those from a few of the peridotite xenoliths, are completely isotropic. The 

garnets from several of the peridotites which ShO~1 extensive, deformation 

structures show very faint ani sotropi sm.. Prolonged etching in hydrofluoric 

acid of polished thin slices of garnet from a tectonically deformed peridotite 

failed to produce the tangled dislocation structures, recognised by 

Carstens (1969, 1970), occurring in pyrope-rich garnets of orogenic garnet 

peridotites. Only a slight etching of the surface was seen. 

Alteration of the garnet normally occurs in the form of thin kelyphitic 

borders. These reaction rims, consisting of opaque to semi-opaque, very fine-

grained secondary materials, va:ry from incipient rims to fairly extensive zones 

in which more than half the garnet has altered (see Plates 33 and 34~. In 

incident light the kelyphite is l~aki-coloured and in transmitted light it is 

virtually opaque. The kelyphite normally consists of minute grains of bro~mish 

spinel and very fine mioaceous material and orthopyroxene. In places where garnet 

grains have been highly fractured the kelyphitic material has also formed along 

certain cracks. 

'::~"':~1-" 
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PLATE 33. Garnets from peridotite BF.8. Both grains are 

extensively fractured and one contains a small, 

rounded serpentinised olivine inclusion. Only 

thin kelyphitic rims have formed. 

Magnification X 15, ordinar,y light. 

PLATE 34. Garnets from peridotite RV.25. Besides being 

fractured the grains have been extensively 

replaced by earthy, opaque kelyphite (sho~m 

as black rims). 

Magnification X 19, ordinar.y light. 

'. ',' '~I~f;' 
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Physical properties and composition of garnet. 

The refractive index and unit cell size of the garnets from all garnet­

bearing peridotites are listed in Table 29 together with estimated,end-member 

molecular percentages. This includes values for garnets which are both an 

essential and a trace constituent. These results are presented graphically in 

Fig. 16. Diagrams relating the physical properties of garnets to their 

composition have been devised by Winchell (1958) in which the refractive index 

is plotted against unit cell size and density is plotted as contours on the 

surfaces of the projected solid defined by the position of the pyrope, almandine, 

grossularite, spessartite and andradite end-members. Any graphical solution of 

this type gives only an approximation of the end-member composition. 

Rickwood et al (1968), in their study of garnets from peridotite and 

eclogite xenoliths, have shown that garnets from the peridotite/pyroxenite suite 

of xenoliths can be largely described as consisting of a solid solution of the 

pyrope, almandine, andradite and uvarovite end-members. More recent analyses 

of garnets by Carswell and Dawson (1970), after recalculation to molecular 

percentages by the method of Rickwood (1968), are in agreement with this 

conclusion. The small amounts of grossularite and spessartite present have 

been ignored. ~~ 

In the present study, following the lead of Rickwood et al (.1968), the 

determination of only two physical properties (refractive index and unit cell 

size) has enabled an estimation of three components using the pyrope-almandine­

andradite triangle of Winchell's diagram. It is fortunate however that uvarovite 

and andradite have similar physical properties and plot nearby on Winchell's 

diagram. Consequently for the purposes of compositional estimation it should 

be understood that end-member molecular percentages determined represent 

pyrope-almandine-andradite plus uvarovite. 

The garnets plot in a relatively narrow, straight band, the long axis of 

which is directed to the pyrope end-member. In several cases multiple com­

positions within one xenolith were recognised (BF.4, BF.9, DT.21). The most 

conspicuous variations in compositions are those of pyrope which ranges from 80 to 

65 per cent and almandine which shows a range from 20 to 9 per cent. The 

andradite plus uvarovite component shows a variation from 15 to 8 per cent. 

~fuilst the accuracy of these results i~ of course seriously limited by the 

~I: 
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TABLE 29. 

PHYSICAL PROPERTIES AND ESTTI1ATED END-MEMBER 
COMPOSITIONS OF GARNETS FROI1 THE PERIDOTITE XENOLITHS. 

s . Refractive U· t 11 lEstimated c0mposi tion* ; peclmen index ~l ceo ~! _____________________ . 

No. (:t 0.003) Slze (A) . Py Al An + Uv 

BF. 1 1.753 11.547 73 ~~ ~) 
2 1.760 11.554 67 20 13 
3 1.752 11.541 73 15 12 
4) 1.749 11.542 76 12 12 

) 1.753 11.542 72 16 12 
5 1.763 11.565 65 20 15 
6 1.752 11.541 73 15 12 
7 1.752 11.538 73 15 12 
8 1.754 11.551 73 14 13 
9) 1.748 11.538 77 11 12 

) 1.753 11.538 72 16 12 

w. 3 
4 
6 
7 
8 
9 

10 

DT. 4 
6 
7 
8 
9 

11 
14 
15 
18 
20 

21) 
) 

RV.14 
16 
25 

lq53 11.550** 73 18 14 
1.749 11.550** 77 9 14 
1.748 11.541 77 11 12 
1.751 11.548** 75 11 14 

., 1.750 11.541 75 13 12 
1.759 11.557 68 19 13 
1.756 11.551 69 20 11 

1.750 
1.752 
1.749 
1.750 
1.752 
1.747 
1.749 
1.750 
1.759 
1.749 
1.760 
1.743 

1.749 
1.749 
1.748 

11.535*3<-
11.523 
11.538 
11.545 
11.538** 
11.533 
11.543 
11.523 
11.556 
11.541 
11.559** 
11.527** 

11.544** 
11.543 
11.545** 

74 
72 
76 
76 
73 
77 
77 
73 
68 
75 
67 
80 

76 
77 
76 

15 
20 
12 
11 
15 
12 
10 
18 
19 
13 
18 
10 

11 
10 
10 

11 
8 

12 
13 
12 
11 
13 

9 
13 
12 
15 
10 

13 
13 
14 

S.G. 

3~73 

3-73 

) 3.72 
) 3.66 

* Estimated end-member compositions calculated using pyrope (Py), 

almandine (AI) and andradite (An) plus uvarovite (Uv) (see text 

for explanation). 

** Determined using X-ray powder photographic methods [resu1ts~ ! 0.003 A]; 
others by X-r~ diffractometer techniques (resu1ts~ :t 0.001 A] .. 
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restriction imposed in using only t",O variables tbey do indicate the similar, 

pyrope-rich composition of the garnets from all the peridotites. As with their 

appearance, the refractive index and unit cell size values can be exactly matched 

by garnets from the kimberlite matrix. 

Four pure garnet concentrates were selected for detailed chemical 

analysis, two being from garnet Iherzolites and two from garnet harzburgites. 

These results, together with structural formulae (Deer ~, 1966, p,515-517) 

and the percentage garnet end-member molecules calculated according to the 

procedure outlined by Rickwood (1968) are presented' in Table '30. The specific 

gravities of these· analysed garnet's are given in Table 29. 

The analyses, conducted by the procedures outlined in Chapter VII, have 

unfortunately resulted in anomalous results. Comparison of the analyses in 

Table 30 "Ii th those of garnets from other garnet peridotite xenoliths 

(0 'Hara and Mercy 1963; Nixon et aI, 1963, Cars-~;ell~_and~.Da"rson, 1970) olearly 
, 

reveals that the silica values are too high (of the order of one to 1.5 per 

cent) and that the alumina values are too low (of the order of 0ne.to two per 

cent). The remaining analyses give oomparable values. The discrepencies are 

further borne out by the structural formulae (calculated only for those two 

analyses where ferric iron has been determined). These two structural formulae 

deviate strongly from structural ideality, the R4+ component (Si) being 

excessively high and the R3+ component (AI, Ti, Cr, Fe3+) abnormally low. 

It is considered (C.E. Feather, personal communication) that the error 

is an .analytical one due to inter-element enhancement and depression effects 

when using X-ray fluorescence analytical techniques. The determination of high 

silica in the presenoe of high alumina ~nd magnesia will result in excessive 

silica values, similarly the determination of alumina would be depressed. 

Fortunately it is thought that only the silica and alumina determinations are 

anomalous and the remaining results are considered true analytical values. 

Consequently if silica and alumina are disregarded the recasting of the garnet 

analyses into end-member moleoules using the procedure of Rickwood (1968) oan be 

,made. 

Acquisition, in the not too distant future, of computer-correction 

facilities, will enable resolution of this analytioal problem and it is hoped 

to re-analyse the fusion disks at a later stage_ 
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TABLE 30. 

CHEMICAL ANALYSES, STRUCTURAL FORMULAE AND 
END-MEMBER COMPOSITIONS OF PERIDOTITE GARNETS.+ 

BF.2 BF.5 BF.8 

(A) CHEMICAL ANALYSES 

Si02 44.50 43.10 43.04 

Ti02 0.11 0.07 0.11 

A12°:3 19.10 17.81 19.03 

... Cr20B 1.88 2.35 1.03 

Fe2 °:3 1.57 ) 2.79 ) 8.67 '* 
FeO 6.13 ) 5.10 

MnO 0.38 0.38 0.35 

NiO <0.01 <0.01 <0.01 

Mg{) 20.6 20.0 20.6 

CaO 5.56 5.96 5.51 

K20 <0.01 0.01 0.01 

P205 0.06 0.08 0.06 

99.89 99.40 . 97.63 

FeO* 7.54 8.67 7.61 

(B) STRUCTURAL FORMULAE** Not 
Si 6.324)=6.32 calculated 6.255)=6.26 

Ti 0.009) as FeB: not Oe008) 
) determlned ) 

Al 3.192) 3. 245) 
Cr 0.205)=3.58 0. 105)=3. 67 

Fe B+ 0.171) 0.315) 
Fe2+ 0.725) 0.619) 
11Jn ) ) 

0.051)=5.98 0.043)=5.98 
Mg 4.361) 4.458) 
Ca 0.845~ 0.855~ 

(C) END-MEMBER COMPOSITION (MOLECULAR PERCENTAGES) 
Pyrope 73.0 Not 74.2 
(MgBA12Si30l2 calculated 

as Fe3+ rot 
Almandine 12.0 determined '10.5 
(Fe2+A12Si:3°i2) . :3 
Spessartite 0.9 0.9 
MnBA12Si30i2) 

Grossularite 4.7 3.9 
(Ca:3.Al2Si3Oi2 ) 

Andradite 4.3 7.9 
(Ca3Fe~+Si30i2) 

Uvarovite 5.2 2.6 
(Ca3Cr;+Si3Oi2) 

BF.9 

42.99 

0.02 

20.55 

0.50 
) 
) 7.24*" 
) 

0.37 

<0.01 

22.3 

4.21 

0.01 

0.10 

99.10 

7.24 

Not 
calculated: 
as FeB+ not 
determined : 

"'\l 

1;-

Not 
calculated 
as FeB+ not 
determined i 
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Total iron expressed as FeD. 

structural formulae calculated as the number of 

anions on the basis of 24 oxygens. 

+ Analyses by X-r~ Analytical Laborator,y and 

Analytical Section, Anglo American Research Laborator,y. 
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Interesting features arising out of the analyses are the relatively high 

and variable chromia values (reflected as an appreciable uvarovite content), 

variable ferric iron (shown up by a variable andradite content) and fairly 

constant total iron, manganese, magnesia and lime contents. Except for the 

rather high grossularite percentage the calculated end-member compositions are 

in close agreement with the calculated composition of the mean of 40 garnet 

analyses from garnet peridotite xenoliths derived from kimberlite (Carswell and 

Dawson, 1970, Table 5). 

A semi-quantitative trace element analysis of both the peridotite and 

eclogite garnets is presented in Table 31. The only trace elements of any 

si@1ificance in both suites are Sn, Ni, Co, V and Zr. 

Interplanar (d) spacings. 

X-ray diffraction data of two analysed garnets (BF.5, BF.8) are presented 
, 

in Table 32, and are compared with an ASTM reference standard of synthetic 

pyrope (card No. 2-1008). Excellent agreement was obtained for the d spacings 

of the two analysed garnets (which indicates their very si.milar composition, 

see Table 30). They both co.mpare 1;lell with the standard pyrope. Diffractometric 

patterns were run using a silicon internal standard. 

B~ THE GARNETS OF THE EGLGGITES. 

General description. 

Unlike the peridotite garnets, garnet forms a major constituent of the 

eclogites, varying between approximately twenty and seventysix volumetric per 

cent, with two rather ill-defined maxima at about fifty and sixtyfive per cent 

(Chapter VIII, Modal Analyses). 

As with the peridotites the garnets tend to stand up in higher relief on 

weathered or rounded surfaces and are usually well-polished. Examination of 

hand speci.mens and prepared rock slabs shows that the garnet distribution varies 

considerably and that in some xenoliths the garnets are segregated into lcwers 

or patches. 

In shape the grains are almost always anhedral and vary from roundish to 

elongated to irregular. Very rarely do any grains exhibit distinct crystal 

morphology. In size the garnets vary from about 2 to 6 millimetres. ~~ical 

eclogites, illustrated in Plates 15 to 20, show the shape, size and textural 

~ 
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Specimen 
No. 

BF. 2 

5 

8 

9 

RV. 4 

5 

32 

RVL. 5 

Limit of 
deteotion 
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TABLE 31. 

SEMI-QUANTITATIVE TRACE ELEMENT ANALYSIS OF 
GARNET FROM THE PERIDOTITE AND ECLOGITE XENOLITHS.+ 

(in parts per million) 

Co V Zn Sn Mo Y 

40 50 <50 10 <10 ~10 

40 50 <50 15 <10 10 

40 50 <50 15 (10 (10 

40 50 <50 10 <10 10 

60 <50 50 20 10 10 

60 <50 <50 20 10 10 

60 (50 <50 30 10 10 

60 50 50 30 15 <10 

10 50 50 10 10 10 

In all garnet speoimens. 

B <10 Nb (10 La <100 

Li <50 Ag <0.1 Pt < 50 
Be <0.5 Bi < 5 ~Cu < 10 
Ge <10 Cd (10 Au ( 5 
As <100 Sb <10 Pb < 10 

Sr <50 Ba <100 

+ Analyses by Analytioal Research Section, Anglo American 

Research Laborator.y. 

.~~~~ 

Zr 

50 

50 

60 

40 

40 

40 

40 

10 
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TABLE 32. 

X-RAY DIFFRACTION DATA FOR 
GARNET FROM PERIDOTITES BF. 5 AND BF.8. 

ASTM card No. 2-1008 Garnet Garnet 
J?yrope BF.5 BF.8 

0 0 0 

d(A) I hkl d(A) I* d(A) I* 

I - 10.6 VVW 
5.1 VVW 
3.88 VVW 3. 88 VVW 

2.88 60 400 2.890 82 2.887 S2 
2.766 VVW -

2.58 100 420 2.586 VSl. 2.584 VSl. 
2.515 VW 2.509 VVW 

2.46 30 332 2.467 MS 2.462 MS 
2.35 30 422 2.361 MS 2.358 MS 
2.26 30 510 2.270 MS 2.267 MS 
2.10 20 521 2.111 W 2.110 W 
2.03 5 440 
1.87 40 611 1.876 lVIS 1.874 w 
1.82 10 620 1.829 VW 1.827 V\v 
1.66 30 444 1.669 w 1.667 w 
1.60 , 60 640 1.603 MS 1.602 MS 
1·~4 100 642 1.545 S3 1.543 S3 
1.44 30 800 1.445 w 1.444 VW 
1.42 5 811 
1.29 40 840 1.293 w 1.291 W 
1.26 60 842 1.262 W 1.260 w 
1.24 5 921 
1.23 40 664 1.233 VW 1.232 W 
1.22 10 930 1.168 VVW 1.167 VV.J 
1.16 30 941 
1.13 10 862 
1.07 70 666 1.073 MS 1.073 MS 
1.05 60 10.4.2. 1.056 W 1.054 w 
1.02 60 880 1.Q22 W 1.021 W 
0.96 20 12.0.0 •• 0.964 VW 0.963 VW 
0.95 20 12.2.0. 0.950 W 0.950 w 
0.94 60 • 10.6.4. 0.938 MS 0.937 MS 

d interplanar spacings, 
I intensity of reflections. 
* estimated intensit,y-, using 

the following scaleg '>i~ 

VS very strong. 
S strong. 

MS moderately strong. 
W weak. 1; VW very \-leak. 

VVW : very, very weak. 

J.,2,3 indicates strongest, second strongest and 
third strongest refleotions respectively •. 

hkl Miller indices. 

~i 
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relationships of the garnets. 

The colour of the garnets varies considerably from a pale orange through 

pinkish bro,vns to fairly dark reddish bro,vns. The dark mauves, pinks and reds 

of t.ypical peridotite and kimberlite garnets are absent. On separation and 

miorosoopic examination the analysed garnets show oolours of pale orange (RV.4), 

pale pinkish orange (RV.5) to dark reddish brown or dark orange (RV.32 and 

RVL.5 respectively). The chemical analyses (Table 34) all show very little 

chromium and it is doubtful whether this element contributes much to the colour 
.... 

(except possibly in the case of RVL.5). There is however a noticeable increase 

in the amount of both total iron and ferric iron which probably manifests itself 

by a darkening of the oolour. 

The garnet grains are often extensively fractured, sometimes in a sub .... 

parallel fashion. This can probably be related to intense tectonio deformation 

or stress, a feature which is also shown by slight anisotropism of many of the 

grains when viewed under crossed nicols. In thin-section the garnets show a 

very faint pinkish or orange tint and in a number of instances ey~ibit abundant 

orientated, needle-like inclusions. These hair-like inclusions, illustrated in 

Plate 35, which are highly birefringent and are regularlYforientated in at least 

three directions, probably parallel to the (Ill) planes of the host. They ~lso 

exhibit an inclined extinction. Such inclusions, which appear to be exsolution 

bodies, could be one of a number of minerals, of which rutile, kyanite, 

sillimanite and clinopyroxene COIDe to mind. The fact that they show inclined 

optical extinction suggests however that they are either clinopyroxene or 

kyanite. 

