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.ABSTRACT 

Mantle derived rock and mineral fragments from the Koffiefontein 

Kimberlite Pipe have been studied in the form of xenoliths, megacrysts, 

concentrate minerals and inclusions in diamonds. 

Mantle derived xenoliths are unusuaLly scarce. 

The predominant xenoliths are pyroxenites. Peridotites are rare 

and eclogites are very rare. 

The pyroxenites have been assigned to five categories. In general 

they show a clear metamorphic textural history with widespread evidence 

of exsolution, polygonisation and deformation. Some of these pyroxenites 

are interpreted to represent the crystallisation products of basaltic 

magma at depth. Some have been metasomatised. The pyroxene chemistries 

suggest that more than one pyroxenite body has been sampled. 

The peridotites are very similar to the common peridotites of N. 

Lesotho, and are thought to represent depleted mantle. 

The Koffiefontein diamonds contain both eclogitic and peridotitic 

inclusions. The inclusions show evidence for lack of equilibration and 

one appears to link tog~ther the two parageneses mentioned above. The 

presence of (MgFe)O as an inclusion is reported. 

The megacrysts studied consisted only of garnets, and a few 

pyroxenes. They are interpreted to have crystallised from a magma 

which cooled slowly and was relatively deficient in Tio
2 

to account 

for the scarcity of ilmenite. 

The heavy mineral concentrate contained garnet, orthopyroxene, 

opaque minerals and clinopyroxene in order of abundance. The opaque 

minerals we re chromite and ilmenite. The chemical compositions of most 

of the concentrate grains do not match the mineral compositions found 
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in xenolith s, or megacrysts. A small number of concentrate grains 

have compositions ma tched by the diamond inclusions. 

Attempts to a pply geothe r mobarometry to the pyroxenites and to the 

diamond inclusions gave conflicting results which areascribe d to lack 

of equilibration between co-existing mineral phases and/or within 

individual mineral grains. 

The Koffiefontein xenolith suite is unusual for the relative 

abundance of pyroxenite and the scarcity of peridotite. 

The concentrate is unusual for the relative abundance of ortho-

pyroxene particularly and of chromi te. 
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CHAPTER 1 

INTRODUCTION 

Present chemical models for the composition of the Earth have 

generally placed heavy emphasis on extraterrestrial sources and on a 

study of rocks derived from the earth's mantle. Geophysical models 

ru1d experimental work on natural and synthetic systems have in addition 

been used to place some constraints on such models and have led to an 

estimation of an upper mantle of ultrrunafic composition (e.g. Wyllie, 

1971). 

Of the rocks derived from the upper mantle those occurring as 

nodules in kimberlite and alkali basalt magmas are perhaps the most wide­

ly studied and provide direct insight into the upper mantle. 

Kimberlite is a "volatile-rich, potassic ultrabasic, igneous ,rocks 

which has a distinctively inequigranular texture resulting from the pre­

sence of macrocrysts set in an essentially microporphyritic matrix" 

(Clement et al., 1977). Kimberlites occur throughout the world as re­

latively small bodies, to date found only in stable cratonic areas, and 

their chemical and geological similarities suggest a common process con­

trolling their origin (e.g. MacGregor , 1970). Kimberlites are derived 

from great depths (~200 km, e.g. Eggler and Wendlandt, 1977) and are em­

placed at high velocities which allows the transportation of dense ul­

tramafic nodules to the surface. The preservation of high pressure 

phases such as diamond (e.g. Dawson, 1972) and limited evidence of re­

action between nodules and kimberlite magma suggest that little inter­

action has occurred between the mantle fragment s and their host. 
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The most abundant xenoliths are peridotites followed by eclogites, 

(e.g. Harte, 1978) which have varied textures, mineralogy and chemical 

composition, indicating mantle inhomogeneity. Study of the chemistry 

of such nodules enables constraints to be placed on whether they re-

, present 

1) undepleted mantle, 

2) residual mantle after partial melting, 

3) igneous melts crystallised at depth, or 

4) cumulates from such magmas (e.g. Wyllie, 1971). 

In addition, t he chemistry of coexisting ffiinerals enables temperature 

and pressures of equilibration to be determined. 

On the basis o f chemistry, texture and temperatures and pressures 

of equilibration of ultramafic nodules derived from several neighbouring 

localities, early work attempted to construct stratigraphic models for 

the upper mantle (e.g. Boyd, 1973; Boyd and Nixon, 1973). More recent 

studies have however i~_ lustrated the importance of small scale inhomo­

geneity and disequilibrium, and emphasized that the xenoliths may have 

undergone textural modifications that can be relate d to the diapiric 

movements associated w~th the genesis of kimberlite (e.g. Goetze, 1975). 

In addition, the application o f geothermometers and geobar.ometers to re­

construct temperature-pressure relations can be misleading (e.g. · 

MacGregor and Basu, 1976; Mitchell, 1 9 77) and should be applied to "iso­

thermal suites of xenoliths " (Wilshire and Jackson, 1975). In an attempt 

to overcome these problems the emphasis has shifted from constructing 

upper mantle models based on nodules from multiple pipes to a focus on 

nodules from individual localities (e .g. Boyd et al., 1976; Hatton, 

1978 ; Shee, 1978). 

.. 
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This work is specifical l y concerned with mantle derived material 

(rocks, inclusions in diamonds, concentrate minerals and megacrysts) 

from the Koffiefontein kimberlite pipe. An attempt has been made at 

determining the ~hemical composition of the samples available, estab­

lishing a genet ic relationship between them, their - temperatures and 

pressures of equ:'.libra'tion and their possible mode of origin. Where 

possible, they have been compared to mantle samples found elsewhere 

in kimberlite pipes in southern Africa. 
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CHAPTER II 

LOCALITY DESCRIPTION AND S~1PLING 

1. LOCALI'l'Y DESCRIPTION 

The Koffiefontein kimberlite pipe is situated in the 

Orange Free State, S.A., ~100 km south of Kimberley. It has 

been described in an unpublished report by R. Clement , and 

the following description is largely based on that report. 

The Koffiefontein pipe has an almost circular shape and 

a surface area of ~10,3 hectares. It decreases in diameter 

to a depth of ~250 m, with the walls dipping inwards at an 

0 
average a'!gle of 85 . The configuration of the pipe is still 

large!y unknown at greater depths, where a kimberlite bulge 

has been intersected at ~480 - 520 m on the eastern side. 

The Koffiefontein kimberlite has two cyke extensions 

trending mt-SE, known as the West and Edst fissures, which 

are considered to predate the pipe. A second kimberlite, 

known as the Ebenhaezer pipe, occurs =pproxim=tely 165 m 

N~l of Koffiefontein, and the t.wo probably converged into a 

single pipe, ai... ct heigi1t a.iJove tne pLesent day erosion ievei. 