Alteration of the garnet occurs in the form of thin kelyphitic rims and 

thin veinlets of melted material where in contaot with the clinopyroxene. 

The kelyphitic borders normally consist of a very fine mixture of pale brown 

mica, green spinel and in places pale amphibole, feldspar microlites and glassy 

material. Many of the garnets are turbid and show incipient dust-like alteration 

on fracture surfaces. 

Physical properties and composition of garnet. 

The refractive index and unit cell size of the garnets from the eclogites 

are listed in Table 33 together with estimated end-member molecular percentages. 

These results are presented graphically in Fig. 16. 

.!:. 
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TABLE 33. 

PHYSICAL PROPERTIES AND ESTIMATED END-MEMBER 
COMPOSITIONS OF GARNETS FROM THE ECLOGITE XENOLITHS. 

Refractive Estimated 
Specimen ,Inde:k Unit cWl1 compositions* 

No. (:: 0.003) size (A) 
Py Al Gro 

RV. 1 1.755 11.556 52 29 19 
2 1.762 11.532 49 39 12 

3 1.756 11.539 52 33 15 
4 1.749 11.576 49 26 25 
5 1.756 11.545 50 34 16 
6 1.763 11.626** 28 35 37 
7 1.755 11.544 52 32 16 
8 1.760 11.534 48 39 13 

~) 1.743 11.561 57 21 22 
) 1.746 11.561 55 23 22 

10 i ,. 1.745 11.567 54 23 23 
18 1.749 11.615** 40 25 35 
20 1.748 11.553 + 54 26 20 
26 1.758 11.528 50 37 13 

)K 1.753 11.639** 32 26 42 
27) 1.757 11.550** 48 3, 17 

) 1.760 11.550 46 38 16 
29 1.769 11.550 39 46 15 
30 1.762 11.539 46 40 14 
31 1.741 11.568+ 56 19 25. 
32 1.765 11.593 32 40 28 
33 1.743 11.562 56 22 22 
34 1.755 11.689** 20 25 55 

RVL. 2 1.759 11.528 51 37 12 
5 1.762 11.531 48 40 12 

10 1.765 11.541 44 42 14 
16 1.771 11.624** 22 43 35 

S.G. 

3.77 

3.78 

}.82 

3~84 

* Estimated end-member compositions calculated using pyrope (Py), 

almandine (AI) and grossularite (Gro) (see text for explanation). 

** Determined by X-ray powder photographic methods (results : ~ 0.003A); 

all others by X-ray diffractometer techniques (results: :: O.OOlA). 

+ Diffuse X-ray reflections. 

K Garnet from kyanite-bearing portion. 

. ..-"'" 
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The estimation of garnet oomposition from phYsical properties has already 

been dealt wit? (p.158). Studies by Riokwood ~ (1968) and Kushiro and 

Aoki (1968) have shown that eclogite garnets can largely be described using 

the pyrope, .almandine and gTossularite end-members. In this study a measurement 

:' .. ~::: 

,,:" . .': 

·:t 
;.' 

. ~ , . 

... ~ ~ 

-'"~:-; 

of only two physical properties ( refractive index and unit cell size) has enabled . '.! 

an estimation of these three components to be made, using the pyrope-a1amandine-

grossularite triangle of Winohe11's diagram. Small amounts of andradite, 

uvarovite and spessartite have been ignored. 

'''. 

A stuqy of Fig. 16 (p.159) shows that, in oontrast to the peridotite 

gan'lets, those from eclogite plot over a very much "rider range, indicating a 

fairly wide variation in chemical composition. The amount of pyrope varies from 

t"Tentyt~lo to fiftyseven per oent, the almandine from twenty two to fortysi:x: per 

oent and grossularite from twelve to fiftyfive per cent. Garnets from two 

eclogites (RV.9, RV.27) sho", a small range in physical properties. The data for 

the eclogite garnets, illustrated in Fig. 16, allows a tentative grouping of the 

majority of the garnets to be made. At least three types, defined as follows, 

can be reoognised: 

Type I (8 garnets) Garnets are olear, dark reddish orange in colour. 

Average estimated composition ~ PY47 Al40 Groi4* 

Range in estimated oo.mposition : PY39-54Al37-46 Gro i2-~5 

me 2 (5 garnets) Garnets usually turbid, pi~~ish or brownish orange. 

Average estimated composition ; PY5~ Al33 Gro~7 

Range in estimated composition: PY48-52 A129_ 35 Gro is-i9 

Type 3 (6 garnets) Garnets usually turbid, pale pinkish or orange. 

Average estimated composition: PY55 A123 Gro23 

Range in estimated oomposition ; PY49-56 Al~9_56 Gro 20-25 

Only. seven garnets do not fall into one of these three types, three of 

these oo.ming from k,yanite or kyanite-oorundum eclogites. It is interesting to 

note that the Type 1 garnets, as defined in this Chapter, correlate fairly well 

with the Group 1 eologites discussed in Chapter VIII, Summary and Discussion. 

Garnets falling into Types 2 and 3 are only found in the Group 2 eclogites (with 

two exceptions). The garnets from the kyanite eologites (Eclogite Group 3) have 

not been grouped as they plot over a considerable range of values. 

_ ..•. 
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Rickwood et al (1968) have similarly attempted a grouping of eclogite 

garnets on the basis of physical properties. Although their grouping is 

broadly similar it does not coincide strictly with that obtained during the 

present study. They did h01fleVer deal \,ri th many more xenoliths from numerous 

kimberlites. An inspection of their Fig. 5 (p.287) leaves one with the 

impression that their attempted grouping has been too bold. For example, it is 

indeed difficult to see the justification for including all the points in their 

Group II \vi thin one field; similarly the wisdom of including those garnets 

plotting in the area defined by n<1.75 and a <11.55 in their'Group I is doubtful. 
o 

Four pure garnet concentrates (one each from Type 1, 2 and 3 and one 

ungrouped garnet, RV.32) were selected for a detailed chemical analysis. These 

results, together with structural formulae (Deer et al, 1966, p.515-517) and the 

percentage garnet end-member molecules calculated according to the method of 

Rickwood (1968) are given in Table 34. Specific gravities of these analysed 

garnets are given in ~able 33. 

These results are much more consistent than those of the peridotite 

garnets (Table 30) and are of the same order as those of eclogite garnets 

analysed ~r Kushiro and Aoki (1968), The calculation of structural formulae, 

which do not deviate markedly from ideality, support the correctness of the 

analyses. 

The calculated end-member compositions show the essential and fairly 

constant pyrope-rich composition of the garnets, whilst the almand±ne, andradite 

and gr0ssularite contents varies ,considerably_ The calcuil..a.ted end-member, 

compositions are in fairly good agreement with those estimated from physical 

properties. A noticeable feature of the analyses is the variable total iron and 

lime content and the very 101f' chromia values (which contrasts with the 

peridotite garnets). 

A semi-quantitative trace element analysis of the four analysed garnets is 

given in Table 31. 

Interplanar Cd) spacings. 

X-ray powder diffraction data of two analysed eclogite garnets (RV.4, 

RVL.5) are presented in Table 35. These results, determined by X-ray powder 

diffractometric techniques using an internal silicon standard, are compared ",ith 

.. --
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TABLE 34. 

CHEMICAL ANALYSES, STRUCTURAL FOID1ULAE AND 
END-MEMBER COMPOSITIONS OF ECLOGITE GARNETS.+ 

RV.4 

(A) CHEMICAL ANALYSES 

Si02 ; 40.61 

Ti0 2 

A1 20 3 

.. Cr
2

0
3 

Fe203 

FeO 

MnO 

NiO 

MgO 

CaO 

K2 0 

P205 

FeO* 

0.25 

: 21.99 

0.05 

2.01 

11.33 

0.22 

<0.01 

14.1 

9.03 

0.06 

0.08 

i 99.73 

13.14 

(B) STRUCTURAL FORMULAE** 

Si 5.954)_6 00 
Al 0.046)- • 

Al 3.759) 
Fe3+ 0.229)=4.02 
Ti 0 .. 035) 
Fe2+ 1.392) 
Mn 0.026)=5.92 
Mg 3.083) 
Ca 1.418) 

RV.5 

40.20 

0.26 

21.57 

0.06 

2.40 

13.89 

0.41 

<0.01 

14.7 

5.77 
0.10 

0.08 

99.44 

16.05 

5.954)_6 00 
0.046)-· , 

3.734) 
O.267~~4.03 
0.027 

1.721) 
O.O53~~5.97 
3.254 
0.918) 

RV.32 

39.10 

0.15 

21 .. 36 

0.07 

2.97 

17.41 

0.44 

<0.01 

9.4 

9.17 

0.02 

0.04 

'100.13 

20.08 

5.918 )==6 00 
0.082) " 

3.736) 
0.345)=4.11 
0.027) 

2.200) 
O.O54~=5.86 
2.118 
1.491) 

( C) END-ME1YlBER COr1POSITIONS (MOLECULAR PERCENTAGES) 
Pyrope 49.0 55.0 28.7 

Mg3A12Si30i2 

Almandine 22.2 28.8 29.8 
(Fe~+A12Si30 2) 
Spessartite 0.8 0.9 0.7 

(Mn3Al2SiaOi2) 

Grossu1arite 22.6 8.6 30.1 

CaaAl2Si30i2 
Andradite 5.4 7.8 : 10.6 
Ca5Fe~+Si30i2) 

~~ Total iron expressed as FeO 

RVL.5 

40.40 

0.31 

21.37 

0.11 

3.26 

16.26 

0·39 
<0.01 

14.5 

4.00 

0.02 

0.03 

'100.65 

19.19 

5.960)=6 00 
0.040) • 

3.659) 
O.372~~4;O7 
0.036 

2.001) 
O.O53~=5.87 
3.188 
0.629) 

49.6 

31.0 

0.8 

9.9 

8.7 

** Structural formulae calculated as the number of anions on the basis of 
24 oxygens. 

+ Analysed by X-ray Analytical Laboratory and Analytical Section, Anglo American 
Research Laboratory. 
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TABLE 35. 

X-RAY DIFFRACTION DATA FOR GARNET FROM 
ECLOGITES RV.4 AND RVL.5. 

ASTM card No. 9-427 Garnet Garnet 
Almandine RVL.5 RV.4 

0 0 0 

d(A) I hkl d(A) 1* d(A) 1* 

4.04 30 220 
3.35 VVW 3.34 VVW 

2.873 40 400 2.881 S~ 2.890 S2 
2.569 100 420 2.578 VS1 2&588 .. VS1 

2.447 5 332 2.457 W 2.468 MS 
2.348 20 422 2.352 MS 2.362 MS 
2.257 20 510 2.261 MS 2.270 MS 
2.102 20 521 2.104 W 2.112 W 
2.043 10 440 2.038 VVW 2.045 VVW 
1.866 30 611 1.869 MS 1.876 MS 

1.823 VW 1.829 VVW 
1.700 VVW 

1.660 30 444 1.663 w 1.670 w 
1.599 40 640 1.598 MS 1.604 MS 
1.540 50 642 1.540 S3 1.546 S3 
1.441 20 800 1.441 W 1.446 W 

1.418 VV1J.J 1.424 VVW 
1.377 VVW 1.384 VVW 

1.287 20 840 1.289 w 1.294 w 
1.258 W 1.263 w 
1.243 VVW 1.248 VVW 

1.228 10 664 1.225 w 1.234 VW 
1.215 VVW 1.220 VVW 

1.167 5 941 1.165 Vlt! 1.169 V10J 
1.131 VVW 1 .. 135 VVW 

1.070 20 10.2.2. 1.071 MS 1.075 W 
1.051 10 10.4.2. 1.053 W 1.057 w 
1.019 10 880 1.019 W 1.023 w 

0.961 W 0.963 VVW 
0.947 5 12.2.0. 0.948 W 0.952 VW 
0.935 10 11.5.2. 0.935 MS 0.939 MS 
Plus 
other 
lines 

d . : interplanar spacings • 
I ;- intensity of reflections •. 
* estimated intensit.y, using the following scale: 

VS : ver,y strong. 
S : strong. 

MS : moderately strong, 
W : weak. 

VW : very weak. 
VVW : very, very weak. 

hkl Miller indices. 
<, ;" , 

1,2,3 indicates strongest, se.and strongest and 
third strongest lines respectively. 

----

.,j~ 

1; 

~I; 



174. 

an ASTT1 reference standard of almandine (card No. 9-427). A comparison of these 

results with those in Table 32 should also be made. The small differences that 

are apparent reflect the compositional variations. 
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PLATE 35. Minute, orientated~ needle-like inclusions in the 

garnet of eclogite RV.1Q. These are possibly 

exsolved clinopyroxene or kyanite bodies. 

Magnification X 100, crossed nicols. 
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4. Clinopyroxenes, 

As with the garnets the peridotites and eclogites contain clinopyroxene 

which in bo~th appearance and mineralogical oomposi tion is distinctive. That from 

the lherzolitio peridotites is oommonly known as chrome diopside while the 01100-

pyroxene of the eclogites is considered to be of omphaoitic oomposition. It is 

convenient to deal with each t.ype separately. 

A. THE eLIN~PYROXENES OF THE. PERIDOTITES. (CHROME; ])IOPSIDE). 

General d~scription. 

B,y definition chrome diopside is only found in the lherzolitic peridotites, 

and then in only minor amounts, In only two xenoliths examined (DT, 2 and DT.9, 

one of which is. a wehrlite) does chrome diopside fom a major constituent; the 

mean content of chrome diopside in the garnet peridotite xenoliths is 0.7 per 

cent and for the'garnet lherzolites alone approximately one per cent (see 

Chapter VIII, Modal Analyses). 

The small amounts of chrome diopside show up on fresh rock surfaoes as 

small, scattered vivid green specks. Close exalninati',n shows that the chrome 

diopside is usually Closely associated with either the enstatite orths garnet. 

The textural features and distribution of the chrome diopside in the garnet 

peridoti tes is illustrated in Plates 5 to 9.. The grains are always anhedral 

and only ver.y rarely show inclusions. 

In colour the chrome diopside is a characteristic, intense, bright green 

and shows only slight colo~ variation. The unusual green oolouration is no 

doubt due mainly to the sub~tantia1 amo,int of chromium in the structure (see 

Table 37). The very distinotive colour of the chrome diopside can be exactly 

matched by that of the chrome diopside derived from the kimberlite matrix. 

In thin section the chrome diopside is faintly pleochroic in shades of 

yellowish green to green. The ~ains show extensi va fracturing and the typical 

pyroxene cleavages; occasionally the,y show the development of twin lamellae and 

an indistinct parting. Slight granulation of the chrome diopside is evident in 

places but in general tbe grains do n0t show'anyextensive defo~atton although 

the Illnlell~ at:roo:t:.u:re ma;y represent a deformation feature (Raleigh and Talbot, 

1967). Examination in polarised light reveals that the majorit,y of the grains 
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ShO~l only a very slight uneven extinction, if at all. 

Alteration of the chrome diopside, which is generally slight, is sho~m 

up by a turbid appearance or dustiness. Where more intense the grains show 

replaoement by chloritic material, spinel and micaoeous matter. 

Physical properties and composition. 

Optical properties have been measured for a selection of the chrome 

diopside grains, including those of an analysed sample, and are reported in 

Table 36. Both Nixon et al (1963) and Mathias et al (1910) have noted that 

optical properties of the chrome diopside cannot be accurately correlated with 

chemical composition but it is kno~m that substitution by chromium in a 

crystal lattice will increase refractive indices (Ahrens, 1958). In the light 

of the fact that the optical properties are not diagnostic for compositional 

variation it was considered that a detailed stu~ of the optical properties of 

the chrome diopside from all the present xenoliths would, at this stage, prove 

of little value. 

The measured optical properties (Table 36) can be seen to var,y slightly 

suggesting that the ohemical oomposition of the ohrome diopside from the 

xenoliths show only minor variations. The result of an analysis of one pura 

,mineral separate of chrome diopside from peridotite BF.5 is presented in 

Table 31, together with the oalculated structural formula (Deer et al, 1966), 

atomic ratios and specific gravity_ 

What is immediately striking from the analysis are the high soda and 

chromia contents. In addition a normative oaloulation shows that magnesia is 

in excess after making up the diopside formula and results in an appreciable 

amount of enstatite in the norm, a feature also recognised by Nixon et al 

(1963). In other words a significant amount of enstatite is held in solid 

solution in the diopside, this indicating that high temperature was necessary 

for its formation (Boyd and Schairer, 1964). 

In a recent electron microprobe study of chrome diopsides from 

kimberlites and associated peridotite xenoliths Boyd (1969) has stressed the 

solid solution relationships of enstatite in diopside (see also Davis and 

Boyd, 1966). His results have shown that in the kimberlitic diopsides there 

exists a wide range of solid solution towards enstatite, this being evidently 

~ 

~; 

r' 



..••. '.~~.;'.: .. :; ... 
~ ,; 

::;~:. 
.:.1 

177. ,.t 

I""j 
, ~1 

'~ ;. 

TABLE 3.~. .. ~ 
g 

, ':~. l.: 
l f~' 

.l:'~ 

OPTICAL PROPERTIES OF CLINOPYROXENE FROM ~ .'., 

~ .. '" 

SELECTED PERIDOTITE AND ECLOG.ITE XENOLITHS. .Or: 

~. ~~ 

~~~. 
" . j~' 

.... ,i 
... -;~ . 

Speoimen Optical properties ~:~.\ 

No. 
"J8 *i 2V~** I o A1*'* 

~ 

A. CHROME DIOPSIDE. 
. ... 

BF.11 1 1.682 35° 

BF. 2 ! 1 .. 685 37 0 

BF. 5 1.684 65° 37° 

w.. 6 1.681 40 0 

" . 
. , 

nT. 7 r 1.686 400 

nT.l1 1 .. 687 41 0 

.. 

RV.16 1.686 40 0 

RV.25 i 1.687 39° 

L. 9~B.A£~~~· 

RV. 1 : 1.679 37° 

RV. 4 ; 1.671 39° 

RV~ 5 i 1.678 38 0 

RV .. 8 ~ 1.681 39 0 

.. 
RV .. I0 i 1 ... 679 40° 

RV.32 1.681 660 41° 
RVL.5 1.680 64° 41° ;. 

* Results:t 0.005 

** Results:t 2° 

~".. 
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TABLE 37. 

CHEMICAL ANALYSES, STRUCTURAL FORMULAE AND 
ATOMIC RATIOS OF CLINOPYROXENE FROM THE 

PERIDOTITE AND ECLOGITE XENOLITHS.+ 

Chrome diopside 
BF.5 

(A) CHEMICAL ANALYSES 

SiOa 54.48 

~i02 0.02 

AlaOa 2.09 
Cra03 

Fea0 3 
FeO 

MnO 

NiO 

MgO 

CaO 

KaO 

NaaO 

PaOs 

, i 

2.09 

j 1.12* 

0.06 

0.02 

17 .. 7 

19.33 

0.04 

1.93 

0.02 

98.90 

Omphacite 
RV.32 

53.47 

0.36 

9.25 

0.04 

j 7.26* 

0.04 

0.04 

9.4 
14.99 

0.03 

4.8 

0.04 

99.72 

Omphacite 
RVL.5 

53.78 

0.44 

6.98 

0.08 

~ 6.67* 

0 .. 09 

0.06 

11.5 

14.20 

0.18 

4.1 

0.06 

98.33 
.---------------,.-,~------------------~----------------~----------------~ 

(B) STRUCTURAL FORMULAE** 

Si 1.979)=2 00 
AI 0.021) • 

Al 

Cr 
Fe3+ 

Ti 
Fe?+ 

r.rn 
Mg 

Ca 
Na 

(C) ATOMIC RATIOS: 

Al 3 +,Fe3 +,Cr,Ti 

Fe2+,lYfn 

Ca 

Na,K 

S.G. 

O.070~ 
0.061) 

- )=1.12 
) 

- ) 
0.033) 

O.002~ 
0.958) 

0.753)_0 89 
0.136)- • 

6.5 

1.7 

37.4 
6.8 

3.30 

* Total iron as FeO. 

1,897)=2.00 
0.103) 

0.285 

) 
0.090< 

0.215) 

- ) 
0.497) 

=1.08 

0.569)=0 .. 90 
0.328) 

18.9 

10.8 

28.7 

16.5 

3.32 

1.977)=:2.00 
0.023) 

0.282) 
) 

- ) 
O.053~~1.13 

0.011< 
00150) 
0 .. 002) 

0.629) 

0.558)=0.86++ 
0.292) 

17.4 

7.7 
28.1 

15.1 

3 .. 34 

** Structural formulae calculated as the number of anions on the 

basis of 6 o~gens. 

++ Includes K 0.008. 

+ Analysed by X-ray Analytical Laboratory and 

Analytical Section, Anglo American Research Laboratory. 

~ 
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due to variation in the depth of subsolidus equilibrium (which will be 

affected by the temperature and pressure of equilibration). Boyd has used the 

distribution of the ratio Ca/Ca + Mg (atomic per cent) in the diopside to 

indicate the temperature of formation (see Boyd, 1969, Fig. 2). Using the same 

procedure the chrome diopside analysed during the present study gives a Ca/Ca + 

Mg ratio of 0.439, indicating a temperature of formation of about 1075°C (at a 

Rressure of approximately 30 kb). This result is slightly h~gher than those for 

the bulk of kimberlite diopsides (950 to 1000°C) and indicates a slightly 

greater depth of formation, at approximately 125 kID on the Precambrian Shield 

geotherm. 

Using the chemical composition of pyroxene O'Hara (1967) has also devised 

a scheme in which an assessment of conditions of equilibrium in ultramafic 

assemblages can be made. Using two compositional variants for clinopyroxene 

(~c andfc) an estimation of equilibrium conditions can be made (see O'Hara, 

1967, Figs. 12.4 and 12.6). Application of this hypothesis to the analysed 

chrome diopside suggests that the material (and hence the garnet lherzolite 

xenolith, BF.5) equilibrated at conditions of 36.5 kb and 1150°C, equivalent 

to a depth of approximately 125 km. This result is also consistent with those 

of other peridotite xenoliths in kimberlite (see O'Hara, Fig. 12.6) and is in 

excellent agreement with results determined on the basis of the ca/ea + Mg 

ratio (Boyd, 1969). 

The results of a semi-quantitative analysis for trace elements of one 

sample of chrome diopside (from xenolit~ BF.l) is given in Table 38, together 

with the results of two eclogitic clinopyroxenes. For the chrome diopside the 

only elements of significance are Nb, Co, V, Sr and Zr. 

Interplanar (d) spacings. 

X-r~ powder diffraction data of one unanalysed chrome diopside (from 

xenolith BF.l) is presented in Table 39 together with similar data for one 

eclogite clinopyroxene. These results are compared with those for diopside 

(ASTM card No. 11-654) and orophacite (ASTM card No. 17-522) respectively. The 

chrome diopside data shows appreciable divergence from that of the reference 

diopside. 

} 
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TABLE 38. 

SEMI-QUANTITATIVE TRACE ELEMENT ANALYSIS 
OF CLINOPYROXENE FROM THE PERIDOTITE 

AND ECLOGITE XENOLITHS.+ 

(in parts per million) 

Nb Cu 

Chrome diopside BF.l <10 10 <10 

Omphaci te RV.32 10 10 15 

Omphacite RVL.5 10 <.10 10 

Limit of detection 10 10 10 

In all clinopyxoxene specimens 

B <10 Sb <10 
Li <50 Ba <100 

Be <0.5 La <100 
Ge <10 Pt <50 
As <100 Cu <10 

Y <10 Zn <50 
Ag <0.1 Au <5 
Bi <5 Pb <10 
Cd <10 

+ Analysed by Analytical Research Section, 

Anglo Amerioan Research Laboratory. 

Co 

20 

40 

40 

10 

V· 

50 

100 

<50 

50 

Sr Zr 

200 40 

<50 20 

200 20 

50 10 

..,~ 

1; 
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TABLE 39. 

X-RAY DIFFRACTION DATA FOR CLINOPYROXENE 
FROM PERIDOTITE AND ECLOGITE XENOLITHS. 

ASTM oard No. 11-654 
Diopside 

o 

d(A) I 

4.69 1 
4.47 3 
4.'"41 3 
3.66 3 
3.35 11 
3.23 25 
2.991 100 
2.952 25 
2.893 30 
2.837 1 
2.566 20 
2.528 40 
2.518 30 
2.392 3 
2.304 15 
2.218 13 
2.200 11 
2.157 9 
2.134 15 
2.109 7 
2.077 1 
2.043 13 
2.016 9 
2.009 9 
1.970 7 
1.862 3 
1.838 5 
1.832 3 
1.815 3 
1.777 1 
1.755 11 
1.720 1 
1.713 1 
1.685 1 
1.674 5 
1.659 5 
1.625 25 
1.618 5 
1.588 3 
1.565 3 
1.551 3 
1.529 1 
1.526 9 
1.504 11 
1 .. 494 1 

! 1.488 3 
1.468 1 
1.463 1 

i 1.447 3 
: 1.424 13 

Plus 
other 
lines 

hkl 

200 
020 
III 
111 
021 
22Q 
221 
31Q 
311 
13Q 
131 

002,202 
112,22i 

131 
311 
112 

022,222 
332 
331 
421 
420 
Q41 

402,240 
202 
132 
331 

510,422 
222 
132 
421 
152 
512 

113,312 
151 

042,242 
313 

223,531 
440 
530 
600 
550 

6 602 
402,§21 

133 
242 
060 
333 
441 

513,622 
531 

Chrome ASTM oardNo. 17-522 
diopside Omphaoite 

Omphaoite 
RV.32 

J3F.l 
00 0 

d(A) I* d(A) I hkl d(A) 
l---~--

1 6.4 30 110 
i 6.4 50 020 4.39 

4.43 w I 3.8 10 
I 3.33 10 021 3.311 

3.33 VW ! 3.19 50 220 3.181 
3.212 3 

S I 3.12 10 3.10 
I 2.976 100 221 2.973 2.9852. VS 

2.929.1 vs 
2.889 MS 

! 2.915 50 310 2.900 
I 2.880 50 311 2.878 
! 2.549 40 131 2.543 

2.557 
2.521 
2.500 
2.376 
2.283 
2.204 
2.194 
2.;1.41 
2.125 
2.100 
2.061 
2.031 
2 .. 017 
1.994 
1.964 

1.822 

1.745 

1.663 

1.624 
1.618 
1.606 
1.576 
1.552 
1.527 

1.480 

1.411 

MS 
W 

MS 

I 2.521 40 202 2.514 
! 2.484 50 221 2.475 
I 2.268 35 211 2.260 

VVW 
W 

I 2.192 30 222,112 2.190 
! 2.127 70 330 2.123 
I 2.118 70 331 2.117 w 

VVW 
MS 
MS 

W 
VVW 

W 
W 

VVW 

I 2.088 20 421 2.089 
I 2.041 

VVW 

2.019 
1 1.987 

1.958 
1.934 
1.879 
1.833 
1.810 
1.778 
1.749 

W 1.733 
1.660 
1.624 

MS j 1.609 
1.597 
1.566 
1.545 

VW l 1.531 
1.523 

VVW 1.502 
MS 1.472 
W 1.441 

! VVW 1.421 
VVVl 1.412 
VVW 1.402 

1.378 
1.3.63 
1.324 

W i 1.316 
1.308 
1.290 
1.273 

W : 1.262 
Plus 
other 
lines 

70 
10 
10 
10 
10 
10 
20 
10 
10 
40 
30 
20 
30 
20 
10 
10 
10 
10 
20 
20 
10 
10 
10 
80 
10 
10 
30 
10 
20 
10 
30 
10 

041 
240 
13g 
241 
511 

331,422 
510,332 

241 
421 
150 

242,04g 
223,441 

531 
440 
530 

660,113 
350 
602 

532,402 
242,060 
441,622 

442 
061 

531,260 
261 
711 
712 

261,533 
710,621 

443 
550,262 

404 

2.018 
1.980 
1.959 
1.934 

1.805 

1.536 
. 1.528 
i 1.496 
1.469 
1.438 

1.397 
.:.. 

1.321 

1.302 
1.289 
1.268 

I* 

vw 

vw 
S3 

VW 
VS~ 
VS2 
MS 
MS 

W 
MS 

W 
W 
W 

MS 
W 

VVW 
MS 

VVW 
VVW 
VVW 

W 

w 
VW 
VW 

W 
W 

VVW 

vw 
VW 
VW 
VW 

VVW 

MS 

vw 

vw 
VVW 

VW 
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d interplanar spacings 

I intensity of reflections 

* estimated intensit,y, using the following scale: 

VS ~ very strong 

S = strong 

MS ~ moderately strong 

W = weak 

VW = very weak 

VVVJ = very, very weak 

hkl Miller indices 

~,2,3 indicates strongest, second strongest and third 

strongest reflecti~)ns respectively ~ 
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B. THE CLINOPYROXENE OF THE ECLOGITES (OMPHACITE). 

General description. 

Clinopyroxene, normally considered to be of the omphacite variety, is an 

essential constituent of all the eclogites xenoliths and ranges in amount from 

about 20 to 80 volumetric per cent. When fresh the pyroxene varies in colour 

from a dark bottle green to pale blue-green and is quite distinct from the 

chrome diopside found in the peridotite xenoliths. Unfortunately in almost 

ever,y specimen the pyroxene has been extensively altered to very fine-grained, 

light, greyish green aggregates in which only relicts of the original material 

have been preserved. In thin-section the clinopyroxene varies from very pale 

green to almost colourless and shows no perceptible pleoohroism. 

The textural relationships between the clinopyroxene and garnet are 

illustrated in Plates 15 to 20. The clinopyroxene grains are invariably 

anhedral or irregular and generally have the appearance of being interstitial to 

the garnet. Typically the clinopyroxene grains are fractured and often show 

the characteristic pyroxene cleavages. Parting planes with thin zones of 

alteration are not uncommon. 

The clinopyroxene grains, where unaltered, only rarely contain visible 

inclusions. Inclusions which have been detected include small rounded or 

elongated grains of garnet (RV.8) and minute, prismatic crystals of rutile 

(RVL.16). In one specimeu,(RVL.l6)the clinopyroxene is in places myrmekitically 

intergrown with the garnet, as illustrated in Plate 36. Exsolution lamellae of 

garnet within the clinopyroxene, such as observed by the writer in an eclogite 

xenolith from Yakutia (G.G. Whitfield, unpublished A.A.R.L. Report), were not 

seen. 

The clinopyroxene also shows uneven optical extinction, suggestive of 

tectonic deformation. However, kinking, gliding and translation features were 

not seen. 

Alteration and melting of the clinopyroxene. 

As has already been mentioned the clinopyroxene in virtually every specimen 

of eclogite exhibits a peouliar form of alteration. This takes the form of 

either large areas of pyroxene altered to ultrafine-grained material which is 

partioularly concentrated along fractures and partings (as illustrated in 

Plate 37) or a distinot partial melting of the olinopyroxene as shown 
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" t:f~iJ.;~1f:f~~: 

PLATE 36. A myrmekitic clinopyroxene (cpx) - garnet (g) intergrowth 

i~ eclogite RVL.l6. The outlined myrmekitic zone consists 

of a fine intergrowth of garnet (clear) and clinopyroxene, 

now altered to opaque material. 

Magnification X 47, ordinary light. 

PLATE 37. Clinopyroxene from eclogite RV.33. The original material 

has altered along cracks and partings to an opaque, ultrafine­

grained product. 

Magnification X 57, ordinar,y light. 



185. 

in Plate 38. A distinot Ilquenoh ll texture is also often evident in muoh of the 

altered pyroxene (see Plate 24). 

X-ray diffraotion studies revealed the very fine-grained seoondary 

material to be essentially poorly orystalline olinopyroxene plus zeolitio 

material and possibly a minor amount of feldspar. Berg (1968) has found an 

abU11danoeof an analcime-type zeolite in the altered pyroxene of Roberts 

Victor eclogites. He attributes this zeolite formation to weathering of the 

omphaoite deep within the kimberlite. 

8",1i tzer and Helson (1969) have recently studied several typical kyani te 

eclogites from the Roberts Victor Mine and have described in detail the fine-

grained secondary assemblages in the pyroxenes. They record that the primary 

omphaoite is altered to a ver~ fine-grained mixture of plagioclase, clino-

pyroxene and possibly glass, while thin veins and patches of secondary glassy 

material, also containing cr.ystals of plagioclase, augite~ hornblende, spinel, 
, 

oalcite and analcite, are present. The observations made during the present 

study have sho",m that partial melting of the pyroxene, with the formation of 

seoondary minerals and glassy material, is a feature common to all the Roberts 

Victor eclogites. 

Partial melting of the omphacitic clinopyroxene, with subsequent 

quenohing of the liquid formed, may take place by the three prooesses outlined 

below, or by some oombination of them (Switzer and Helson~ 1969). 

1. Increase in temperature at constant pressure. 

2. Rapid release of pressure at constant temperature. 

3. Introduction of water into the eclogite at constant temperature and pressure. 

Consideration of these three processes indicates that the most likely 

cause of melting will be by a sudden release of pressure at high temperatures. 

At atmospheric pressure omphacite from a Roberts Victor eclogite begins melting 

at 1030°C and is completely melted at 1260°0 (Switzer and Helson, 1969). At 

30 kb omphacite consisting of equal proportions of jadeite and diopside still 

melts incongruently over a range in temperature from 1500°0 to 1600°0 and 

at even higher temperatures for a more diopside-rich omphacite (Bell and Davis, 

1969). Consequently a sudden pressure release on an eclogite at high 

temperatures ",lQuld cause partial melting of the omphaci te to take place. The 
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presence of small amounts of water in the melt (as witnessed by the formation 

of hydrous minerals such as amphibole, zeolite and mica) would undoubtedly 

enh~~e the formation of a liquid by lowering the temperature at which the 

melting could take place. 

Physical properties and composition. 

Optical properties have been measured for a number of the omphacite 

grains, namely those from the analysed eclogites and are presented in Table 36. 

Deer ~ (1962, vol. 2) record that variations in optical properties of 

omphacite do not show any clear relationship with chemical composition and that 

attempts to correlate the two are of little practical value. Mathias ~ 

(1970) record small variations in the~ refractive index and optic axial angle 

of the eclogite pyroxenes examined by them but, like Nixon etal (1963), 

mention that they are not diagnostic for compositional variation. In the 

light of this'it was thought that a detailed study of the optical properties 

of the clinopyroxene would prove of little value. 

The results of a chemioal analysis of two pure clinopyroxene sepa~ates 

from eologites RV.32 and RVL. 5 are presented in Table 37, together with 

calculated structural formulae (Deer~, 1966), atomic ratios and specific 

gravities. Unfortunately the clinopyroxene from the large majority of the 

eclogites is so extensively altered that chemical analysis would be useless. 

Electron microprobe analysis of the unaltered omphacite relicts is the only 

technique which would be suitable for a chemical study of the pyroxenes and 

this unfortunately was not available to the writer. Kushiro and Aoki (1968) 

have sho~m that pyroxenes from Rober~s Victor eclogites can be regarded as 

oonsisting of a variable solid solution of acmite (NaFeSi20S)' jadeite 

(NaAlSi20S)~ diopside (Ca,MgFeSi20e), hypersthene (MgFe~i.03)' CaA12SiOs and 

CaTiAl2 0S ; diopside? jadeite and hypersthene normally constitute some 90 per 

cent of the end-members. 

Examinationof the results of the clinopyroxene analyses from the present 

study indicate that diopside is the major pyroxene component, followed by 

jadeite and h~ersthene. Assuming all lime to be present as pure diopside 

(C~1gSi20S)' the omphaoite from RV.32 oontains 54.3 per cent diopside and that 

from RVL.5, 54.7 per cent diopside. Sobolev (1968b) has reported that the 

chemistxy of the eclogite clinopyroxenes from the Yakutian kimberlites is 
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PLATE 38. A partially melted grain of omphacitic clinopyroxene 

surrounded by garnet (g). The clinopyroxene, originally 

a single grain, has melted incongruently to form a 

number of small, irregular grains separated by 

interstitial glass. Specimen RV.9. 
Magnification X 135, polarised light. 
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distinct for different t.ypes of eclogites. A similar conclusion for the 

Roberts Victor eclogites will however need many more analyses. 

The results of semi-quantitative trace element analysis of the two 

eclogitic pyroxenes is presented in Table 38. X-ray powder diffraction data 

of pyroxene RV.32 is given in Table 39 and can be seen to compare very well 

with that of an omphacite reference material (ASTM card No. 17-522). 

5. Mica. 

Ala MICA IN THE PERKD0T[TES CPHLOGOP[TE). 

In many of the specimens of both garnetiferous and spinel-bearing 

peridotites and also in the highly altered peridotite xenoliths, a small 

amount of phlogopite mica is present, either as a possible primary phase or as 

a second~ mineral formed during a period of phlogopitisation within the 

kimberlite. 

Whether of primary or secondary origin, the phlogopite occurs as 

scattered, dark brown irregular flakes, normally one or two millimetres across 

and of lath-like outline in thin-section. In many cases their secondary 

nature is obvious by the fact that they follow and are closely associated with 

thin veins of secondary serpentine, patches of calcite and iron ore segregat-

ions. In places it is also evident that earlier silicates have been partially 

replaced by the mica. Normally the phlogopite is intergranular but 

occasionally small flakes are found completely enclosed within primary olivine 

crystals or simultaneously penetrating two adjacent grains of olivine. Fine-

grained phlogopite, together with other materials, is also a typical reaction 

product of the peridotite-type garnets (in kelyphitic rims) and rarely, a 

result of alteration of the enstatite. 

In thin-section the phlogopite is weakly to distinctly pleochroic in 

shades of light yellowish bro~m to almost colourless. Occasionally the grains 

exhibit a slightly darker margin. The t,ypical phyllosilicate cleavage is well 

developed. The results of the measurement of the ~ refractive index of 

phlogopite from several peridotite xenoliths are recorded below. Estimation 

of the optic axial angle (2V~ ) indicates values from about 0° to 3°, 

Comparison with optical data in Deer et al (1962, vol. 3, p.42) supports the 

~ 
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assumption of a phlogopite composition for the mica, bordering on that of 

biotite. 

Specimen No. ¥ 
EF.l 1.597 
EF.2 1.594 
w.6 1.595 

RV.15 1.601 

RV.16 1.609 

":, 

Deformation structures of varying degree are evident in the phlogopite 
r 

of a number of the xenoliths. This is revealed by the presence of undulatory 

optical extinction, bent cleavage planes, chevron structures and kink bands, a 