The Koffiefontein kimberlite was intruded into Karroo 

sediments, which in this region lie directly on the Archaean 

granite-gneiss basement. At present, the country rocks con-

sist of ~00 m of Karroo shales , which are intruded by 

dolerite sills; the presence of S1:ormberg lava inclusions 
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prove the existence of this formation at the time of emplace­

ment. The best available estimate of the subsequent amount 

of erosion is ~2000 metres (Hawthorne, 1975). The emplacement 

occurred during the Cretaceous period (Zircon age: 90.4 m.y., 

Davis, pers. comrn. to Gurney). This age is similar to the 

ages of many other kimberlites occurring in the Karroo Basin 

on the Transvaal Craton, as listed below (Davis, 1977): 

Zircon ages of kimberlites in the Transvaal Craton: 

Kirnberli te 

Finsch, S.A. 

Leicester, S.A. 

Orapa, Botswana 

Roberts Victor, S.A. 

De Beers, S.A. 

Wesselton, S.A. 

Honastery, S.A. 

Mothae, Lesotho 

Karnpfersdarn 

age:_ (m.y.) 

94.1 

93.6 

93.1 

92.2 

92.0 

90.3 

90.4 

87.1 

86.9 

~·he upper part of the pipe comprises tuffaceous kimberlite 

and contains small (<2 c1n) subangular to subrounded inclus­

ions of shales, dolerites and granite-gneiss, anhedral macro­

crysts and subhedral or euhedral phenocrysts of olivine, 

phlogopite macrocrysts, opaque minerals, garnets, xenocrysts 

from country rocks, earlier generation kimberlite and numer­

ous autoliths . The latter are ve~y small (<0.05 mrn. in size , 



- 6 -

with rare exceptions exceeding 2 ems.), usually with central 

kernels of anhedral to euhedral phenocrysts cf olivine, which 

is almost always replaced by serpentine, clay minerals or 

chlorite. Phlogopite, garnet, country rock minerals/frag-

ments can also occur as occasional ~-:ernels of these auto-

liths. The tuff~cerus _ kimberlite has an altered clayey 

matrix, containing cryptocrystalline serpentine and calcite. 

At depth (~480 m.) ,two porphyritic kimberlite varieties 

have been intersected, but the geology at this depth is 

largely unknown. 

Late-stage kimberlite dykes (<0. 5 m.) c<;casionally cut 

across the tuffaceous kimberlite , and they have a porphyritic 

texture. They have abundant fresh to ~artly serpentinised 

ol:'.vine, which can be divided into two different populations 

on the basis of habit, set in a matrix of phlogopite, diop­

side, calcite and serpentine, with subordinate amounts of 

apatite, perovskite and opaque minerals. 

The Koffiefontein pipe is v1orked as an open pit mine 

and cliamond produc tion was initiated around 1898 (Waguer, 

1914) and lasted until 1931, when the mine was closed down 

at the onset of the world-wide "Great Depression", which 

adversely affected the niamond market. Koffiefontein, as a 

low grade producer of diamonds (~50% industrial diamond~) 

was ill placed to resist thP.se difficult trading conditio?s· 

The diamond production during this period is summarised 

by Wagner (1914) a nd Williams (1932). Diai'londs weighing 
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734273 carats were recovered at an average grade of 4-5 

carats/100 loads (1 load= 0.75 tons) between 1898 and 1913 

(Wagner, 1914). The mine was not reopened with the other 

major South African pipes after the great economic depression 

of the 1930's because of its unexceptional low yield of 

diamonds. 

However, when Jagersfontein was reaching the end of 

its life the nearby Koffiefontein kimberlite was reassessed 

and on the closure of the former, Koffiefontein was reopened, 

with some relocation of staff and equipment. Subsequent 

results sun~arised in De Beers Consolidated Mines Annual 

, Reports, show an apparent increase in grade at the mine to 

~11 carats/100 metric tons. It is unusual for grades to 

increase in this way and they normally decline with depth. 

Whether the higher grades are a real feature of the kimber­

lite or a consequence of improved technology is not clear. 

However, diamond quality has also proved better than expected. 

SAMPLING 

The xenoliths and megacrysts analysed in this study 

were collected by the writer and Dr. J.J. Gurney during a 

one day visit to the Koffiefontein Mine in 1977. Sampling 

was very limited due to security precautions at the mine, 

and we were only allowed to sample a few very small dumps 

of processed concentrate. Most rock fragments were very 

small, because all the concentrate had been through the 
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primary crusherl which is set at 1~". 

Howeverl both earlier and subsequent visits have all 

sho•m ~hat it is not possible to find many mantle rock frag­

ments on any of the Koff:i.efontein dumps, whether from the 

current or o lder mining operations . The material which '"as 

provided for inspection at the mine on the day in question 

when the sampling was done was specially treated in the pro­

ces ~ing plant to provide an especially dense concentrate. 

It should represent the best sampling opportunity anyone 

has ever had at the mine. 

Mantle xenoliths and megacrysts were e~tremely rare in 

comparison to other kimberlites. One of the reasons that so 

little work has been done on xenolit! ., from this major mine 

i s undoubtedly the difficulty of finding mantle rock xeno­

liths. Xenoliths of basement rocks including garne t amphi­

bolites are quite common b~r comparison . The lack of inclus­

ions in the Koffiefontein kimberlite was already notic ed by 

Willia'!ls (1932 ), who states "This mine , dovm to the present 

depth (330 feet in the open} is remarkably free fro;n foreign 

inclusions of either country rock or cognate xenoliths. To 

its }Jrese11t dept!J this mine has undoubtedly produced the 

cleanest kimberlite of any mine in S.A., though at a depth 

of 500 feet an inclusion of red mudstone or sandstone has 

been struck •.... "- p. 29 (Williams, 1932). 

The most abundant mantle rocks found during the 1977 

visit to the mine , were pyroxenite/websterites (± garnet, 

---



- 9 -

± Cr-spinel) and there was a remarkable lack of olivine 

bearing rocks, again in contrast to pipes such a s those at 

Kimberley or nearby Jagersfontein. 

A large amount of h e avy mineral concentrates was also 

made available by De Beers Consolidated Mines, from which 

the individual minerals studied here were carefully selected. 
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CHAPTER III 

ShMPLE PREPARATION AND ANALYTICAL METHODS 

1. SAMPLE PREPARATION 

Polished thin sections of all the xenoliths were pre-

pared following Moreland et al. (1971). Mineral grains 

\ 

from the Koffiefontein concentrate and two fragments from 

each megacryst (one from the edge and one from the centre) 

were mounted on cylindrical discs of hard resin (9 Araldite 

AY 103: 1 Hardener HYOSl). All samples were then polished 

and coated with a thin lRyer of carbon, to provide conduct-

ivity. 

2. ANALYTICAL METHODS 

1. (a) Electron microprobe analyses 

Megacrysts, haavy concentrate minerals and minerals 

fro~ most of the Koffiefontein xenoliths were analys2d using 

a Cambridge Microscan V Microanalyser at the Geochemistry 

Department, University of Cape Town. 

..,.. ___ ........ ____ _ ...__, ---.:J..! +--..! ----

.l..J.J..:J \.,...J.. \..UUC:J.O:. \. . U..L '-V.U.U.J.. \,.o.L.V;!.:'J I cc.lit-~u.tivn ---...:J _ ..... ..:J .... -~.: --
UJ..O.'.....!. .;...• ..... •_.:.:.,.;.·- ·-..a..-·;. ;. o.f 

data have been discussed by Lawless (1974), Reid (1977) and 

le Roex (1980), and are summarised below: 
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Beam current 

Accelerating voltage: 

Analysing cryst~ls: 

Detection: 

Beam: 

Standards: 

15 ~A 

15 kV 

Quartz (Fe, Mn, Ca, Ti, Cr, K) 

RAP (Si, Al, Mg, Na) 

Flow counters- with Ar/C02 ~as 

mixture 

Focussed (1-2~). (For hydrous 

minerals a defocussed beam of 

10 - 30\J was used). 

Mg, Al, Mn, Fe, Ca, Si, Na, K, 

Ti Kakanui pyrope and 

hornblende 

Cr Stillwater chro:nite 

Mg, Fe, Ca, Si - Marjalahti 

olivine i:!nd pure diopside glass 

! synthetic) 

Ti - Rutile (synthetic) 

Raw counts \vere corrected for de~d time and backg.>:ound 

and nominal concentrations were calculated from the standard 

K-factors (cps/% oxide). Nominal concentrations were sub­

sequently corre cted using the method of Bence and Albee 

(1968) with the ex -factors of Albee and Ray (1970). 

Precision of the data, estimated from 12 analyses of 

the same spot of a garnet megacryst from Koffiefontein 

(KF78), is given in Tab:e III-1. The standard deviations 

about the mean of the 12 analyses are compared with the 

unce rtainty due to counting statistics; the theoretical 
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detection limits are also reported in Table III-1. 

Nickel wa~ determined in olivines using the following 

operating conditions: 

Beam current 

Acc~lerating voltage: 

Crystal: 

Detector: 

PHA : 

!...!tandard: 

1,0 llA 

25 kV 

LiF (200) 

Sealed counter 

E = 1.8 v (threshold) 

natural olivine from a kimberlite 

nodule with 0.35% NiO 

Total counting times at the peak and background posit­

ions we:. :e 150 sec. and 100 sec. , respectively. The detect­

ion limit of NiO in olivines is O,Oll%, with a relative 

precision error based on counting statistics of 3.36% on 

0, 23% NiO ( at 99% and 95% confidence lev,cl, respectively). 

A fe\"i' samples were analysed usin., the Anglo American 

Research Labor atories microprobe (ALR-SEM) in Johannesburg 

(analyst: G. Hutchinson). Details of the analytical pro­

c edure, instrumental conditions and standards used are 

given by La\vless (1978) and thP J:lYP.r.i!=;ion of thP (l;:lt-.r~ j!=; 

comparable to that obtained at the University of Cape Town. 

(b) X-ray Fluorescence 

Whole rock compositions were determined by X-ray 

fluorescence (XRF). Majer e l ements (with the exception of Na) 



- 13 -

were analysed using the method of Norrish and Hutton (1969). 

The de terminat:'.on of Na was done on pressed powde:r. bri­

quettes. All analyses were performed according to the rou­

tine procedures adopted at the Geochemistry Department, 

University of Cap e Town (Willis et al., 1971; 1972). 

Estimates of the precision and detection limits for 

the major oxides and of the accuracy of the date are given 

in 'rable III-2. 
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CHAPTER IV 

MANTLE DERIVED ROCKS FROM THE KOFFIEFONTEIN 
KIMBERLITE PIPE 

1. INTRODUCTION 

Mantle derived nodules occurring in kimberlites ca.n be 

subdivided into five categories : 1 - peridotites and dunites; 

2 - garm::t-pyroxenites; 3 - eclogites and grospydites; 

4 - megacrysts (discrete nodules) and 5 - amphibole anu 

mica-rich types (Harte 1 1978). Out of the ahove rock types, 

peridoti·tes are the overall most abundant xenoliths in 

kimbe rlite pipes , although there are :· ,1di vidual localities 

where eclogites are predomir.ant (e.g. Robe:.ct.s Victor - Hatton, 

1978; Orapa- Shee, 1978). Garnet pyroxenites are usually 

rare (e.g. Harte , 1978) and due perhaps to their scarcity as 

nodules in kimberli tes 1 they have received little attention 

in the study of the upper mantle. 

Pyroxenite. (including garnet poor and garnet. hen:dng 

vari eties ) is the most abundant xenolith type found at 

X:officf0.Liti::ir;. (J2 _ .c -
V.6.. Ci. total of 36) \·ll-i'-=.i. t...:as J;Jt:r .i(10 L..i. t.c i-3 

extremely rare (a total of only 4 were found ). The xeno-

liths at this locality have been therefore subdivided into 

two groups: Group A - pyroxe nites and Group B - peridotites . 

On a textural basis, Group A can be further subdivided 

into five types : 
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These xenoliths are believed to represent 

original highly aluminous clinopyrcxenes, 

which have exsolved garnet, ± orthopyroxene 

and± chromite. They consist mainly of large 

clinopyroxenes, which exhibit both lamellar 

and co~rse exsolution of the above phases. 

Some primary garnet and/or orthopyroxene 

may be present. 

Typ•~ II - These xenoliths are believed to represent 

original aluminous orthopyroxenes, which have 

exsolved garnet, ± clinopyroxene, ± chromite. 

Type III - Large orthopyroxene crystal::. are the main con­

stituents of these xenoliths, with smaller 

amounts of clinopyroxene, garnet and chromite. 

These three mine~~ls seem to be primary 

phases, \'lith the exception of a small modal 

percentage of clinopyroxene in a few specimens, 

which may be the product of exsolution from 

their orthopyroxene hosts. 

Type IV - In this category there is a gradation from 

orthopyroxe nites, through websterites to 

clinopyroxe nites sensu stricto. They are 

charac t eri s ed by polygonisation of individual 
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grains, and exsolution lamellae are widely 

displayed by pyroxene grains. Wi~h one 

exception, they are all phlogopite or amphi­

bole bearing. Garnet and spinel are absent. 

Olivine bearing websterite (pyroxenite). 

Of the four peridotites, one is a garnet 

lherzolite, two are harzburgites and one is a 

chromite harzburgite. 

Each of the above groups will be separately discussed, 

but particular attention will be focussed on Types I and II 

pyroxenites. 

GROUP A KOFFIEFONTEIN PYROXENITE XENOLITHS 

Typ e I pyroxenites 

Introduction 

Type I pyroxenites comprise a group of xenoliths in 

which the main constituent is a "dull" to bright green 

clinopyroxene , with smaller but usually significant amounts 

of garnet and/or orthopyroxene, often recognisable as 

exsolution products. They are roundish in shape , rv3 - 3",5 em. 

in average size, occasionally covered with a thin gre~r:i. 3il 

reaction rim. In thin section the minerals are fresh. to · 

slightly altered and their t extures often display unmixing 

features. The occurrence of clinopyroxenites showing 
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exsolution of garnet and/or orthopyroxene have also been 

reported from the Jagersfontein (Borley and Suddaby, 1973), 

Frank Smith (Boyd, 1973) and Matsoku (Harte and Gurney, 

1975) kimberlite pipes, in southern Africa. 