magnificent example of which is illustrated in Plate 39. Deformation structures 

of idential appearance have been produced experimentally in biotite grains 

deformed under conditions of 5 kb confining pressure and 500°C (Borg and 

Handin, 1966) and they have shol,.m that the kinking mechanism takes place by 

gliding parallel to (001) when the gliding plane is initially subparallel to 

the lnaximum principal compressive stress. Observation from the present study 

has shown that the extensively deformed phlogopite grains are always 

accompanied by the typical deformation structures in both the olivine and 

orthopyroxene. 

Dawson and P01.-Jell (1969) have recently described what they regard as 

primary mica in several unserpentinised peridotite xenoliths derived from the 

Lashaine carbonate volcano in Tanzania. They regard this as clear evidence of 

the presence of a primary volatile-bearing phase in the upper mantle. 

The presence of the deformation structures within much of the phlogopite 

examined during the present study m~ be of considerable genetic significance, 

possibly enabling a distinction to be made between a mica which is a primary 

constituent of the peridotite and that which is secondary. It is thought that 

in many cases a primary mica can be recognised by the presence of gross 

defo~nation features such as kink bands and chevron patterns, whilst mica of 

secondary origin will be relatively undisturbed. This reasoning is based on 

the assumption that tectonic deformation of the peridotites could only have 

taken place whilst they formed part of some extensive and probably deep-seated 

rock mass. It is highly unlikely that the peridotite xenoliths were subjected 

tOJn~' consi ler:11JJ. e 8 tr(?;~~ 8 ~'.f -:z:;,r j ;'IC(J::~="'\or'~ tio y i n -t~ -+:hi-:-, ' i'~"bp."'" l i. t.;·; ."'J p ~:·1 
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and consequently the presence of grossly deformed phlogopite crystals indicates 

that such mica was present before incorporation, that is, when still part of a 

postulated peridotite mass. 

If this argument is valid there is then a clear indication that a 

considerable amount of phlogopite in the peridotites may be primary and not of 

secondary origin as has been generally assumed. It is interesting to note that 

in their recent work Mathias ~ (1970) whilst acknowledging that mica is 

commonly present in the xenoliths state (p.117) n ••••• the difficulty in 

deciding whether mica is primary or secondary is such that w~ have frankly 

evaded the issue by leaving it out altogether from the 'primary' assemblages 
(* 

••••••• although it might well be in a minority of cases". The significane of 
~ 

the occurrence of a primary volatile-bearing and potash-rich phase in the upper 

mantle is considerable. It can be used to explain the source of potassium in 

ultramafic potassic lavas and in addition provides a source of both radiogenic 

heat and volatil~s (Dav.Tson and Powell, 1969). 

B. MICACEOUS MATERIAL IN THE ECLGTITES. 

Almost every specimen of eclogite contains a certain amount of micaceous 

material, which is generally considered to be of secondary origin. The amount 

of micaceous material varies from merely a trace to over 40 per cent. Normally 

the micaceous material is closely associated with the garnet and constitutes 

one of the major constituents of the kelyphitic reaction rims. Small subhedral 

crystals of mica have also commonly formed in the thin veinlets of glassy 

material Been in many of ·the eclogites. 

In the more altered eclogites (RV.18, RV.29) the micaceous material has 

apparently extensively replaced both ga~net and clinopyroxene, the garnet more 

so than the pyroxene. This micaceous material forms irregular dark brown 

aggregates and often contains relicts of unreplaced garnet. 

Seen in thin-section the mica is normally strongly pleochroic in shades 

of yellow to reddish brown, colours which make it distinct from the phlogopitic 

mica of the peridotites, The darker colour of the eclogite micas can probably 

be attributed to a higher ferric iron and titanium content. Features 

characteristic of tectonic deformation were not recognised in any of the 

eclogite micas, a fact which lends support to their being of secondary origin. 

01itical data of mi ell. frof,! 8137e1'81 ecJ Qf:{i tes are. :rE:co~r}v; te~:'1;.J. II' ~ic~~tions 
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are that these eclogite micas are probably biotite in composition and 

contain a greater amount of ferric iron and titanium than the peridotite mica. 

Specimen No. Et-
RV.8 1.620 

RV.18 1.607 

RV.20 1.599 

RV.29 1.618 

PLATE 39. A highly deformed crystal of phlogopite in 

peridotite BF.2. Notice in particular the 

chevron structure and kink bands. 

Magnification X 15, ordinary light. 
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6. Spinel. 

Spinel is present as a primar,y constituent of the peridotite xenoliths 

and as a secondary mineral in many of the eclogites, typically associated v.Ti th the 

kelyphitic reaction rims. The secondary eclogite spinels, identified only in thin-

section, are normally dark green and occur in only minute amounts. No primary 

spinels were seen in the eclogites. 

The spinel found in the peridotites occurs in two forms, firstly as 

idiomorphic to rounded, opaque grains, not exceeding 2 mm in diameter, and secondly, 

as fine symplectic intergrowths with pyroxene, as illustrated in Plate 40. X-ray 

diffraction examination of the spinel-pyroxene symplectites shows the pyroxene to 

be a monoolinio form structurally similar to diopside, while the spinel, which is 

a trro1s1usoent golden-brown in thin-section, is probably of the picotite-t,ype (rich 

in magnesium, chromium and aluminium). In one instance a spinel-phlogopite 

sympleotite was recognised. 

The opaque, idiomorphic grains of spinel, identified as picro-

chromite, are normally completely free of inclusions except for rare small rounded 

grain of silicate seen in polished section. These grains occurr soa-ttered 

throughout the spinel peridotites and constitute a trace constituent in several 

garnet peridotites" Several X-ray fluorescence spectrographic scans of concentrates 

of these chrome spinels revealed, in addition to chromium and iron, traces 

of nick,el. Measurement of the unit eell 0f a number of these spinel grains 

gave the values listed below, and together with a determination of their specific 

gravities indicate the picrochromite comp0sition (Deer et a1; 1962, vol .. 5, Fig. 6). 

Facilities for refractive index determination were unfortunately not available. 

0 

Specimen No. Unit cell (A) S. G. 

W.l 8.30 4.46 
DT .. 6 8.31 4.49 
RV.12 8.33 4.51 

From.experimental grounds (MacGregor, 1964) the presence of a chrome-rich 

spinel would be expected in the non-garnetiferous peridotites. What has taken place 

essentially is that the chromium which would have formed part of a chrome-rich 

pyrope garnet, has at lower pressures 1 formed spinel. 

The significance of the symplectic spinel-pyroxene grains cannot be 
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easily explained but they posoibly occur in original garnet peridotites which have 

been partially melted and then equilibrated again under conditions at which spinel 

peridotites are stablee HaoGrogol:' (1 \ lh/l) n~.8qh"m,m expE::rimentally that: 

4 enstatite + spinel -.~-> forsteri te + pyrope. 
<---

It is conceivable tha-~ in a natural peridotite system, in \</hich both calcium and 

iron are present, t~le following reaction could take placeg 

2 diopside + chrorr.e-rich spinel --> forsterite + chrome-rich 
<-

pyrope-grossularite garnet~ 

~L~!.A:.2:!- s~nnp1eotic i_nteX'gro~vth of spinel and clinopyroxene 

in :)eridoti te RV 017 0 

Magnification X 110:1 ordinary light. 

'. ~,~,;' .~I~f 
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7 • I~rani te and Corundum. 

Kyanite is presc~t in mino~ amounts in the three kyanite eclogites and 

has been recorded as a trace oonstituent in several other eclogites. Corundum 

constitutes a trace constituent in two eclogites, and in at least one case, is 

considered to be a primary phase. The amount of kyanite in the kyanite eclogites 

varies from approximately three to nine per cent. 

The kyanite is easily visible in hand specimen (see Plate 21) as bright 

blue, platy grains scattered throughout the rocks. Studies in thin-section 

(see Plate 20) show that the kyanite occurs as rounded to subhedral grains with 

good cleavage, set either in the highly altered pyroxene or as inclusions in the 

garnet. In one specimen (RV.6) the kyanite is often associated with very small 

tabular grains of dark blue corundum, as illustrated in Plate 41. Sobolev et al 

(1968) have reporte~ similar corundum occurrences in grospydite xenoliths from 

YruDQtia and record that its origin as a prima~ or secondary mineral is not always 

cleare S""i tzer and Melson (1969) regard the corundum in the kyani te eclogite 

xenoliths examined by them to be of secondary origin. Mathias et al (1970) has 

also recorded one corundum~bearing l~anite eclogite. In the absence of any 

distinct features indicating its secondary origin the corundum is considered by 

the ",ri ter to be a prima:ry constituent. 

Refractive .index measurements indicate that the kyanite is in no way 

different to kyanite from metamorphic rocks, a value of 1.713 being obtained for 

the ~ direction. In general kyanite occurs typically as a mineral of high-grade 

regional metamorphism (Deer et a1 1 1962~ vol. 1). 

Kyanite eclogites are knovffi to occur as both xenoliths in kimberlite 

and as lenses or bands in gneisses. Godovikov and Kennedy (1968) have shown that 

chemically kyanite eclogites from kimberlites are similar to metamorphic kyanite 

eclogites. Green (1967) has produced experimentally a kyanite eclogite assemblage 

from a high alumina basalt compositiono In 1969 Green investigated the diopside­

kyanite join at high pressures and temperatures and for an initial composition 

corresponding to 2 anorthite + 2 enstatite + 1 diopside produced a stable mineral 

assemblage consisting of clinopyroxene solid solution + garnet + minor quartz + 

minor bJanite at pressures of 27 kb to 36 kb and a temperature of 1200°C. There 

can be little doubt that kyanite eclogites could be produced naturally by the 

;~,. 
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crystallisation of certain gabbroic compositions under high pressure and high 

temperature conditions. 

PLATE 410 A grain of kyanite (ky) [enclosed by garnet] with tabular 

c~stals of sapphire corundum (c) in eclogite RV.6. A minor 

amount of glassy material~occurs interstitially. 

Magnification X 50, ordinary light. 

~~, 
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8. Diamond and Graphite. 

Although diamond was only detected in one specimen of eclogite (RV.4) 

and in none of the peridotites it is of considerable importance. Two of the 

diamonds found in eclogite RV. 4 are show.m. in situ in I Plates 22.' and 23·, Broadly 

tmediamonds in· the ec10gite occur in two distinct forms: 

1. Clear, colourless well-formed octahedral crystals, which are occasionally 

t"Tinned, or serrate clusters of clear,colourless intergrown crystals 

(shown in)Plate 42). 

2. Irregular blackish aggregates~ showing only slight development of crystal 

faces (shown in. Plate 43). 

The well-formed single crystals, exclusively of octahedral habit? 

normally exhibit straight and sharp or only very slightly grooved crystal edges~ 

No modification of the basic octahedral habit by rhombic dodecahedral .or cube 

faces was seen. The octahedral faces are smooth, show virtually no curvature and 

appear to be made up of thin growth lamellae oriented parallel to the octahedron 

faces. Typical "negative!! trigons were occasionally seen on the (Ill) faces. 

The serrate intergro"m crystals, scanning electron-micrographs of Which 

are sho"m in Plate 44, are ve~J similar to the single octahedral crystals but more 

abundant. The habit of individual crystals in these clusters is also octahedra1 1 

the clusters consisting of numerous intergrown diamonds, each of which is made up 

of fairly thick, irregularly developed growth sheets parallel to the (111) 

planes. The result is that these diamond clusters exhibit a jagged or serrated 

outline, suggesting that crystal growth was ~spontaneously initiated from a number 

of separate points with the eventual linking up of the crystals. Occasional 

"negative" trigons were recognised on the (111) faces (see Plate 44) and specks 

of opaque, black matter, thought to be graphite, were seen in places. Under high 

magnification thin cracks transect many of the diamonds (see Plate 44) and are 

thought to be related to the sub-parallel fractures in the co-existing garnet. As 

with the fractures in the garnet, these cracks are probably due to tectonic 

deformation of the eclogite. 

The irregular, dark, diamond aggregates are less well formed than the 

diamonds already described and shol,,] only a limited development of crystal faces. 

.• ~. 
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PLATE 42. Clea.:-r octahedral and serrate diamond interg:rowtJb.s. 

from eclogite RV.4. 

Magnification X 12. 

.. /. 

._-•... ... ,. 

PLATE 43. Irregular diamond-graphit~_aggregates from eclogite RV.4. 

Crystal faces are seldom seen. 

Magnification X 12. 
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Crushing of these aggregates showed that they consist of colourless diamond finely 

intergrown with opaque 1 black material, identified by X-ray diffraction as graphite. 

Several very interesting points have arisen out of the study of these 

diamonds and should be kept in mind when theories regarding the origin of diamond 

are considered. 

1. The diamonds in the eclogite probably formed under conditions similar to 

the diamonds found in kimberlite. Consequently knowledge of the formative 

conditions of the host eclogite will provide a clue to the conditions under 

which the diamonds in kimberlite formed. 

2. The detailed petrological and mineralogical studies of the eclogite xenoliths 

of the present study has indicated that the diamondiferous variet.y cannot be 

distinguished from the normal eclogites. Rickwood and Mathias (in press), 

in their study of diamond-bearing eclogites, have arrived at a similar 

conclusion. 

3. The diamonds in eclogite have probably not suffered any corrosion or 

dissolution since their formation. Their octahedral habit and growth-plate 

structure strongly suggests that natural diamond gro1-1th is essentially on the 

(Ill) plane. The presence of "negative" trigons on the smooth (Ill) faces . 

lends support to the theory of Tolansk,y (1955) that such trigons are growth 

features and not the products of etching. 

The presence of two distinct modes of occurrence of diamond in a single 

eclogite xenolith cannot be readily explained. The presence of-finely intergrown 

graphite in certain diamonds suggests that in places diamond formation was 

inhibited and that graphite formed instead. It is possible that during diamond 

formation the conditions fluctuated around the diamond-graphite equilibrium 

boundar,y. Alternatively one can argue that the graphite represents the result of 

a partial diamond ----> graphite inversion which took place after crystallisation. 

Except for the graphite associated with the diamonds in eclogite RV.4 

no other graphite was detected in any of the eclogited. In two peridotites 

(BF.4 and BF.9)9 however, small, rounded shiny flakes of graphite, approximately 

1 mm in diameter, were found. 

No diamonds were found in any of the peridotites, despite a careful 

~~-
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search. Although diamonds have been previously reported as occurring in peridotite 

xenoliths from kimberlite (Wagner? 1928, Williams, 1932) the results of the present 

work have not sUbstantiated these findings. Williams(193~ vol. 2, p. 417) 

however distinctly states~ "Although most of the diamonds found in the cognate 

inclusions have been found in eclogites, yet diamonds have been found in the 

peridotites, and had a sufficient quantity been treated by Gardner Williams some 

diamonds would probably have been found". In spite of Williams' comments no 

diamonds have since been reported from any true peridotite xenoliths, despite a 

host of workers being active in this field. 

PLATE 44. Fragments of serrate diamond intergrowths, as seen with a 

scanning electron microscope, are shol,vn in A and C 

(magnification X 50). Enlarged portions of these two 

fragments (as marked) are shown in Band D and both 

illustrate the typical "negative" trigons on the (111) faces 

and the cracks which transect the diamonds. 
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9. other Minerals. 

In the peridotites trace amounts of sulphides (pyrite, marcasite, 

pyrrhotite) were detected. 

Ilmenite was found in one altered xenolith (DT.lO) and may represent a 

secondary product. It is interesting to note that the c~stal structure of the 

ilmenite from this specimen is very similar to that of the ~pical magnesium-rich 

ilmenite from kimberlite. Comparison of the two was made using'X-ray diffraction 

powder films. A polished section examination of an ilmenite concentrate showed 

that a considerable amount of hematite is associated with the ilmenite, mainly as 

discrete bodies but occasionally as thin exsolution lamellae. The hematite in 

turn contains fine exsolutions of ilmenite. 

a 
Rutile isAmineral often present in the eclogites in trace amounts. It is 

brownish yellow and transluscent in thin section and often contains minute 

oriented plate-like inclusions (hematite?). No rutile was detected in the 

peridotites. 

Secondary minerals found in the eclogites include quartz, calcite, 

analcite, stilbite, amphibole, spinel and mica. In the peridotites the secondary 

minerals are represented by serpentine, chlorite, talc, mica and calcite. 

10. Summary and Discussion. 

Olivine. 

Examination of the olivine from the peridotite xenoliths has shown that 

it usually occurs as colourless, partly serpentinised, anhedral grains roughly 

5 mm in size. Features characteristic of plastic deformation and recrystallisation 

have been recognised in many of the olivine grains and indicate that the 

peridotites have undergone tectonic deformation and plastic flow, probably at high 

temperatures and pressures. The conditions for such deformation would be found in 

the upper mantle where tectonic recrystallisation may constitute an important flow 

mechanism. 

The composition of the olivine, which corresponds to that of forsterite, 
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ranges between 91 and 94 per cent of this end .... member. The exceptionally 

restricted compositional range of the olivine has a~so been borne out by 