In the individual specimens studied, it is not always 

possible to decide on t extural evidence whether or not the 

orthopyroxene and garnet have been totally exsolved from the 

clinopyroxene, or whether they are present as primary phases 

that crystallised simultaneously with it. As will be discussed 

during individual descriptions of these samples, there is a 

complete gradation in rock textures from: 

1) evidence of total exsolution of garnet and orthopyroxene 

(e.g. PC21) 

2) total exsolution of garnet and orthopyroxene, now 

partly obliterated by recrystallisation or coarsening 

of the exsolved phases (e.g. PC55 and PC25) 

3) very little or no evidence for exsolution, as in 

PC34 and PC35, respe ctively, where most garnet and 

orthopyroxene could have been primary phases. 

(PC34 is the only "eclogite" found at Koffiefontein). 

Regardless of the above features, these xenoliths will 

be discussed as a group, because of chemical similarities 

between their constituent minerals. 

Due to the small size of the specimens only one thin 

section of each rock could be obtained. This was a 
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shortcoming, since the observation of three thin sections 

at right angles is essential, especially in the case of 

unrnixing textures. Modal proportions were not estimated 

by point-counting because of the limited area available and 

corase grain size (Soloman and Green, 1965). They were 

estimated by overlaying a grid over photographs of the thin 

sections used for microprobe work. They wer~ also calculated 

by computer: the percentage of each phase in each r ock 

required to reconstruct the total rock composition was 

calculated according to mineral probe analyses and tota l­

rock XRF analyses, respectively. Both estimates are given 

in Table IV-1; the wide discrepancies bet\.,reen the two can 

be accounted for by the uneven distribution of the minerals 

in each xenolith (Note: whenever modal proportions are re­

ferred to, theoretical ones are preferred). 

A brief description of the individual xenoliths is 

given below: 

(Note: Throughout this study the end member molecules of the 

pyroxenes was .calculated according to Papike. et al. (1974). Fo::::- bulk 

roe;k compositions, where Fe/Fe+Ng <o.S and Ca/Ca+Hg <0.5, the 

Tschermak molecule was calculated as a ~1g end member pre-

ferably to Ca-Tschennakite (Papike et al., 1974). 

End member molecules were not calculated for garnet 

compositions because as Boyd (1970) points out "substitutions 

in the six-coordinated site are not generally coupled to 

substitutions in the eight coordinated sii..e" - pp. 68. 



2.1. 2 

- 19 -

The following abbreviations will be used: 

cpx- clinopyroxene; opx- orthopyroxene; gt- garnet.) 

Petrographic Descriptions: 

PC21 : cpx, opx , gt 

A single clinopyroxene megacryst in which orthopyroxene, 

recognised by its straight extinction, occurs as bands of 

variable width, with no .visible grain boundaries between 

the two minerals (Plate 1). Garnet is present as exsolved 

very long thin lamellae (up to 4 mm. in length) and as short­

er and wider (up to 0.6 mm. in width) rod shaped grains 

(Plate 1). There is an almost total gradation between the 

two forms of occurrence and they are occasionally joined; a 

possible explanation for this is that it may illustrate a 

process of growth and coarsening of originally very thin 

garnet lamellae. The phenomenon of coalescing of exsolved . 

grains has been reported by several authors such as Boyd 

(1973) and Dawson and Smith (1973). It can either be a 

deformation activated process (Dawson and Smith, op. cit.) or 

occur during a temperature decrease (Spry, 1969), depending 

on ionic mobility, which is a function of the structures of 

the host and inclusion. Alternatively, they may represent 

two different generations of exsolution, parallel to each 

other. The crystal is crossed by a series of parallel meta­

somatic veins, where phlogopite is the main constituent, 

and which probably is associated with the kimberlite 
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magmatism. 

PC22 : cpx, opx, gt 

Two large clinopyroxene cryst~ls with round to ellip­

tical "inclusions" of orthopyroxene, varying in size from 

0.3 to 4 1nm. (Plate 2). The clinopyroxenes are optically 

positive, show no cleavage and multiple twinning is observed 

in small areas, which indicates deformation. 

The orthopyroxenes are also optically positive, and 

with two exceptions (see Plate 2), ex~inguish simultaneously 

within each clinopyroxene crystal; two others show slight 

undulose extinction, also suggesting deformation. (The 

orientation of the ortho.:?yroxene inclusions relative to 

their two hosts is the same in the two clinopyroxenes). 

Although it is uncertain whether some of the larger ortho­

pyroxene grains were primary phases (in particular the two 

which have a different extinction angle - see above ) , mc•st 

have been exsolve d from their hosts. This is suggested by 

a complete gradati on in si.ze , parallel orientation of the 

few grains that have an elongated lamellar shape , and their 

simultaneous extinction. 

A small round garnet occurs near the edge of a large 

orthopyroxene. A brownish alteration with phlogopite flake s 

is present along cracks, sometimes surrounding the ortho­

pyroxene , and is probably related to the kimberlite. 

PC25 : cpx, opx, gt 

This rock consists of two cl i no pyroxene crystals, 
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almost separated by a "finger" of orthopyroxene. The 

latter mineral nlso occurs throughout the rock as large 

irregularly shaped crystals (up to 7 mm.), parallel elongated 

blebs and lamellae; occasionally these are joined (Plate 3). 

Garnets are present in the clinopyroxene as long thin 

lamellae parallel to thm:e of orthopyroxene, "lnC! as r oundish 

grains within both the clino- and orthopyroxenes, and along 

the boundaries between the two. 

It is suggested that both the ga.t:net and orthopyroxene 

are exsolved phases, which may have undergone subsolidus 

migration to minimize grain boundary energy (Spry, 1969) 

immediately prior to the time of emplacement. Some of the 

garnets enclosed within the orthopyroxene were trapped 

during coarsening of these grai:1s. 

PC33 : cpx, opx, gt 

Bright green clinopyroxene, again showing some signs 

of unmixing (Plate 4). It shows exsolved orthopyroxene 

both as very thin lamellae and as bands of variable width 

(Plates 4 and 5). In one instance, the orthopyroxene forms 

a rim around a core of clinopyroxene, although no boundary 

between the l~wo is visible, and this is recognised under 

polarised light_," (Plate 4). Sin.c:e this occurs at tne 

edge of the slide, the true relationship cannot be obse rved, 

but it could represent migration o f the exsolved orthopy-­

roxe n e towards the edge of its host. Garne t (Plates 4 and 5) 

occur s as rod-shaped crystals, sma l l lamellae parallel to 
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the cleavage and as larger grains (one reaches ~s mm. in 

size). Whereas the former are exsolved, it is not possible 

to decide texturally whether the large garnet grains are 

primary or exsolved, although the latter possibility is 

suggested by a finger-l~ke intergrowth of clinopyroxene and 

garnet at the edges of one of these (large garn~t on bottcrn 

right hand side of Plate 4). 

PC34 : cpx and gt 

This specimen is the only eclogite found at Koffie­

fontein. There is a wide variation in grain size in both 

the clinopyroxene (~1- 5 mm.) and the garnet (0.2- 6 rnrn.). 

The clinopyroxene is very pale green in this section, and 

has a slightly turbid appearance. The garnets are fresh 

and roundish in shape. Kelyphitic alteration occurs both 

along cracks and edges. Two small roundish garnets are 

joined by a thin "bridge", indicating a possible mechan.:..sm 

of coarsening of grain size of garnets, if any were exsolved. 