chemical analysis of selected olivines, 1-Thich has shown the extreme paucity of 

minor elements (except nickel). No significant differences between the olivine of 

the garnet peridotites and spinel peridotites was noticed, neither were any 

differences between that fro.m the different pipes recognised. 

The composition of the olivine is in agreement with that for other 

suggested upper mantle rocks such as the Norwegian and Swiss garnet peridotites 

(O'Hara and Mercy, 1963) and is also in accordance with the narrow range of 

olivine composition for other garnet peridotite xenoliths from kimberlite 

(Nixon et al 1963, Mathias et al 1970, Carswell and TIawson, 1970). It is 

interesting to note that the forsterite contents of the olivines are of the same 

order as those for chondritic meteorites (Mason, 1963), a feature which lends 

support for a chondri tic earth modelo 

Finally it should be mentioned that X-ray diffraction evidence indicates 

that olivine formed in a high pressure environment shews no structural 

peculiaritie3 cempared with elivine frem a relatively low pressure environment. 

0,:rthopyrexene. 

As 1-lith the olivine the orthopyroxene forms fairly large, ,anhedral grains 

usually pale greenish yello",! and often exhibits features characteristic of stress 

and tectonic deformation. There is evidence ef a pessible inversien of enstatite 

to. clineenstatite, probably by a shear-stress mechanism. This tegether with the 

other phenomena caused by deformatien supperts the cenclusions that the 

peridotites have undergene extensive tectenic defermation, probably at fairly 

high temperatures within the upper man~le er lower crust. 

The cempesitien ef the orthepyroxene corresponds to that of enstatite 

~ and shows a narrow range of composition from 94 to 88 per cent of the enstatite 

end-member. The range in compesition, although small, is slightly larger than 

that for the olivine. No consistent variations bet1-1een the different pipes or 

between the harzburgites or Iherzolites could be noticed. 

Chemical analyses have she1-In that the enstatite from the garnet 

peridotites is exceptionally low in alumina (and to a lesser extent in lime and 

chromia) 1-Then compared with enstatite from a spinel peridotite. This cle arly 
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indicates that the garnet peridotites must have formed a higher pressures than 

the spinel peridotites and supports the findings of O'Hara and Mercy (1963). 

These results are also in keeping with the experimental work of Boyd and 

England (1964) and MacGregor and Ring"JOod (1964). 

From the work of Green and Ringwood (1967b) it appears that the 

inversion of aluminous enstatite to low-alumina enstatite plus garnet takes 

place at a depth of approximately 50 kID beneath the Precambria:r;t Shields (see 
\ ~_ ~ \ C ~! 

\ 

\':'-" .... 

Green and Ringwood, 1967b, Fig. 2). Consequently we can consider that spinel 

peridotite would not be stable below this level. There is however petrographic 

evidence to suggest that a transition zone between garnetiferous and spinel 

peridotite, possibly several kilometres thick, does exist. The number of spinel 

peridotite xenoliths examined suggests that, contrary to experimental 

investigations (Boyd and MacGregor, 1964; Ito and Kennedy, 1967), a fairly 

extensive zone of spinel peridotite (containing aluminous enstatite) is apparently 

present beneath the continental crust of southern Africa. 

X-ray diffraction studies of t"JO enstati tes, one from a garnet 

peridoti te and one from a spinel pe.L'J.uo ci"te SllOW a slig11t but consistent variation 

in interplanar spacings, a feature which can no doubt be correlated with the 

variation in alumina. 

At this stage it is perhaps fitting to mention that O'Hara and Mercy 

(1963), using detailed geochemical evidence obtained by analysis of co-existing 

olivine and orthopyroxene from garnet peridotite xenoliths in kimberlite, 

concluded that these rocks (as compared ~ith peridotite nodules in basalt) 

represent upper mantle material. The basis of their argument is that in the 

garnet peridotite xenoliths the ratio Fe/Fe+Mg for olivine is greater than the 

ratio Fe/Fe+Mg for orthopyroxene. According to O'Hara and Mercy this implies that 

the olivine and orthopyroxene in these rocks are equilibrium assemblages. A 

similar comparison (see below), based on analyses of co-existing olivine and 

orthopyroxene of the present study, gives comparable results and indicates that 

the rocks are probably equilibrium assemblages and hence probably derived from the 

upper mantle. 
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Fe/Fe+Mg . Fe/Fe+Mg 
olivine orthopyroxene 

BF.2 0.1358 0.1250 

BF.5 0.1503 0.1441 

BF.8 0.1416 0.1250 

BF.9 0.1268 0.1181 

BF.IO 0.1380 0.1225 

Garnets. 

Garnets from the peridotite suite, which constitute only a minor or 

trace constituent of these rocks, are a vivid mauvish or magenta-pink and can be 

exactly matched \vi th those from the kimberlite matrix. Most grains appear to 

have been tectonically disturbed and are generally surrounded by a thin 

kelyphitic reaction rim. In contrast the garnets from the eclogites, which 

constitute an essential phase!l vary in colour from orange through pinkish browns 

to a fairly dark reddish bro~m. Generally th~J are not typical of the garnets 

found in kimberlite, their appearance being more characteristic of garnets from 

conventional high-grade metamorphic rocks. Alteration and partial melting of the 

eclogite gan1et (and associated clinopyroxene) is evident in most of the eclogites. 

Both physical properties and chemical analyses show that the peridotite 

garnets fall into a fairly narrOv-l compositional range, rich in the pyrope end-

member. The pyrope content of these peridotite garnets ranges from 65 to 80 p.er 

cent and they show a fairly constant almandine~andradite plus uvarovite ratio. 

The garnets contain significant amounts of almandine and minor amounts of 

andradite, grossularite and most notably, uvarovite. Reference to the work of 

Trager (1959) shows that the peridotite-type garnets fall into his Varie~ X, 

that is, garnets characteristic of dunites and serpentinites. 

The eclogite garnets on the other hand show a much wider compositional 

range and generally contain only about 40 to 60 per cent of the pyrope end-member 

plus considerable amounts of almandine, andradite and grossularite. Uvarovite is 

notably absent. Garnets from the kyanite-bea.ring eclogites are relatively poor 

in pyrope and rich in grossularite and appear to be similar in chemistry to an 

analysed calcic garnet from a Roberts Victor kyanite eclogite (O'Hara and 

Mercy, 1966). 

Referring to the 'Hork of Tr6ger (1959) it is evident that in general 
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garnets from all types of eologites fall into his,Varieties XIV, XV and XVI, 

namely, garnets from the so-oalled griquaites and from oommon eologites. It is 

of oonsiderable importanoe to note that Troger has seen fit to distinguish ~ 

types of griquaite garnets (Varieties XIV and XV), one type of whioh is 

(Variety XIV) very similar to ~JPical kimberlite-type garnets. This oan be 

interpreted as indicating that the garnet-pyroxene inclusions found in kimberlite 

are basically of two major types, one being the true griquaite-type which is 

genetically related to kimberlite and the other of a typioal metamorphio type. 

The results of the present study suggest that the garnets frQ~ the eclogite 

xenoliths of the Roberts Victor pipe are essentially of the latter type, that is, 

garnets typical of eclogites from gneissio basement rocks. 

Smulikowski (1964, 1965) and Coleman et al (1965) have both found that 

the pyrope oontent of garnets from eologitic rocks is distinctive for each of 

the three main types of eclogite (see: General Nature, Classification and Origin 

of Eclogites, p.223,Chapter XI of this thesis). 

Coleman ~ have, by means of a triangular diagram vTith apioes 

corresponding to pyrope, almandine plus spessartite and grossularite plus andradite 

attempted to group eologitio garnets quantitatively_ They record that the garnets 

from eclogites occurring in kimberlite pipes are of their Group A, and are 

charaoterised by pyrope-rich compositions. However the garnet compositions used 

by Coleman et al are only those of Trager's Variety XIV; th~ have not used 

Trager's Variety XV, which are also from eologites found in kimberlite and which 

would most certainly fall into their Group B field. 

Fig. 17 is a triangular diagram, identical with that used by 

Coleman ~ (1965) for their eclogite garnet grouping. The estimated garnet 

oompositions from Table 29 (peridotite-type garnets, Py-AI-An+Uv) and Table 33 

(eclogite-type garnets, Py-Al-Gro) are plotted on this diagram, together with 

the end-member oompositions of the analysed garnet specimens (Table 30 and 34). 

This plot, although mainly fro,m estimated compositions, clearly shows that the 

peridotite garnets lie in the field of garnets characteristic of eclogite 

occurring in ultramafio rocks and kimberlites but that virtually all the eclogite 

garnets of this investigation lie in the field of garnets characteristic of 

oommon eologite from migmatites and gneissio terrains. Possible inferenoes from 

these results are olear - either the vlOrk of Coleman et al is invalid and 
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eclogites, from kimberlite show a wide range of composition (as suggested by 

Rickwood ~ 1968, p. 276) or the majority of eclogite xenoliths from the 

Roberts Victor pipe are not typical of kimberlite eologites of the griquaite-type. 

The present author is inclined, at this stage, to support the latter. 

On the basis of changes in garnet composition a tentative grouping of 

the garnets from the eclogites of the present investigation has been proposed 

(see p.170). This grouping of the eclogite garnets into at least three types 

(excluding those from the kyanite eologites) correlates roughl.y with a petro­

graphic grouping outlined earlier (p. 129). The real significanoe of the garnet 

grouping is at this stage uncertain. 

The presenoe of pyrope-rioh garnets in terrestrial rooks is of 

considerable petrogenio importance. Boyd and England (1959) recognised that 

pure pyrope is metastable at atmospheric pressure and '\-Tere only able to 

synthesize pyrope at high pressures and temperatures, above 23 kb and 1100°C. 

Below these conditions the reaction involving pyrope became ve~ sluggish. In 

1964 Boyd and England demonstrated the relationship between aluminous enstatite and 

pyrope and at much the same time MacGregor (1964) showed experimentally that 

4 enstatite + spinel< > forsterite + pyrope. These reaotions cle~rly indicate 

that garnet peridotites can be regarded as the high pressure:equivalents of spinel. 

peridotites. 

MacGregor (1965), in a study of the stabilit,y fields of garnet and 

spinel peridotite in the synthetio system MgO-CaO-A1 20a-Si02 , showed that at a 

oonstant temperature of 1300 0 C the first appearance of pyrope garnet ocours at 

21 kb. The four-phase field of forsterite + diopside solid solution + enstatite 

solid solution + garnet (or a model garnet peridotite) was stable from 21 kb to at 

least 65 kb and garnets in this system showed little oompositional variation. 

It is important to remember that the peridotite garnets on an average 

contain only about 70 per oent pyrope, the appreciable substitution by other end-

members, notably alamandine, whioh are stable at ve~ muoh lower pressures (Yoder 

and Chiner, 1960), would undoubtedly lower the temperature and pressure oonditions 

under whioh the peridotite garnets would form. Similary the oonditions under 

which the eclogite garnets, which only contain approximately 50 per cent pyrope, 

formed need not necessarily be as extreme as those for the peridotite garnets and 
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it is quite oonceivable that they were able to form in the lower portions of the 

crust. 

Clinopyroxene, 

The clinopyroxene whioh is present in minor or trace amounts in many of 

the peridotites is oommonly kno,~ as chrome diopside and is evident as scattered, 

bright green grains. It is usually olosely associated with the orthopyroxene or 

garnet or both. In oontrast to the olivine and orthopyroxene the chrome diopside 

is not significantly deformed, the occasional twin lamellae and indistinot 

parting which have developed in certain grains may refleot the effect of 

defor.mation. 

The composition of the ohrome diopside is mainly that of diopside but 

it also contains a significant amount of both the jadeite molecule and chromium, 

the relatively hig4 chromium oontent aocounting for the bright green colour. 

Unfortunately optioal properties, which show minor variations, oannot be 

correlated with variations in che.mical oomposition. It is evident however that the 

chrome diopside also contains an appreciable amount of enstatite in solid solution. 

On the basis of the chemioal oomposltion of the one chrome diopside'analysed it is 

estimated that i t equilibrated at a depth of approximately 125 kID, that is, "d thin 

the upper mantle. The garnet lherzolite xenoliths can therefore be regarded as 

originating from depths of this order. 

Omphacitio clinopyroxene is an essential constituent of the eclogites. 

It is dark green to bluish green and is quite distinct from the chrome diopside of 

the peridotites. The amount of clinopyroxene in the eclogites varies considerably 

and ranges from about 20 to 80 volumetric-per cent. While many grains show a 

distinct uneven extinction the most noticeable feature of the omphacitic 

clinopyroxenes is its alteration to ultrafine-grained aggregates consisting 

essentially of poorly cr,ystalline olinopyroxene and minor amounts of analc~e and 

plagioolase. A similar alteration was not seen in the ohrome diopside. 

The characteristic alteration of the eclogite clinopyroxene can be 

explained by the incongruent melting of omphacite. It is thought that the 

original eclogite was at a considerable pressure and temperature and that on a 

rapid release of pressure, probably at the time of intrusion of the kimberlite, 

partial melting of the omphacite would took place. This resulted in either the 

,.1 ;"'~.\{ 
·.'f·~· 

-~- $ 

-,f: 

~. " .. ' 



208. 

formation cf 111 trai'ine-gra,ined aggregates or, occasi-onally, the production of a 

liquid which was quenched to form a glass. From this it can be inferred that the 

eclogi tes have come from a considerable depth, either ':_n the lO".ler crust or 

upper mantle. 

Comparison of the omphacite analyses with that of the chrome diopside 

shows that they are considerably richer in soda, and hence in the jadeite 

molecule. Indications are that the omphacite also formed at high pressures, 

possibly within the upper mantle or lower crust. Unfortunately as the bulk of 

the olinopyroxene in almost every eclogite is highly altered reliable chemical 

analys~s is impossible. Variations in the optical properties of the omphacite 

also show no consistent relationship to chemical oomposition. For a more detailed 

treatment of the ohemistry of both the ohrome diopside and omphaoite eleotron 

mioroprobe studies should prove partioularly useful. 

Mioa. 

Small amounts of phlogopite mica have been recorded in many of the 

peridotites and some doubt exists as to whether it is of primar,y or secondary 

origin or both. The phlogopite occur~ as small yellowish brown flakes, normally 

interstitial to the other silicates, and in many places is definitely a secondar,y 

product, probably formed by the action of alkalis and volatiles fro.m the 

kimberlite magma. However, in a number of cases the phlogopite exhibits gross 

deformation structures such as kink bands and chevron patterns, suggesting that 

the material has undergone extensive tectonic deformation. This is also 

supported by the accompanying deformation features in the other silicate 

minerals. It appears reasonable to assume that the tectonism took place ".u1ile 

the rocks were still part of some large, rigid mass and not while in the 

kimberlite. It is suggested therefore that the presence of mica with gross 

deformation features indioates that the mica was part of the original rook mass 

and henoe a primary oonstituent. 

The significance of finding a primar,y mioa in upper mantle rocks has 

already been briefly mentioned. Interest in phlogopite has recently been sho".m by 

Yoder and Kushiro (1969), who have studied its stabi1i~ up to 37.5 kb under gas-

present and gas-absent oonditions and by Kushiro et al (1967). High pressure 

experiments by Kushiro et al (1967) showed that phlogul)jt..(~ b.r.'(;;.!(;;th..o d01'7l1. to go8.rnet 

and an unidentified mineral at p:rBRS1Jres hi.gtlAr than 40 kb at about 1200°0. The~1" 
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, 
suggest that, in continental axeas, phlogopite could be a possible potassium- and 

water-bearing phase in the upper mantle peridotite at depths do~m to 150-200 km. 

They also suggest that kimberlites and some potassium-~ich basalts may be formed 

by the partial melting of such phlogopite-bearing peridotites. 

Yoder and Kushiro (1969 p. 558), from experimental ~lork, note thatg 

"The highly alkaline character and H20 content of the liquids in equilibrium with 

phlogopite, the incongruent melting relationship of phlogopite to forsterite and 

li~uid, and the high-pressure and high temperature stability of phlogopite have , 

important bearing on the origin of kimberlite". They conclude that if liquids of 

kimberlite composition do in fact exist they would result from a high degree of 

partial melting of the parental material (phlogopite peridotite?) under hydrous 

condi tions. 

While micaceous material is also present in the eclogites it does not 

have the appearance of that in the peridotites and is assumed to be of seconda~J 

origin. 

Other minerals. 

Other primary minerals present in the peridotites include' chrome spinels, 

graphite and sulphides. The spinels are of two types, both chrome-rioh. One type 

of chrome spinel occur as small, generally idiomorphic grains,. the'other as fine· 

spinel-clinopyroxene symplectic intergrowths. The significance of such inter-

growths cannot be readily explained but it is suggested that they perhaps 

represent the products of incipient melting of garnet and olivine and subsequent 

equilibration of the liquid formed in a spinel-stable region. In general the 

presence of spinel in the peridotites in~cates that the rocks equilibrated under 

lower pressure and temperature than the garnet peridotite. 

In several of the eclogites kyanite is present and in one case is 

associated with minute amounts of corundum, which is tentatively thought to be a 

primary constituent. It can be argued however that the presence of secondary 

glass in the kyanite-corundum eclogite indicates that the corundum may possibly 

have formed by a melting of bJanite. The presence of kyanite, the high pressure 

polymorph of Al 2SiOs , indicates a high pressure origin for the kyanites from a 

source rich in alumina. Recent experimental work has demonstrated that kyanite 

eclogites could form naturally from certain high-alumina gabbroic compositions 
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under conditions of high pressure and high temperatvre • 

Diamond Js present in only one eclogite which shows no distinct 

differences from other eclogites. Its presence in this eclogite suggests that the 

rock formed under extreme conditions, probably at depths ranging from 190 to 

555 kID. in the mantle. It is notable that the eclogite diamonds are of t,,,o 

varieties,namely colourless well-formed crystals and irregular blackish aggregates~ 

The colourless variety appears to have formed by gr0wth 0U the· (]~l~) f~ces,,, 'The 

question of diamond stability and possible formation at considerably IO'l;leI' 

pressures in natural systems has not been fully investigated so' that one cannot be 

too confident about the conditions at 'l;lhich natural diamonds form. The question 

"lhether diamonds do actually occur in the peridotite xenoliths remains unanswered. 

other minerals present in the eclogites include rutile and sulphides. 
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x. ORIGIN OF THE PERIDOTITE XENOLITHS. 

1. Suggested Origins for Peridotite Xenoliths. 

As has already been mentioned (Chapters IV and V) there are basically 

three different theories of origin which have been seriously proposed to explain 

the occurrence of the well-rounded peridotite (and for that matter eclogite) 

xenoliths in kimberlite. Briefly these theories are: 

(i) The peridotites represent fragments of high-grade crUstal metamorphic 

rock accidentally incorporated in the kimberlite (Davidson, 1967b). 

Objections to this theory have been adequately dealt with by Carswell and 

Dawson (1970) who make it clear that there is little firm evidence in 

favour of a crustal metamorphic origin for the peridotite xenoliths. 

Carswell and Dawson state (p.179): "It would indeed be fortuitous if 

each kimberlite intrusion during its ascent through the crust were to 

intersect pods of these rock-types [i.e. peridotites] known to be rare 

in crustal metamorphic terrains." In the light 0f their very convincing 

arguments the theory that the peridotites represent crustal metamorphic 

rocks will be examined no further. 

(ii) The xenoliths are cognate or co-magmatic with the kimberlite host, 

(iii) 

having formed at depth by a process of segregation, accumulation or 

'ultrabasic skarn' formation (Williams, 1932; Dawson 1962, 1967b). 

Although often discredited this theory has considerable support, 

particularly with regard' to the eclogite xenoliths. 

The peridotites are fragments of upper mantle substance incorporated 

into the kimberlite magma and fortuitously brought to near-surface 

(O'Hara and Mercy, 1963; Harris et al, 1967; Mathias et al 1970; 

Carswell and Dawson, 1970). This is the view which is currently most 

fashionable and an impressive amount of data can be used in support of it. 

If the xenoliths are of mantle origin the question has to be asked whether 

they represent: 

a) material undepleted in the more "fusible" or "volatile" constituents 

b) residua left after partial melting of the mantle 

c) material intermediate in composition between the a) and b) above. 



212. 

2. Characteristic Features of the Peridotite Xenoliths. 

Before the origin of the peridotite xenoliths can be considered it is 

necessary that the characteristic features of these rocks be summarised. 

(i) Almost all the peridotite xenoliths from kimberlite consist essentially of 

a four- or three-phase mineral assemblage of olivine, orthopyroxene, 

pyrope-rich garnet (or chrome spinel) and clinopyroxene. Phlogopite is 

a possible primary accessory. This alone suggests that the peridotites 

originate from a relatively homogeneous source underlying the continents. 

A comparison of the peridotite xenoliths derived from a single kimberlite 

pipe, from numerous pipes of a particular kimberlite province, from 

different kimberlite provinces on one continent and of those from pipes 

on different continents clearly indicates the essential similarit,y between 

the mineral assemblages. 

(ii) It has also been shown in this investigation (and similarly by Mathias 

et al, 1970) that garnet peridotites constitute the most abundant type 

of peridotite xenolith and that of the garnet peridotites, garnet 

lherzolite is the most abundant variety. The number of spinel Iherzolites 

similarly exceeds the number of spinel harzburgites. It is interesting 

to note that a number of garnet peridotites also contain traces of 

primary spinel and that several of the spinel-bearing peridotites 

contain trace amounts of garnet. If the perid0tites originate from 

some fairly uniform source it must be considered possible that a certain 

degree of zoning, both chemically and physically, will be present and 

that this will be reflected in significant variations in the mineralogical 

composition of the xenoliths. These variations will depend firstly on 

the pressure and temperature at which the rocks have equilibrated and 

secondly on whether any of the more fusible constituents have been sub­

sequently removed. 

(iii) A comparison of the modal compositions of the peridotite xenoliths also 

shows an essential similarity between those from different sources. The 

calculated average compositions and compositional ranges determined in 

this study are generally similar to values measured by other workers. 

This feature le8ds to the suggestion that all the peridotite xenoliths 8re 



213. 

derived from a source which is mineralogically relatively constant and 

also of universal extent. Although distinctions between the garnet-bearing 

and garnet-free peridotites and between the harzburgites and Iherzolites 

can be made the uniformit.y in textural details and whole-rock chemistry 

clearly supports their origin from some widespread, common rock-type. 

(iv) It is difficult to reconcile the relative regularity in modal 

composition, textural details and whole-rock chemistry with a cognate 

origin for the xenoliths. It is even more difficult to imagine that 

the multitude of original intruding kimberlite magmas, which differ 

considerably in composition from pipe to pipe, would be oapable of 

universally producing, by a prooess of segregation or accumulation, a 

suite of mineralogioally, texturally and chemically uniform rooks. 

(v) An outstanding feature of the xenoliths is the remarkably uniform 

10 

oompositions of the oonstituent minerals. The oompositions of'the 

olivine and low-alumina enstatite from the garnet peridotites show an 

exoeptionally small range, bu~ the garnets exhibit a wider but 
ran3etn 

nevertheless restricted~oomposition. The suggestion of Rickwood et al 

(1968) that partial melting of one garnet peridotite to form a more 

magnesian-rich garnet peridotite in '-Thich the garnet will be more 

magnesian must be oonsidered a possible mechanism for the variation in 

garnet composition. The spinel peridotites contain olivine of similar 

composition to that in the garnet peridotites but the orthopyroxene is 

apparently richer in alumina, a feature which indicates that the spinel 

peridotites formed at a lower pressures than the garnet peridotites. 

(vi) The presence of pyrope-rich garnet in the majority of the peridotites 

provides unquestionable evidence that these rocks formed under considerable 

pressures and temperatures. Garnets of similar composition are only 

found in the associated kimberlites and in garnet peridotites of certain 

orogenic zones such as in Norway, Czechoslovakia and Switzerland. 

Garnet peridotites from such orogenic zones are generally regarded as 

mantle-type rocks which have been tectonically emplaoed and not crustal 

metamorphic rocks formed in situ (O'Hara and Mercy, 1963; Carswell, 1968a,b). 

Although not impossible it is highly unlikely, from a study of the 

stability fields of synthetic garnet peridotite systems and natural 
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garnet peridotites, that metamorphic conditions within the crust would 

be capable of forming typical garnet peridotite. Conditions for the 

fonnation of garnet peridotite, on a world-wide scale, can only be 

attained below the crust, that is, in the upper mantle. The presence 

of pyrope-rich garnets of course does not answer the question whether 

the xenolithic garnet peridotites are mantle segregations which formed 

in the kimberlite within the mantle or actually mantle rocks incorporated 

into the kimberlite. 

(Vii) O'Hara (1967) considers that the garnet peridotite xenoliths found in 

kimberlite have equilibrated at pressures in excess of 30 kb and between 

temperatures of 1000° and 1200°C. His hypothesis, based on the chemist~ 

of clinopyroxenes from garnet lherzolite xenoliths, suggests depths of 

formation in excess of 100 kID in the mantle. Application of the same 

test to one garnet peridotite xenolith examined during the present study 

leads to a similar conclusion?if O'Hara's hypothesis is regarded as valid. 

3. Nature of the Upper Mantle and the Mohorovicic Discontinuity_ 

Considered as a whole, and excluding the relatively thin crust, the Earth 

consists of two major divisions, namely the mantle and the core. The mantle, 

which constitutes approximately 69 per cent of the Earth's mass, is considered to 
. f ( 

consist of solid silicate-rich material 1,<lhilst the core is thought to be a liquid -" <V~. 

of iron-nickel composition, possibly with a substantial amount of dissolved silicon. 

The most important source of physical information concerning the 

structure of the Earth is provided by seismology, in particular, variations in 

the P and S wave velocities with depth. From the variations in the time-travel 

relationship of seismic waves a more detailed concentric structure of the Earth 

is suggested and an approximate division of the Earth into seven layers can be 

made (Bullen, 1967). These are as follows: 



Region 

A 

] 

c 

Approximate depth 
range from surface 

(km) 

0-33 

33-410 ) 
) 

410-1000 ) 
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Name 
Approximate 

density 
(gm/cm3 ) 

Crust 3.0 

Upper 
mantle 

MOHO 3.3 . i 

4.7 
-~-~ 

~ i 
D 1000-2700 ) ! __ -+ ______ ) Lower I 
D2 2700-2900 ) mantle! 

'\., 

E 

F 

G 

2900-4980 

4980-5120 

5120-6370 

Outer core 

Transition zone 

Inner core 

1).7 

9.7 

""l2.5 

.... 13 .. 0 

For the purposes of the present study we are only concerned with the 

Crust and the B Region of the upper mantle. It is generally thought that the 

region of basalt magma generation lies within the upper mantle (Kuno, 1967). 

Similar evidence points to almost all other basic and u1trabasic magmas, including 

kimber1ites, having originated in the upper mantle (see Nixon, 1969). 

The division bet",een the A and B seismological regions is kno"/n as the 

Mohorovicic Discontinuit,y, and can be defined as a boundar-~ where the compressional 

(p) wave veloci~ changes from about 6.4 kID/sec to approximately 8.0 kID/sec. 

Seismic evidence points to a considerable variation in the depth of this bounda~ 

but in general it lies about 35 kID under continental shield areas, up to the order 

of 70 kID under certain mountain ranges and of the order of only 5 kID below the 

deep ocean floors. 

The only silicate rocks having a mineralogy whioh would show a velocity 

of the order of 8.0 km/sec are peridotites (including dunites), eclogites and 

perhaps pyroxenites. Rocks with a velocity of about 6.4 kID/sec include basalt7 

gabbro, serpentinite, amphibolite and basic granulites (Kuno, 1967). 

Three main hypotheses regarding the composition of the upper mantle 

and the nature of the Mohorovicic discontinuity have been proposed. One is that 

the upper mantle is of ultrabasic composition and that the Moho represents a 

chemical change from essentially gabbroic to ultrabasic composition. 
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The second is that the Moho represents an isochemical phase change from the 

gabbroic composition of the lower crust to eclogite of the upper mantle 

(Lovering, 1958; Kennedy~ 1959). The third hypothesis is that of Hess (1960) who 
• -to 

considers the possibility of the Moho being a serpentinite-peridotite boundary.~y~# 
C?' 

As can be seen the oomposition of the upper mantle is thought to be 

either ultrabasic (consisting of peridotite-dunite) or eclogitic. A brief 

discussion regarding these t~ rival hypothesis can now be made. 
~ 

4. Composition of the Upper Mantle (B Region). 

If the Moho is considered to represent a high pressure phase change from 

gabbroio material to eclogite support oan be gained from a number of interesting 

features. The origin of basaltio magmas can easily be explained by fusion of 

portion of the mantle, eclogite generally being regarded as a high pressure 

modifioation of gabbro (or basalt). The two reactions of typioal gabb~oic material 

(plagioclase~ diopsidic clinopyroxene, orthopyroxene, olivine) to form eclogite~' 

(omphacitic clinopyroxene, garnet) are sho~m below (Kuno, 1967, p. 91). 

(a) 

(b) 

Ca(Mg,Fe)Si20S + 2(Mg,Fe)Si0 3 + CaAl2Si20S + NaAlSiaOs -> 
<----

clinopyroxene + orthopyroxene + plagioclase 

Ca(Mg,Fe)Si20S + NaAlSi2 0S + Ca(Mg,Fe)2A12(Si04 )3 + Si02 

omphacite + garnet + quartz 

Ca(Mg,Fe)Si2 OS + (Mg,Fe)2Si04 + CaA12Si20s + NaAlSiaOs --> 
<--

olinopyroxene + olivine + plagioolase 

Ca(Mg,Fe)Si20S + NaAlSi20s + Ca(Mg,Fe)2A12(Si04 )a 

omphacite + garnet 

The transition of gabbro (D= 3.0) to eclogite (D= 3.3 to 3.5) involves 

at least a 10 per cent volume deorease, a feature whioh can be used to explain 

the cause of vertioal movements in the Earth's orust. 
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Objections to this hypothesis are many, some of which are listed belo1-1. 

(i) Experimental investigations (Yoder and Tilley, 1962; Ringwood and 

Green, 1966) have shown that the gabbro to eclogite transition is not 

sudden, but transitional, the amount of garnet gradually increasing at 

the expense of plagioclase. Consequently the relatively sharp Moho 

cannot represent a transitional gabbro-eclogite change. 

(ii) The formation of basaltic magmas would require complete fusion of 

the mantle material if it were eclogitic. This is thought to be highly 

unlikely as mechanisms of basaltic magma formation are generally 

oonsidered to involve fraotional melting. It is very interesting to 

note that the temperature required for the partial melting of bimineralio 

eclogite at 30 kb (1515° - 1565°0) is appreciably higher than that 

required to obtain a liquid by the partial melting of garnet peridotite 

(1425° - 145b o o) (O'Hara, 1963a,b). 

(iii) Fragments of deep-seated rocks in basalts and volcanic pipes show 

that eclogites and feldspathic eclogites (garnet granulites) are 

extremely rare, various types of peridotites being ver,y much more 

abundant. If magmas were generated in an ec10gi tic mantle I i tl i~r\only 

logical to assume that xenolithic inclusions would be of the eclogite and 

feldspathic eclogite ~e and not peridotite. 

(iv) As disoussed by Ringwood and Green (1966) an upper mantle consisting of 

eclogi te 1-,ould be gravitationally unstable when underlain by a zone of 

ultramafic composition as suggested by Wyllie (1963). It is highly 

improbable that such an unstable situation in which a dense eclogite 

(D ~ 3.5) overlies a relatively less dense peridotite (D : 3.3) could have 

existed throughout the Earth's histor,y. The density of true eclogites of 

basaltic oomposition (D = 3.55, Rin~ood, 1966a, p.299) is also 

appreciably greater than that used for the upper mantle in gravimetric 

studies (D = 3.3 to 3.4). 

(v) With particular reference to the eclogite xenoliths from kimberlite 

ex~mined during the course of the present study, chemical analysis has 

shown that they are not isochemical 1-,i th basalts, being particularly rich 

in magnesia and deficient in silica and showing 1-Tide ranges of composition. 
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The indication is therefore that they do not originate from an upper 

mantle oonsisting of eologite whioh oan be regarded as the souroe of 

basaltio magmas. 

The preoeding disoussion has olearly indicated that it is most unlikely 

that the upper mantle oonsists of eologite. Other arguments can be quoted whioh 

lead to a similar conclusion~ This leaves us with the hypothesis that the upper 

mantle is of ultrabasic or peridotitio composition, a theory advocated by most 
"', 

earth scientists at the present time. Much of the evidence in favour of this 

idea can only be appreciated by an intensive survey of the subject, whioh is 

beyond the soope of the present study. 

Some of the evidenoe in favour of a peridotitic upper mantle inoludes 

the world-wide ocourrenoe of peridotite inolusions, mainly in basalts and related 

rocks, the uniform~ineralo~J, modal oompositions and bulk ohemistr.y of these 

inolusions, and the ooourrenoe of peridotites~ thought to have been brought up 

from the mantle, in orogenio zones and island aros. Strong support oomes from 

the faot that fresh peridotites possess a density of about 3.3 gm/oo, a feature 

in aooordance with the seismic veloci"Gy of the upper mantle. In addition, 

follo\lJing the experimental work of Yoder and Tilley (1962) and 0 'Hara ,and 

Yoder (1967), it has been demonstrated that partial melting of igarnet-be aring 

peridotites can yield liquids of basaltic or picritio composition, whioh if 

crystallised within the mantle (i.e. under eologite faoies oonditions) would 

yield material of eologitic oomposition. The oonoept of a ohondrite model for 

the Earth, based on meteorite observations, is also in rough agreement with a 

peridotite mantle (Meroy, 1967). 

In the light of considerable evidence aocumulated by many workers over 

the last 10 years one can feel reasonably sure that the upper mantle is 

essentially of ultrabasic (peridotitic) composition (Ringwood, MaoGregor and Boyd~ 

1964; Ringwood, 1966a,b; Harris et aI, 1967). There appears to be little reason 

to dispute this view and in discussions ooncerning the peridotite and eclogite 

xenoliths examined during the present study it is assumed that this hypothesis 

is correct. 
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5. ~e~alogy of an Ultrabasic Upper Mantle, 

On the assumption that the 11pper mantle is of ultrabasic composition 

the mineralogy of such rock-types can now be discussed. It has been suggested 

(Rubey, 1955) that the Earth's crust has evolved over a considerable period of 

geologic time by the fractional melting of the upper mantle. This would have 

left behind a zone which for the main part would be deficient in low melting point 