PC35 : cpx, gt, opx. 

In hand specimen this xenolith consisted mainly cf 

clinopyroxene, with lesser amounts of garnet and orthopyrox ­

ene. In contrast, the thin section available shows a pre­

dominance of coarso:~ grained garnets (up to ~0. 8 rnrn.), 

followed by orthopyroxene (one crystal ~s rnm. long) and 

minor clinopyroxene along the edges. Although the minerals 

are fresh, the garnets are surrounded by kelyphite. The 

coarse grain si7.e of both garnet anu orthopyroxene in this 
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section does not suggest exsolution. 

PC54 : cpx 1 opx 1 gt 

Clinopyroxene crystal with orthopyroxene and garnet pre­

sent as long 1 narrow a'nd almost parallel inclusions (Plate 

6) 1 which again suggests structural control by the clino­

pyroxene host. Bo:.h the clinopyroxene and . its exsoluti.on 

products have a cloudy appearance and are slightly altered. 

Two large (~3 and 5 mm.) garnets are present and again 

not possible to decide whether they are primary or exsolved 

phases; one of them is enclosing a round grain of clin0-

pyroxene. Small elongated dark brown cryst;~ls 1 possibly of 

chromite are present within one of the garnets and through­

out the clinopyroxene. 

PC55 : cpx, opx, gt, chr. 

This xenolith shows the interesting feature that its 

centre and edge have a difierent text.ure (Plate 7). 

The centre consists of a single clinopyroxene crystal 

with very small roundish exsolved garnet and chromite grains 

and with narrow, dark parallel bands of an alteration pro­

duct, along which orthopyroxene can occasionally be identif­

ied, across the whole grain. 

The margin is formed by polygonal grains of cline-

and orthopyroxene 1 and roundish chromites and garnets ~ ··lith 

dark coronas around them) , of larger dimensions than the · 

ones observed in the core of the xenolith. 

Within the marginal zone, there are areas resembling the 



- 24 -

core, and within the centre a small portion of the clino­

pyroxene has started to develop a similar appearance to 

the edge. It is suggested that originally the rock was a 

single clinopyroxene crystal, which exsolved orthopyroxene, 

garnet and chromite, with a texture resembling the core of 

the xenolith. Subsequently, it has been recrystallised, 

with growth and nucleation of the exsolved phases, a pro­

cess which has occurred preferentially along the margins 

of the crystal, but relicts of the original texture are 

still observed. Recrystallisation in the centre was incom­

plete when the xenolith was sampled and transported by the 

kimberlite. This is an important rock as it demonstrates 

the significant role that deformation can play in the 

obliteration of the relicts of former higher temperature 

equilibration. 

PC58 : cpx, opx, gt 

Large clinopyroxene crystal containing a gRrnet in­

clusion (~4 mm.) of garnet surrounde d by kelyphite. Ortho­

pyroxene occurs as lenses and elongate d crystals which 

are in optical continuity throughout the clinopy~oxene, 

suggesting exsolution. 

An additional fragment of the same rock contains a 

small clinopyroxene crystal included within the large clino­

pyroxene, as well as a larger orthopyroxene, the origin of 

which is ambiguous (primary phase or orthopyroxene which 

was exsolved and has now migrated to the edge?) • Phlogopite 
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is also present. 

Mineral chemistry: 

In general, individual phases in each rock are charact­

erised by uniform compo~ition and lack of zoning, and only 

chemical averages will be given in Table IV-2 (number in 

brackets indicates number of analyses). Several analyses 

are presented for PC2l, because this sample has not attained 

chemical equilibrium. The unmixing c f garnet and ortho­

pyroxene from the clinopyroxene are illustrated in a qua­

litative microprobe scan across a zone of this crystal. 

Nevertheless, all the g~rnets analysed revealed an almost 

constant composition, and several ortho- and clinopyroxene 

analyses are almost uniform. These will be take n a.s average 

"minimum" compositions attained by these t.\-10 phases, in the 

following discussion. 

Clinopyroxenes: 

The clinopyroxenes hnve relatively restricted rar:ges 

in ~~g/Hg+Fe (G8. 9- 94 .7) and Ca/Ca+ivig ratios (47.4- 49 . 4) , 

and show variations in Alz03 (0.7- 4 .9 wt.%), Crz03 

(·0.44- 1.3 wt.%) and Na2o (0.5- 2.9 wt.%) contents. ;!'hey 

are diopsides with e x tremely low Ca-'rschermak component in 

their molecules, and jadeite varies between 2.1 and 19.2 

mole% (Table IV-3). 

The NazO content increases with increasing Al203, 

which is equivalent to an increase in jadeite, and d ecreases 
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with both CaO and MgO contents (Fig. IV-1 a,b). 

Garnets: 

The garnets ore pyropes with Mg/Mg+Fe ratio varying 

between 64.8 and 80.6 1 corresponding to a decrease in FeO 

from 14.3 to 10 wt.%. They display a trend of calcium 

and iron enrichment in a Ca-Mg-Fe diagram (?ig. IV-2), 

similar to that observed for eclogitic garnets. Cr203 

(0.4 - 3.6 wt.%) shows a positive correlation with both 

FeC and CaO (4.1 - 6.2 wt.%), and a decrease with increasing 

MgO (Fig. IV-3 c,b,a), which is contrary to the Cr203-MgO 

relationship <~Qserved in garnets from concentrates (Lawless, 

1974; Reid and Haner, 1970)and rocks elsewhere (e.g. Matsoku, 

Gurney et al., 1975). 

Orthopyroxenes: 

The orthopyroxenes are quite iron rich (5.0 - 9.9 wt.%) 1 

and have low Al203 and Cr203 contents (0.38 - 0.69 and 

0.06- 0.19 wt.%, respectively), An increase in the 

Mg/Mg+Fe r.atio (85 . 7 . - 93) is accompanied by a sJight. 

decrease in CaO. 

Di s cussion: 

A study of the chemical behaviour of some oxides within 

individual .minerals and b etv1een coexisting phases in Type I 

pyroxenite s, has revealed many unique fe~tures 1 contrary 

to those found in rocks else\vhe1·e. For example 1 and as 



- 27 -

already pointed out, there is a sympat~etic variation between cr
2
o

3 

and FeO in garnets, and besides, an increase in their grossular 

components is accompanied by an increase in the amount of coexisting 

modal or.thopyroxene. 

The partition of elements between coexisting phases, if inde-

pendent of bulk composition, reflects the environmental conditions 

prevailing at the time of their formation. This principle forms 

the basis of geothermometry/geobarometry methods, and their application 

to Type I pyroxenites resulted in conflicting and very different 

estimates of their temperatures of equilibration. 

Because of the unique characteristics and difficulties encount-

ered in the chemical study of these xnoliths, they will be discussed 

in point form below, in an attempt to make them more easily understood. 

(i) The garnets from the Koffiefontein Type I pyroxenites have 

grossular components ranging between 10.4 and 17 mole % (Fig. 

IV-2). The grossular increase is actually accompanied by an 

almost systematic increase in the modal amount of coexisting 

orthopyroxene (and a decrease in the modal amount of garnet). 