and volatile constituents, especially beneath the continents. 

This concept has been followed up to great advantage by Ringwood (1966a) 

who considers the upper mantle to be chemically zoned; immediately below the 

continents a considerable thickness of dunite (depleted peridotite) exists, with 

a maximum thickness of approximately 150 to 200 km beneath Precambrian Shields. 

Below the deep ocean floors the zone of dunite would be considerably thinner, 

probably only several tens of kilometres thick. In the residual dunite zone 

eclogite segregations would possibly form a minor and sporadically distributed 

constituent. Ringwood (1966b) considers that these eclogite segregations, formed 

during fractional melting processes leading to the production of basaltic magma, 

represent material which has c~stallised under conditions of great pressure, 

high temperature and low water-vapour pressure. 

Below the zone of depleted peridotite Ringwood (1966b) postulates a 

primitive, primary mantle material which has been arbitarily defined by the 

property that on fractional melting it would yield a typical basaltic magma and 

leave behind a refracto~J dunite of the alpine peridotite-type. This synthetic 

material, given the name IIpyrolite", has somewhat arbitarily been given a 

composition of one part basalt and three parts alpine peridotite. Experimental 

work and field observations have shown that material approaching "pyrolite" in 

composition can occur in four distinct mineral assemblages. These are as follows. 

Ringwood's pyrolite equivalents are given in brackets. 



lYIineral assemblage 

1. Olivine, serpentine 

~ amphibole 

2. Olivine + alumina-poor 

pyroxenes + plagioclase 

3. Olivine + alumina-rich 
+ . 1 pyroxenes. - splne 

4. Olivine + alumina-poor 

pyroxenes + garnet 

220. 

Rock type 

Serpentinites 

(amphibolite) 

Feldspathic 

Conditions 

Low temperatures, 

moderate pressures, 

hydrous environment. 

High temperatures, 

peridotites low pressures. 

(plagioclase pyrolite) , 

Peridotites or spinel 

peridoti tes 

(pyroxene pyrolite) 

Garnet peridotites 

(garnet pyrolite) 

Moderate to high 

temperatures 

High pressures and 

temperatures. 

(stable to ~ 400 kID 

depth) to 

It therefore appears, along the lines of present-day thought? that the 

B region of the upper mantle probably shows both a chemical and physical zoning • 

.An ul trabasic upper mantle "ltTiII be chemically zoned on the basis of fractionation 

and partial melting and will exhibit physical differences as indicators of 

different pressure-temperature condition~of crystallisation and equilibration. It 

is in the light of this that the xenolithic inclusions in kimberlite can be 

explained. 

6. Conclusions. 

The preceding discussions have been, for the most part, concerned with 

the nature and composition of the upper mantle and not with the origin of the 

peridotite xenoliths as such. In the light of the evidence of upper mantle 

composition however it appears that the two are intimately associated and the 
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following oonolusions can be made. 

(i) The peridotite xenoliths found in kimberlite represent material 

derived from the upper mantle and carried to near-surface by a rapidly 

intruding kimberlite magma. Indications are that the kimberlites have 

sampled the upper mantle to depths of at least 125 km. Their rounded 

shape can be ascribed mainly to attrition and corrosion within the gas­

charged, upward moving kimberlite magma. Igneous corrosion has probably 

had only a minor effect. 

(ii) The xenoliths probably do not represent primar,y, primitive upper mantle 

(iii) 

material but rather portions of the material which have undergone var,ying 

degrees of partial melting and the loss of the more volatile phases. Hence 

the difference between the Iherzolites and harzburgites. The amount of 

garnet in the garnet peridotites is partially governed by the degree to 

which melting and fractionation has taken place, similarly so for the 

variation in chrome diopside content in all the peridotites. The re­

cxystallised and altered xenoliths, often approaching dunite in composition 1 

represents material which has been partially fused and recr,ystallised in a 

tectonic environment. This material corresponds to a "barren" dvnite in 

which only the refractory olivine remains. 

The presence of phlogopite, considered to be a primar,y constituent of 

some xenoliths, is of great significance in that the mica is a possible 

souroe of volatiles, potassium and radiogenic heat in mantle-type rocks. 

(iv) The main difference between garnet peridotites and spinel peridotites is 
-

that the garnet peridotites equilibrated at greater depths in the mantle, 

within the garnet-stable region. The results of the present investigation 

suggest that spinel peridotites are stable within the mantle below the 

Precambrian Shield of southern Africa but have generally been involved to a 

greater degree than the garnet peridotites in fractional melting processes. 

Those peridotites containing only a trace of garnet or a trace of spinel 

plus aocessor,y garnet represent transitional types between the two major 

groups, 

(v) There is no direct evidenoe to suggest that the xenoliths are oognate 

with the kimberlite. This does not imply that cognate segregations are not 
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found in kimberlite. The regularity of composition, both mineralogically 

and chemically, suggests that the xenoliths are derived from some 

uniform source. Only the upper mantle fulfils all the requirements. To 

the writer's knoi.-lledge.. no diamonds have ever been found, without any doubt, 

in any of the true peridotite xenoliths, but graphite is occasionally 

found. The presence of diamonds has often been used to support a cognate 

origin for the xenoliths but such an argument is thought to be of dubious 

value. 

(Vi) The features of tectonic deformation and stress exhibited by many of 

the peridotite xenoliths conclusively indicate that the xenoliths at some 

stage formed part of an extensive rock mass. The advocation of an upper 

mantle source provides this rock mass and in addition implies that 

stress and possibly movement in the upper mantle are significant features 

of it. 

(vii) The zone of kimberlite generation is within the peridotite of the 

upper mantle and much of the fragmentary material found in kimberlite is 

no doubt derived from fragmentation and comminution of the peridotite. 

Inclusions in diamonds similarly suggest an origin within the upper 

mantle. As for the origin of kimberlite itself it is tempting to 

speculate that the initial kimberlite magmas are formed by the partial 

melting of phlogopite-bearing peridotite in a garnet stable environment. 

In a very recent publication Dawson (1971) has outlined such a hypothesis 

for the evolution of kimberlite. 
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XI. ORIGIN OF THE ECLOGITE XENOLITHS. 

1. General Nature, Classification and Origin of Eclogites. 

Before the origin of the eclogite xenoliths in kimberlite is discussed 

it will be instructive to consider the nature and general classification of 

eclogites. In recent years an ever-increasing amount of attention has been paid 

to eclogites, rocks which are in fact very rare,and a number of very interesting 

features have come to light. 

The name eclogite was originally introduced by HaUy (1822) for a rock 

composed of diallage and garnet with accessory amounts of kyanite, zoisite, 

amphibole, quartz ahd pyrrhotite. Nomenclature has changed little since then and 

eclogite is generally considered to be a metamorphic rock composed essentially of 

jadeite-bearing clinopyroxene and garnet (Church, 1968). Eclogites, as defined 

here, are known to occur in five petrologically distinct environments, namely: 

(i) 

(ii) 

(iii) 

(iv) 

(v) 

inclusions in alkali basalts 

inclusions in kimberlite pipes and dikes 

la.yers, intercalations or lenses in ultramafic (peridotite) masses 

masses in high-grade metamorphic terrains, associated with gneiss or 

migmatite complexes 

bands or lenses associated with the metamorphic rocks of Alpine-type 

orogenic zones, and in particular, with glaucophane schists. 

Smulikowski (1964, 1965, 1968), in an attempt at eclogite classification, 

suggests that three major groups of garnet-pyroxene rock may be distinguished. 

These groups differ from one another in their geological occurrence and association 

and also displ~ certain distinctive mineralogical and chemical features. 

Smulikowski's three groups can be defined as follows: 

Group 1. Ultrabasic garnet-pyroxene rocks, found in environments (i) to (iii) above, 

very poor in sodium, garnets are pyrope-rich, clinopyroxene rich in 

diopside. 
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Group 2. Ophiolitio eologites, found in environment (v) above, relatively rioh 

in sodium, of spilitio affinity, garnets almandine-rich, clinopyroxenes 

jadeite-rich. 

Group 3. Eclogites from gneissic and migmatitic complexes, found in 

environment (iv) above, moderate sodium content, oomposition normally 

basaltio, garnets and pyroxenes intermediate between those of Groups 1 

and 2. 

Almost simultaneously with Smulikowski's olassifioation Coleman ~ 

(1965) presented an almost identioal three-fold grouping, based similarly on mode 

of occurrence. As did Smulikowski they found that eclogites are divisible into 

three groups, which oorrelate with environments (i) to (iii), (iv) and (v) 

respectively. Coleman et al record that the pyrope oontent of the garnets is 

distinctive for eac~ group and that there is a progressive variation in the jadeite 

content of the oo-existing pyroxenes. Their suggestion is that the three groups 

of eclogite follow a oompositional trend from olivine basalt to tholeiitic basalt 

and possibly represent highly metamorphosed basaltio material. This conflicts 

with Smulikowski's view as he regards his Group 1 eclogites as possibly representing 

primary mantle material, Group 2 eclogites as highly metamorphosed spilitic lavas 

and Group 3 eclogites as essentially metamorphosed gabbros and basalts. 

The origin of eclogites is a problem of long-standing and numerous 

explanations have been used to account for them. Some explanations which are 

favoured include an origin as primary mantle material, as "basaltic" segregations 

within a peridotite mantle, as the products of Alpine-type metamorphism of basic 

volcanics, as an iso-chemical transformatibn of gabbroic or basaltic rocks in 

regionally metamorphosed gneiss and migmatite complexes and as a high-pressure 

accumulate or cognate phase of a kimberlite magma. It is clear that the rock 

name 'eclogite' can refer to a number of distinct garnet-pyroxene rocks, the 

origins of which differ considerably. 

~ 
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2. Characteristic Features of the Eologite Xenoliths from 
the Roberts Victor Kimberlite. 

(i) .A considerable emphasis must be placed on the faot that all the 

eclogite xenoliths examined during the present study were derived from 

only one kimberlite diatreme, namely the Roberts Victor. This kimberlite 

is world-renowned for the relative abundance of eclogite xenoliths in 

oontrast to most kimberlites. Careful examination of th~, old rock dumps 

of the Kimberley mines and reference to the literature have shown that 

eclogite is extremely rare in the three remaining pipes investigated. The 

pauoity of eologite xenoliths from the mines of the Kimberley area is well 

illustrated by Mathias et al (1970) who have listed 168 eologites from 

numerous pipes and fissures. Of these only 10 have their source in any of 

the five Kimberley mines whilst 48 xenoliths are listed as originating 

from the very much smaller Roberts Victor pipe. In general kimberlites are, 

wi th only several exceptions" extremely poor in eclogite. With regardr. to 

eclogite xenoliths the Roberts Victor pipe cannot be considered to be 

typical of the vast majority of kimberlites. The inference is clear -

a.t least the bulk of the eclogite xenoliths from Roberts Victor :are most 

probably not related to the actual genesis of the kimberlite. 

(ii) Both Mathias et al (1970) and the present study have shown that while 

(iii) 

the eclogite xenoliths are essentially a two-phase mineral assemblage of 

garnet and clinopyroxene, their modal, mineralogical and bulk ohemical 

compositions vary considerably. On the basis of garnet composition they 

can be divided into a number of fairly distinct groups. The indication is 

that the xenoliths possibly originate from either a number of separate and 

discrete bodies in the crust or the upper mantle, or have formed by 

several distinct processes. The final answer may lie in a combination 

of both. 

Many of the eclogite xenoliths from the Roberts Victor pipe are banded 

or l~ered and occasionally more than one type of eclogite constitutes a 

single xenolith. The inference is that the original source material was 

heterogeneous. This point is strongly against the concept of a primary 

eclogite mantle and also indicates rather that the source is geologically 
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complex. 

(iv) A transition from peridotite to eclogite has not been recorded in any 

of the xenoliths examined in this study and rock-types of intermediate 

chemistry or mineralogy are not known to the writer. Mathias ~ (1970) 

record only t'\<TO xenoliths which contain orthopyroxene, while none contain 

olivine. Similarly a transition between the composition of garnets from 

the eclogites and garnet peridotites has not been recorded, nor are the 

clinopyroxenes of the two types similar. 

(v) As has been stressed previously the eclogite xenoliths of this study 

(vi) 

are not strictly isochemical with rocks of basaltic chemistry. The 

hypothesis that eclogite xenoliths simply represent transformed basaltic 

or gabbroic material cannot be strongly supported. It is significant to 

note, however, that erupted magmas are in general not primary liquids but 

represent liquids which have undergone continuous fractionation, at least 

of olivine, during asoent from the zone of magma generation (O'Hara, 1968). 

The concept that the eclogite xenoliths possibly represent a partially-

fractionated magma trapped either in the lO'l,l,er crust or upper mantle must 

be considered a distinct possibility. 

Both Smu1ikowski (1964, 1965) and Colemanet al (1965) ,consider that 

eclogites from kimberlite constitute part of a distinct eclogite group 

( Smulikowski 's Group 1 and Col eman ~'s Group A). Smuliko'\oISki (1964, 

p.29) goes as far as to say that his Group 1 eclogites ['garnet-pyroxene 

rocks'] n •••••••• can be looked upon as primary Earth matter from very 

great depths, possibly from the Uppe:r Mantle". He considers that the 
.. 

eclogites from kimberlite are quite distinct from eclogites of A1pine-

t.ype metamorphic belts and also from those found in gneiss and migmatite 

complexes. However evidence from the garnet compositions of the present 

study clearly demonstrate that the garnets from the eclogite xenoliths of 

the Roberts Victor pipe are ver,y similar to the garnets from eclogites 

t.ypical of gneissic terrains and migmatites (Smulikowski's Group 2 and 

Coleman et aI's Group B). This does not rule out the likelyhood that 

other kimberlites may contain rare eclogite xenoliths of a different origin. 

O'Hara ~ (1969) have emphasised that important differences appear between 

the chemistry of eclogites from the ta~ical' Roberts Victor diatreme and 
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those from eclogite-poor diatremes; they s~ress the need to investigate 

more eclogites from the latter environment. 

3. Suggested Origins for Eclogite Xenoliths from Kimberli.te. 

Over the years numerous origins have been proposed to account for the 

presence of eclogite xenoliths in kimberlite, but only five hypotheses need 

seriously be considered. These hypotheses are briefly summarised below and 

critically discussed in the light of present-day conoepts. In addition the 

applioation of these hypotheses to the Roberts Viotor eologites examined during 

the present study is oonsidered. 

(i) Eologites found in kimberlites represent primar,y mantle material 

carried up from the zone of magma generation by the kimberlite (Wyllie, 

1963, Sohutte, 1967). In the light of the evidenoe already presented on 

the nature and composition of the upper mantle it seems extremely unlikely 

that eclogites oonstitute an important phase. This hypothesis will 

oonsequen-bly be considered no further. 

(ii) The xenoliths represent fragments, oarried up by the kimberlite, of 

discrete eclogite lenses or segregations within the peridotite of an 

ultrabasio upper mantle. Suoh eclogite segregations m~ have formed by 

the partial melting of garnet peridotite followed by cr,ystal1isation of 

the liquid formed in an eclogite~stable region. 

Reay (1965) has Shovffi that the partial fusion of an aribydrous 

synthetic peridotite at atmospheric pressure produces a basaltic liquid 

which varies in composition with fusion temperature. It is likely that a 

similar mechanism vlOuld prevail in the peridotite upper mantle. Variations 

in the composition of the eologites and their constituent minerals can be 

explained by differences in the degree of partial melting of the garnet 

peridotite at different temperatures and pressures (O'Hara and Mercy, 1963; 

Kushiro and Aoki, 1968)_ This concept can ver,y attractively explain the 

origin of eclogite xenoliths in kimberlite but has a number of serious 

dra¥lbacks. 
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The melting of the more fusible constituents of a four-phase garnet 

lherzolite (assumed to be primary mantle material), such as pyrope-rich 

garnet and chrome diopside,will yield a liquid rich in chromium. 

Subsequent crystallisation of this liquid as eclogite should produce a 

rock relatively richer in chromium than the original garnet lherzolite. 

In the case of the Roberts Victor Mine the eclogites are rather poor in 

chromium. From experimental results and theoretical petrological 

deductions O'Hara etal (1969) h~also pointed out that bimineralic 

eclogites cannot in general represent fro~en liquids derived from the partial 

melting of peridotites. 

It is also possible that eclogites are cognate with kimberlite and 

are formed by the accumulation, at high pressures, of garnet and 

clinopyroxene from a liquid formed by the partial melting of garnet 

peridotite (O'Hara and Yoder, 1967; O'Hara, 1968; Rickwood et aI, 1968). 

This hypothesis, at present very popular, can also explain the existence 

of ultrabasic potassic magmas. It can be summarised in the words of 

O'Hara (1968, p.94) who statesg "Protracted eclogite fractionation from an 