In contrast, elsewhere, a general characteristi c of 

garnets occurring in lherzolites and websterites, is a low 

and almost constant value of grossular component (<vl3 mole % -

O'Hara and Mercy, 1963; MacGregor, 1967; Reid and Hanor, 1970), 

because the presence of orthopyroxene seems to prevent CaO 

enrichme nt in garne ts, according to the buffer reaction: 

Ca(Mg 1 Fe) Si
2
o

6 
+ (Mg,Fe)

3 
Al

2
Si

3
o

12 
+ 
+ 

(Hg , Fe) Si
2
o

6 
+ Cal.1

2
si

3
o12 

(after Ha tton , 1978). 
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Therefore'· garnets coexisting with both clino- and orthopyroxene 

should have a greater r~/Mg+Ca ratio than those coexisting with 

clinopyroxene alone (Kushiro and Aoki, 1968). However, here 

the garr.at from the only "eclogite" found at Koffiefontein, 

has the highest t-'lg/Mg+Ca ratio. This suggests that the ortho-

pyroxene huffe~ing effect referred to above did not take place 

at the time of crystallisation of these assemblages. 

(ii) A study of the chemistry of the garnets as a function of the 

variation of the Na
2

o content of coexisting clinopyroxenes, 

has been attempted (Kushirc. and Aoki, 1968; Hatton, 1978; Shee, 

1978) • It is ob:=:erved that as the clinopyroxene becomes more 

jadeitic, there is a decrease in cao, FeO and cr
2

o
3

, anG an 

increase J~ the MgO contents of the garnets (Fig. IV-4 a,b,c,d). 

The Na
2

o content of clinopyroxenes in eclogites can some-

times be used as a differentiation index (Hatton, 1978; Shee, 

1978), and with progressive fractionation, l~a 2o will become 

concentrated in the more evolved liquid and coexisting pyrox-

enes, causing cao to enter the garnat structure. If ortho-

pyroxehe is present , garnets w.i..ll becorne enriched in FeO · ·with 

differentiation, but CaO enrichment will be prevented accord-

ing to the buffer reaction referred to in (i) Hatton, 1978} • 

However, at Koffiefontein it has already been pointed out 

that this buffering effect 0id not take place in Type I 

~)yroxeni te s. 

Alternatively, increasing amounts of Nct
2

0 in the clino-

pyroxene , coexisting with orthopyroxene and garnet, can also 
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cause a decrease in the amount of CaO in the garnets (Banno, 

1967; Sobolev, 1977). However, it should be nc.ted ·that simul-

taneous with the CaO decrease, enrichment in the MgO content 

of the garnet also took place, and this is contrary, to what 

is expected frou fractional crystalli s ation. 

In Type I pyroxeni tes, if the gan1e ts and orthopy~·oxenes 

are exsolved phases, then the original bulk and chemical com-

positions of the clinopyroxenes were the controlling factors 

in determi~ing the chemistry of the garnets in Type I pyrox-

enites. The re-equilibrated clinopyroxenes have attaine(~ 

almost constant Ca/Ca+Mg ratios , and MgO is preferentially 

concentrated in orthopyroxene relative to garnets, and the 

reverse applies to FeO and CaO. Depend~ng on the original 

bulk composition, exsolution of progressively greater modal 

proportions of orthopyroxene, would have caused a CaO enrich-

ment in the small amount of exsolved garnets, towards the 

Ca-rich end of the trend described in (i) (refer to Fig. IV-2). 

The enrichmen-t of Cr L.o
3 

in garnets with progressive CaO and 

FeO enric[l.ment could also be explained o n the se.me b.::tsis . Fer 

example, bulk rocks PC22, PC25 and PC34 have very s imilar cr 2o3 

COH L.t:ll L.:::; ('"vO . 4 wt. %) • Cr 
2
o

3 
is usually concentrateu in garf1ets 

relative to either clino- or orthop1roxene, and upon exsolution 

cr
2
o

3 
has b een concentrated in the small modal proportion o f 

garne t exsolved in PC22 and PC25 (3.2 and 2.7 wt.% cr
2
o3 ), 

0 

whereas it has been "diluted" in the large modal proportion 

o f garne t exsolved in PC34 (~0.4 wt. % cr
2
o

3
) . 
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(iii) The Ca/Ca+Mg ratios cf coexisting clino- and orthopyroxene 

are a function of their equilibration temperatures (e.g. Davis 

and Boyd, 1966; Boyd and Nixon, 1973; Akella, 1976). There 

are problems associated with the application of the above 

geothermometers to natural minerals, mainly because of the 

~- . 
presence of Fe (L1ndsley and Munoz, 1969) and to a smaller 

3+ . 
extent to that of Al (O'Hara and Schra1rer, 1963; Boyd, 1970), 

and also because there is now wide evidence that they are also 

dependent on pressure (Hensen, 1973; Mori and Green, 1975; 

Nehru, 1976). The pressure dependence of the enstatite solvus, 

especially on Fe-bearing systems, is greater than that of the 

diopside solvus (Hensen, 1973; Mori and Green, 1975), but 

this pressure effect seems to decrease at temperatures around 

900°C (Mori and Green, 1975). On the other hand, at these 

temperatures the geothermometers also become less sensitive. 

Calculation of temperatures of equilibration for Type I 

pyroxenites based on the mutual solubility of the two pyrox-

enes, yielded almost constant results, around the 900°C 

region (Wood and Banno, 1973; Wells, 1977 - Table IV-4, columns 

1 and 2) , and are the:r·efore not reliable. The Ca/Ca+Mg ratios 

of the clino- and orthopyroxenes (47.7 - 49.6 and 0.31 - 0.66, 

respectively) fall outside the calibration ranges of the 

empirical geothermometers of Davis and Boyd (1966) and Boyd 

and Nixon (1973), but also yield temperature estimates ~950°C. 

(Columns 3 and 4 in Table IV-4). Despite shortcomings, these 

ratios can still be take n as "qualitative" reflections of 
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temperatures of equilibration for these rocks. 

Although the Ca/Ca+Mg ratios of both pyroxenes are almost 

constant, the variat:i_ons observed are great.er than the analytic-

al errors resulting from counting statistics, especially for 

the ortbupyrcixenes (see Fig. IV-5). A plot of the Ca/Ca+Mg 

ratios of the clinopyroxenes versus those of t~e orthopyr oxenes 

(Fig. IV-5), shows that the clinopyroxenes with the highest 

ratios (indicative of a lower temperature) coexist with ortho-

pyroxenes also having the highest Ca/Ca+Mg ratios (indicative 

of a higher temperature), which is indicative of a lack of 

equilibrium betw(,en these two phases. 

(iv) The distribution of Mg/Fe
2

+ between clinopyroxene and garnet, 

and orthopyroxene and garnet is a function of temperatures and 

pressures of equilibration (Banno, 1970; Akella and Boyd, 1974; 

Raheim and Green , 1974) . 

The ~ values for clinopyroxene-garnet pairs (K
0 

= 

(Fe/Mg) t/(Fe/Mg) ) are generally assumed to be independent 
g cpx 

of their bulk rock chemistry (6.2 <r-1g/Mg+Fe
2

+ <85, Raheim and 

Green, 1974), but are known to be a function of the Na
2
o con-

tent of the clinopyroxene and of the CaO conte nt of the g arnet 

as well (Banno, 1970; Ellis and Green, 1979). The dis-

tribution 
2+ 

of Fe and Mg betv1een clinopyroxene and gar-

net in the Koffiefontein Type I pyroxenites is clearly affected 

by these compositional variables, a s illustrated in Fig. IV-6. 