initial partial melting product of peridotite at high pressures probably 

leads to residual liquids so poor in silica that they do not resemble 

basalt, but rather alnoite, kimberlite and potassic mafic lavas". This 

remaining liquid is thought to contain, in addition to potash, abundant 

titania, phosphorous and volatile phases. 

Rickwood ~ (1968) and Mathias et al (1970) have elaborated on the 

concept of an eclogite fractionation mechanism and they suggest the 

possibility of two distinct fractionation trends within the upper mantle, 

one being from eclogite ---> kyanite eclogite ---> corundum eclogite and 

the other, at lower pressures, from eclogite ---> plagioclase 

eclogite ---> plagioclase-quartz eclogite. 

This hypothesis of eclogite fractionation and kimberlite genesis is 

extremely elegant and also theoretically sound. While certain rare garnet­

pyroxene aggregates in kimberlite may well represent high pressure: er,ystal 

cumulates from a garnet peridotite partial melt the writer considers that 

it is very unlikely that the Roberts Victor eclogites represent such 

fractionation products. It is difficult to imagine thqt a partial melt of 
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a garnet lherzolite would be able to produce a garnet-pyroxene assemblage 

so chemically distinct from the original pyrope-rich garnet and chrome 

diopside of the peridotite. To form a typical kimberlite magma the 

residual liquid would then have to be able to produce a crop of pyrope-rich 

garnet and chrome diopside after e9log~te fractionation! In general the 

concept of kimberlite genesis by eclogite fractionation also infers that a 

fairly large volume of eclogite would be produced. In no kimberlites, 

except for an exceptional case such as the Roberts Victor, are eclogites of 

any volumetric importance. 

(iv) To account for the two groups of eclogites recognised as coming from the 

Roberts Victor pipe, MacGregor and Carter (1969) suggest that one group 

represents crystals precipitated from a mafic liquid, under conditions of 

eclogite stability, while the other group represents the recrystallised 

liquids formed as the result of fractional crystallisation. The inference 

is that the liquids are not necessarily related to the host kimberlite and 

that the fractionation could have taken place in a probable basaltic liquid. 

This hypothesis provides a very tempting alternative. 

(v) Finally it has been suggested that the eclogites xenoliths represent 

accidental inclusions of metamorphic eologite picked up by the kimberlite 

during intrusion through the crust (Davidson, 1967b; Dawson, 1962). It has 

been sho\-m that "crustal" metamorphic eclogites are distinct from true 

kimberlitic garnet-clinopyroxene segregations and Can easily be distinguished 

from them. Garnet compositions of ~he Roberts Victor eclogites suggest that 

they are typical of the common eclogite-type found in gneiss and migmatite 

terrains and are not similar to eclogite from an ultra-basic environment. 

There appears to be no reason why the majority of the eclogite xenoliths 

from the Roberts Victor kimberlite cannot be derived from high-grade gneissic 

complexes within the lower crust. 
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4. Conclusions. 

The v~riou~ hypotheses that have teen used to account for the eclogite 

xenoliths in kimberlite have been critically discussed with particular reference 

to those from the Roberts Victor pipe. In the light of the evidence presented in 

this thesis the following conclusions have been drawn • 

. (i) The eclogite xenoliths from Roberts Victor are not ,cognate with the 

kimberlite host and are probably not in any wa.y related to it. The 

possibility of them originating as a high pressure cumulate phase of a 

fractioning liquid, which would also produce a residual kimberlite liquid, 

appears highly improbable. 

(ii) Their origin as material from a pri.mary eclogite mantle cannot, in 

(~ii) 

the light of present-day mantle concepts, be supported, neither can the 

hypothesis that they are samples of eclogite segregations derived purely 

from the partial melting of a garnet lherzolite mantle. 

Evidence indicates that the Roberts Victor eclogites are very similar 

to eclogites from regionally metamorphosed complexes of gneiss and migm~tite. 

This suggests that the source of the eclogite may be found within some high­

grade metamorphic zone beneath the sediments of the Roberts Victor area. 

Smulikowksi (1968) suggests diverse origins for eclogites of this type, 

which he considers to fall into the granulite facies of metamorphism. The 

possible origins that he considers include diabase sills, basaltic lava 

sheets and impure dolomitic sediments. Kyanite eclogites, which can be 

experimentally derived from high alumia basalts and gabbroic anorthosite 

(Green, 1967), would possibly constitute zones in high-grade metamorphic 

complexes such as ~escribed by Tilley ~1936). 

The idea that the eclogite xenoliths are purely accidental inclusions 

is also supported by the relative abundance of such xenoliths in the 

Roberts Victor kimberlite as compared with other kimberlites. It is kno~m 

that other kimberlites have produced t,ypical high-grade metamorphic rocks, 

for example, the Kimberley mines produce xenoliths of amphibolite whilst in 

the Voorspoed ~line garnet granulites are not uncommon (G.G. Whitfield, 

""~ 
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unpublished A.A.R.L. Report). 

! (iv) Alternatively the source of the eologite m~ be within the upper mantle 

or lower crust where pockets or lenses of partly fractionated basaltic 

magma have been halted or trapped on their path to the surface. None of 

the Roberts Victor eclogites oan simply be regarded as ohemical equivalents 

of extrusive basalts, their oompositions being more comparable with high-

alumina picritic magmas. Itl is, thought-~ that most )magmas- are .. oontinoously 

being fractionated during ascent and it appears quite likely that the 

Roberts Victor eologite xenoliths represent such a basic magma which has 

solidified within an eclogite-stable region, either in the lower crust or 

upper mantle. 

(v) The presence of diamond in one xenolith indicates. that ver,y high' 

pressures did" exist d1lJ:'ing the pe~iod of diamona formation.. The diamol1ldifer-

GUS, eologit·g· shows, no, d:istinoti ve differeno'es )whel'l ,comparedi with the other 

eclogite xenoliths and supports the conclusion of Rickwood and Mathias 

(in press) that diamondiferous and graphite-bearing eclogites are neither 

chemically nor mineralogioally different from other kimberlite-derived 

eclogites. Rickwood and Mathias conclude that diamondiferous ec.logites are 

probably formed at depth of 190 to 555 km "Ii thin the mantle" 

Eclogites in general, however, can form at muoh higher levels within the 

mantle or even within the lower orust; there is little doubt that eclogites 

oan form over a wide temperature and pressure range (Smulikowski, 1968). It 

m~ be possible that at relatively h~gh levels in the upper mantle or even 
-

in the crust abnormal pressures, perhaps high enough to allo,,/ diamond to 

form, would be temporarily possible. Another point to bear in mind is that 

although current conceptions of the temperature-pressure stability of 

diamond indicates an origin within the upper mantle diamond can possibly 

be synthesised at much lower temperature-pressure conditions. The synthesis 

of diamond in a natural silicate environment has not yet been accomplished. 
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(vi) A number of distinct eclogite types could be recognised which indicates 

that more than one origin may be operative. At the moment it is impossible 

to decide if all the eclogite-types represent the products of high-grade 

metamorphism or if they are partially fractionated basaltic liquids trapped 

in an eologite-stable environment. 
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SUMMARY OF THE ENTIRE THESIS 
p 

General. 

Kimberlite, several varieties of which can be defined, is essentially an 

altered, carbonated mica peridotite which has its origin in the Earth's upper 

mantle. It occurs mainly as diatremes and dikes, and it has been established 

that kimberlite is virtually the only primary source of terrestrial diamonds. 

Kimberli tes are characterised by containing rare, well-rounded'''xenoli ths of 

peridotite and eclogite, rock-t~~es which have undoubtedly come from great depths. 

These xenoliths provide an insight to the nature and composition of the Earth's 

interior, particularly the upper mantle. 

Early research on the peridotite and eclogite xenoliths led to a 

number of rival hypotheses as to their origin being postulated. Origins which 

have been proposed include a derivation from high-grade crustal metamorphic 

terrains, a cognate or co-magmatic phase of the kimberlite, samples of primary 

earth material or even water-worn boulders incorporated into the kimberlite. 

Recently, with the impetus provided by the International Geophysical 

Year, research into the Earth's interior has again been stimulated an~ the 

peridotite and eclogite xenoliths found in kimberlite have rec~ived world-wide 

attention from earth scientists. f/Juch controversy still exists as to the origin 

of these xenoliths but only three main theories need seriously be considered. 

These are an origin as samples of upper mantle material, as accidental inclusions 

of high-grade crustal metamorphic rocks or as a cognate phase intimately linked 

with the evolution of the kimberlite host: 

The 66 xenoliths of the present investigation have been examined in 

detail by a "lide variety of petrological and mineralogical techniques. The 

42 peridotite xenoliths studied have their source in four kimberlite pipes of 

the Kimberley area~ South Africa, namely the Bultfontein, Wessel ton, Dutoitspan 

and Roberts Victor Mines. The 24 eclogite xenoliths were all collected from 

the Roberts Victor Mine, a kimberlite world-renowned for its richness in 

eclogite xenoliths. 
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Petrology. 

Petrographic studies show that the peridotite xenoliths can be divided 

into garnet peridotites, spinel peridotites and highly altered and/or granulated 

peridotites. Except for the few extensively granulated specimens the peridotites 

are essentially phanerocrys-ta11ine medium- to coarse-grained aggregates of 

interlocking olivine and orthoP3rroxene with minor or trace amounts of one or 

more of dark red garnet, bright green clinopyroxene, phlogopite mica, chrome 

spinel (picrochromite) and rarely graphite. The average garne~ peridotite, as 

determined from numerous modal analyses, consists of 65% olivine, 2~1u orthopyroxene, 

0.7% clinopyroxene, 4.6% garnet and 1.0% phlogopite. The average composition of 

the spinel peridotites is 7c~ olivine, 25% orthopyroxene, 0.1% clinopyroxene, 

0.41; chrome spinel and 2.2% ph1ogopite. Several specimens show a transition 

between garnet and spinel peridotite. The extensively granulated specimens 

consist mainly of olivine. 

All peridotites show minor serpentinisation and contain small amounts 

of other alteration products. Hany of the peridotites display features 

consistent with shearing and stress, thus indicating that they have been 

subjected to considerable tectonic deformation before incorporation into the 

kimberlite, probably in an upper mantle environment. 

Chemical analyses of nine garnet peridotites and four spinel peridotites 

show that these two types are virtually identical. They are all undersaturated 

olivine normative rocks of tholeiitic character and typical ultrabasic composition. 

It essentially appears that the garnet peridotites differ from the spinel 

peridotites only in the pressures and temperatures at which they were eqUilibrated. 

The eclogite xenoliths, typically ellipsoidal or discoidal in outline, 

are chiefly compact, medium- to coarse-grained aggregates of allotriomorphic 

garnet and clinopyroxene. Three specimens contain minor amounts of kyanite, at 

least one eclogite contains a trace of corundum and one contains numerous 

scattered diamonds. At least four primary eclogite mineral assemblages can be 

recognised, namely garnet-clinopyroxene, garnet-clinopyroxene-kyanite, 

garnet-clinopyroxene-kyanite-corundum and garnet-clinopyroxene-diamond. 

Numerous eclogite xenoliths show a rudimentary layering and on the basis of 
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appearance and accesso~ mineral content at least three varieties oan be 

reoognised, the real signifioanoe of which is not known. 

Detailed examination has sho~m that almost every eclogite displays 

features indicating that slight melting of the oonstitutent minerals has taken 

place. These features, illustrated by the alteration of the clinopyroxene and; 

the formation of glassy veinlets containing cr,ystals of feldspar, amphibole and 

~eolite, have apparently formed by a sudden relief of pressure on the eologites 

~mile at great depth. This probably took place at the time of'kimberlite 

intrusion. 

Modal analyses of the eologites show that there exists a considerable 

variation in the garnetg clinopyroxene ratio, the amount of garnet varying from 

14~;s to 7 4~1v and the amount of olinopyroxene from 20~ to 79;~. In the kyani te 

eclogites kyanite ~constitutes between 3.J,Vo and 9.0% while small amounts of 

micaceous material and other alteration products are also present in virtually 

every speoimen. 

The eclogites show a much greater chemical variation than the 

peridotites, and alumina, lime, iron, magnesia and soda exhibit relatively large 

ranges. Of the nine analysed eclogites three are nepheline normative' alkalic ~ 

rocks, the remainder being olivine tholeiitic. While element abundances are 

t.ypically those for basic rocks complete melting of the eclogites would not 

produce a liquid of true extrusive basaltic composition but rather a liquid of 

high-alumina picritio character. The indication is that the eclogites do not 

simply represent transformed gabbroic material. 

Mineralogy. 

The olivine, found only in the peridotites, ranges in composition from 

F09~ to F0 94 and invariably shows some serpentinisation. In addition to uneven 
, ~ 

optical extinction and the presence of deformation lamellae much of the olivine 

shows either a marginal granulation or an unusual form of recrystallisation, all 

these features indicating that it has undergone extensive teotonic deformation, 

probably in the upper mantle. Nickel is the only minor element of any significance 

in the olivine. 
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Orthopyroxene, similarly found only in the peridotites, ranges in 

composition from EnS8 to En94 and normally shows only slight alteration. Uneven 

optical extinction is typical, kink bands and bent crystals are common and in 

several specimens a possible inversion of enstatite to clinoenstatite has been 

recognisede As with the olivine these features indicate +'hat much of the 

orthopyroxene has undergone severe tectonic stress, probably in an upper mantle 

environment. Chemically the orthopyroxene from the garnet peridotites contains 

only very minor amOQnts of alumina but that from the spinel peridotites shows 

relatively high alumina and to a lesser extent, lime. This indicates that the 

orthopyroxene from the garnet peridotites formed under higher pressure conditions 

than that in the spinel peridotites. Chromium is an important minor element in 

the orthopyroxene~ 

The garnets, present in both peridotites and eclogites, are quite 

distinct~ The garnets in the peridotites range in colour from dark pink to 

magenta-pink and are estimated to contain between 65% and 80% of the pyrope 

end-member plus appreciable amounts of almandine, andradite and uvarovite. 

The peridotite-type garnets c,,:re virtually identical to those found in kimberli tes 

end to those which are characteristic of dunites and serpentinites. The eclogite 

garnets, generally pinkish, orange or brownish~ show a much wider compositiona~ 

range and are estimated to contain between 40% and 60% pyrope plus considerable 

amounts of almandine, andradite and grossularite. Uvarovite is notably absent in 

the eclogite garnets. Generally they are characteristic of the garnets found in 

eclogites occurring in gneissic base~ent rocks and migmatites. On the basis of 

garnet composition at least four types of eclogite garnet can be recognised but 

the significance of this grouping is uncertain. 

The scattered grains of bright green chrome diopside found in the 

peridotites consist mainly of diopside but also cODtain appreoiable amounts of 

jadeite and enstatite in solid solution. On the basis of chemical oomposition it 

is estimated that the chrome diopside formed at depths of the order of 125 km, that 

is vlell wi thin the upper mantle. The bluish-green clinopyroxene of the eclogites 

has an omphacitic compositior. :md inv.:12:'2.ably exhibits considerable alteration to 

ultrafine-grained aggregates consisting mainly of seconda~ pyroxene, zeolites and 

feldspar. This alteration and also the fOl~ation of glassy material is thought 
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to be due to incongruent melting of the omphacite caused by rapid release of 

pressure. 

In certain cases phlogopite is possibly a primary constituent of the 

peridotites. If so its significance in rocks probably of upper mantle origin 

is considerable~ being a potassium- and 'Hater-bearing phase which 1IJOuld also 

be able to supply radiogenic heat, The mica in the eclogites is regarded as 

seconda~J. 

The results have led to the conclusion that the peridotite xenoliths 

are samples of a peridotite upper mantle, which is both chemically and physically 

zoned, and which have been brought rapidly to surface in a kimberlite magma. 

The xenoliths do not represent primary mantle material but rather portions of a 

tectonically active mantle which has undergone varying degrees of partial melting 

and the loss of vo~atile constituents. There is no evidence to suggest that th~ 

are cognate with the kimberlite and an origin as accidental inclusions of crustal 

metamorphic rock can be clearly disproved. 

The eclogite xenol~ths on the other hand probably represent either 

inclusions of high-grade metamorphic material intersected at depth by the 

Roberts Victor kimberlite or samples of eclogite lenses present in the upper mantle 

and which represent trapped pockets of partially fractioned basaltic magma. 

There is no evidence to indicate that the Roberts Victor eclogites are a cognate 

phase of the kimberlite or simply the products of the partial ~elting of a 

four-phase garnet lherzolite. The presence of diamond in one eclogite, which 

does not differ from the others, implies that great pressures existed during 

diamond formation. 
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