'I'emperatures of equi lihration for these xenoliths were 

calculated using the equations of Akella and Boyd (1974) 
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o _ 4620 and Ellis and Green (1979) (T( K) - 2,31 + ln K (T (°K) = 
. . ... D 

3104 xg~ + 3030 + ·10.86P (Kb) and results are given in Table 
ln ~ + 1.9034 

IV-4 (columns 5 and 6) • The latter takes into account the 

CaO content of the coexi s ting garnet and is also dependent 

on a pre-estimation o f the equilibration pressure. Pressures 

were first determined according to the method of ~vood and 

Banno (1974) (Table IV-4, column 8) as a function of the AlVI 

content of orthopyroxene coexisting with garnet. The two geothermo-

meters yielded very diff erent estimates. Those obtain ed 

according to Akella and Boyd (1974) are lov1er (865 -992°C} 

than those estimated according to Ellis and Green (1979) 

(1028 - 1161 °C) • 

(v) Fig. IV-7 (a,b,c) shows a plot of the Mg/Fe
2
+ratios for co-

existing garnet-orthopyroxene, garnet-clinopyroxene and clino-

orthopyroxene pairs, res pectively, in the Koffiefontein Type I 

pyroxenites. In Fig. IV-7 (a) the plotted point s fall b e tween 

two lines defining an almost constant K value , ranging between 
. D 

2+ 2+ 
3.2. and 3.4 (K = (Mg/Fe ) t/(Mg/Fe ) ). However, o n the 

D g opx 

basis of different ~values, the clinopyroxe ne-garne't7 and the 

ortho-clinopyroxene pair s define two population groups : 1 and 2 

(see Fig. IV-7 (b) and (c) - Group 1 has a grea t er amount of 

modal orthopyroxene wher eas group 2 h a s a greater modal pro-

portion of garnet). (Note: (a) In Fig. IV-7 xenolith PC34 falls 

outside the ranges of the K
0 

values of eithe r groups, and this 

is the only "eclogite " studied. (b) PC21 doe s not follov1 the 

same trend as the o t he r xenoliths , b u t as menti o ned before , it 
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has not attained chemical equilibrium). 

From the above, the clinopyroxene-orthopyroxene and 

clinopyroxene-garnet pairs indicate slightly different equi-

libration environments for these xenoliths. Akella and Boyd's 

(1974) temperatures for Gr~up 1 are slightly lower (865 - 905°) 

than for Group 2 (946 - 992°C), whereas Ellis and Green's 

(op. cit.) equation yields similar and overlapping results 

0 
for both groups (Group 1 - 1095 - 1121 C; Group 2 - 1028 -

1161 °C) • On the other hand, the orthop:troxene-garnet pairs 

sugg8st that they have all equilib~ated under the same con­

ditions or alternatively, that the partition of Fe
2

+-Mg between 

these minerals was "blockecl " at a certain temperature, and 

did not respond to further changes (Fraser and Lawless , 1978). 

This will be discussed at a later stage. 

(vi) The Cr/Cr+Al ratios of coexisting orthopyroxene-garnet and 

clinopyroxene-~larnet pairs in Type I pyroxeni tes from Koff ~e-

fontein arc positively related, as has been reported for o ther 

xenol i ths elsewhere (Sob olev, 1970, 1977). The ~values 

bet\-1een garnet and clinopyroxene pairs (~ = (Cr/Cr+Al) gt/ 

(Cr/Cr+Al) ) increase with increasing t emperatures (Sobolev, 
cpx 

10_,1""'\, --..:l "'-'---.- 'TJ' __ _ ., __ _ __ -\· - ,...,'\.: _ __ -

...:... _,I "-"i U..l.L'U. ;....o..tC..::JC •n VO..J..UC::;o ..t..l4. ;.,ii:!l....: J. ~.i .4. uxc 11l L.e s i:.i..l: e dlli103 L cvn·-

stant, ranging from0.20-0.28, with one value at0.12 ( ?a= ±.04) .. 

suggesting a uniform equilibration tempera ture: 

(Cr/Cr+Al) t/(Cr/Cr+Al) 
. g cpx 

PC22 = .28 PC35 = .22 

PC25 = .24 PC54 = .22 

PC33 = .26 PC55 =- .24 

PC34 = .20 PC58 = .17 
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Mysen (1976) found that the partition of AlVI and Cr 

between clino- and orthopyroxenes in natural peridotites can 

be u sed as a geothermometer , yielding temperature estimates 

comparable to those obtained by the Davis and Boyd (1966) 

geothermometer .Hysen points out that misleading results may 

be obtained, if his equation (
1

/T=(0.26 ±.Ol)ln KD + 

(0.67 ±.01); K = (Alv
1
/cr) /(Alv

1
/cr) ) is applied to 

D opx cpx 

different assemblages, but Mysen and Boettcher (1976) suggest 

that their method is also applicable to websteri tes. It 

yielded temperature values of 1093 - 1304°C for the Koffie-

fontein Type I pyroxenites. (Table IV-4- column 7). Although 

Mysen's (op. cit.) calibration range is below 1200°C, the 

overall temperature values are higher ~han those obtained by 

other geothermometers a lready mentioned (refer to Table IV-4) 

and are only comparable to temperatures obtained by Ellis 

and Green's (1979) equation (with the exception of PC25, 

they are \vi thin ±l00°C). 

(vii) It has been illustrated how the application of different 

geothermometers to Type I pyroxenites from Koffiefontein, 

revealed a lack of consistency in the results obtained. Wide 

discrepancies are observed in temperatures derived from both 

the equilibration of clino- and orthopyroxenes ( e .g. Wood and 

Banno, 1973; Mysen, 1976; Wells, 1977) and cl i nopyroxene and 

garnet (e.g. Ellis and Green, 1979; Akella and Boyd , 1974) 

tvi thin each xenolith, suggesting tha t t he geothermometers are 

out of phase . 
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Fraser and Lawless (1978) suggest that re-equilibration 

of pyroxenes and garnets with respect to the distribution 

2+ . 
of Fe -Mg, takes place at h1gh temperatures, but that the 

partition of these elements ceases to be effective below 

~1100° r.:, while temperature changes are still recorded :i.n the 

Ca/Ca+Mg ratios of the pyroxenes. This suggestion has been 

disputed by Carswell (1978) who claims that the above observ-

ations are due to combined temperature and pressure effects 

on the xenoliths studied by Fraser and Lawless (op. cit.). 

Fig. IV-8 (a,b,c) is a plot of ln K (K = (Mg/Fe
2

+) I 
D D ~ 

2+ 
(Mg/Fe )gt) as a function of pyroxene variables reflecting 

their equilibration temperatures. 

In i 1 ig. IV-8 (a) (K
0 

vs. 
cpx/gt 

VI VI 
(Al /Cr) I (Al /Cr) ) 

opx cpx 

a linear rela~ionship is observed, but the temperature trends 

defined by the two variables are opposite to each other, 

shm.;ing that the two geothennometers are o·.1t of phase. The 

temperatures defined by the equilibration of Alv
1
/cr between 

ortho- and clinopyroxenes may represent "relict" temperatures 

from an earlier stage in the cooling history of these rocks. 

The residual refractory behaviour of Cr was shown for Cr in 

g ctrn8ts i~ ~·!~t3 .:;,1~~ P~i1:"0f:c :r1 it~ v:.-: i.u::, a.uU iz1 ctU.jacent perid.o--

tite (Harte et al., 1977). If the diffusion and re-equili-

. 3+ 
brat1on of Al and/or Cr between these phases was slower 

than that of other components (e.g. Carmichael, 1969; Fraser 

and Lawless, 1978), then it is likely that the AlVI content 

of the orthopyroxene will also reflect an earlier stage of 
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re-equilibration between orthopyroxene and garnet. Therefore, 

equilibration pressures determined by Wood's equation (1974), 

where components such as (Fe/Fe+Mg) and (Fe, Mg, ca, Mn, 
· opx 

Na)gt are taken into account, may be incorrect. 

In Fig. IV-8 (b) (K
0 

versus Ca/C <.J.+Mgcpx) there 
cpx/gt 

is a range in K
0 

despite the almost constant Ca/Ce+Mg ratio 

of the clinopyroxene, and again the geothermometers are out 

of phase. This can be interpreted a s being due to either: 

(i) lack of equilibration of the cl inopyroxene and garnet 

with respect to all components as the temperature 

decreased. 

(ii) if there was equilibration, then the different ~ 

values may reflect different pressures of equilibration 

and/or dependency on original bulk compositions. 

In contr<tst, in Fig. IV-8 (c), (K versus Ca/CarMg ) 
D opx 
opx/gt 

the KD values remain constant regardless of a slight change 

in tte Ca/Ca+Mg ratio of the orthopyroxene. Because of the 

small range in the latter, it is difficult to be conclusive 

about the implications of this trend, but similar ranges 

l;!.J..:c. ewueLe (::;ee ri<:J . IV-l3) reflect ~variations. Therefore, 

the partition of Fe
2

+ -Hg between orthopyroxene and ga::net may 

have been "blocked" below a certain temperature ('Vl000°C, 

Fraser and Lawless, 1978), or again may just reflect a dep~nd-

ency on pressure and bulk compositions. 
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2.1.5 Bulk rock chemistry: 

The clinopyroxenite bulk chemical compositions, as determined by 

XRF, are given in Table IV-5, where they have been recalculated to a 

pyroxene form,..1la based on 6 oxygens. They show a slight cation excess, 

which could be due to several reasons: 

1) analytical error 

2) any ferric iron present (Fe
2
o

3 
obtained on total rock analyses 

is not relied upon, due to some evidence of introduction of foreign 

material during ascent to the surface) 

3) initial garnet/orthopyroxene that may have been present in some 

of these rocks. 

Although the Mg/Mg+Fe ratios are relatively restricted (85.6- 90), 

the chemical variation shown by other oxides is very wide, especially 

the Al
2
o

3 
contents (1. 4 - 10.4 wt. %) • A positive correlation bebveen 

Na
2
o and Al

2
o

3 
contents is observed, but othervTise they shm• a dis­

continuous change in composition (e.g. Fig. !V-9). 

Bulk rock compositions and coexisting minera1.s in each reck are 

plotted in a Ca-Mg-Fe ternary diagram (Fig. IV-2). Tie line s between 

coexisting clinopyroxene and garnet in rock PC3 4-, and cline- and ortho­

pyroxene (~3% garnet prese nt) in PC22, almost inte rsect their bulk 

compositions, whereas in all otheYs these fall within the field defined 

by their respective 3 coexisting phases. 

2.1.6 ' Discussion: 

The occurrence of garnet-pyroxenites similar to Type I 

pyroxenites found at Koffi efontein,. has been reported from 

several localities in the \';orld, ·as lenses and dyke s 
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in alpine peridotites (Carswell, 1973) and as inclusions 

in basalts (Green, 1966; Beeson and Jackson, 1970; Lovering 

and Nhite, 1970; Shervais et al., 1973; Wilkinson, 1973) 

and in kimberlites (Barley and Suddaby, 1973; Boyd, 1973a; 

Harte and Curney, 1975). 

They are regarded as represer_t.ing either: 

1) basaltic liquids crystallised at high pressure and 

temperature (Yoder and Tilley, 1962); 

2) residues from which basalt has been extracted 

(Beeson and Jackson, 1970); 

3) high pressure cumulates from basaltic magmas (Tilley 

and Yoder, 1964; Green, 1966; 0'Hara, 1969, 1973; 

Harte and Gurney, 1975), and 

4) as samples of unmodified layered upper man·tle 

(Wilkinson, 1973) • 

Regardless of their origin, it is widely agreed that 

in general they have undergone subsolidus re-equilibration 

at lower temperatures or higher pressures with some 

exsolution of garnet and/or orthopyroxene (Green , 1966; 

Beeson and Jackson, 1970; Lovering and \Vhite, 1970; 

Boyd, 1973; Wilkinson, 1973; Shervais et al. 1 1975) 1 

although the amount of garnet that can be accommodat e-. (~ 

in clinopyroxene as solid solution prior to re-equilibrat­

ion remains highly speculative. 

The textuLeS of Type I pyroxenites indicate a 
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metamorphic history, with exsolution of garnet and 

orthopyroxene. There is evidence of coarsening , coales­

cence and recrystallisation of the exsolved phases , and 

therefore it is not always possible, on a textural basis 

alon,~, to decide whether or not all the· garnet/ orthc!:>yroxene 

repre3ent products of exsolution . For example, in PC35 

and PC58 all garnet looks "primary", whereas in PC33 , 

PC34 and PC54, both exsolved and primary garnet could be 

present. In PC22, although most of the orthopyroxene 

seems to be exsolved, &orne co~ld have been primary . If 

not, coarsenjng of these phases has obliterated any evi­

dence of exsolution. On chemical grounds, the garnet 

chemis Lty and the compositional relationships of the dif­

ferent phases in these xenoliths, discussed in the previous 

section, also indicate that the defined chemical trends 

may be a function of the original bulk compositions, re­

equilibrated under similar temperature conditions, and 

therefore be at least in part due to exsolution. 

Experimental work, for example: by O'Hara (1969), Bcyd 

(1970) and Irvi~g and Green · (1970), has attempted to 

place ::; .::~c .c:..::Ulf:-.:>sit.ic~.~.~l li.ruits u.1-.1 t .. lJ.e aruoUJ1l.. uf ga.l.""{le ·t 

U1at can be accommodated in aluminous pyroxene. The 

bulk and individual phase compositions of the Koffiefontein 

Type I pyroxenites are illustrated in Fig. IV-10, which 

represents Boyd ' s (1970) experimental system at l200°C 

and 30 kb. This plot r e veals a rea sonably good agreement 
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with Boyd's (op. cit.) !:esults, at:J.d even though bulk 

compositions of PC2l, PC22, PC25 and PCSS fall below this 

theoretical three-phase field, they fall above the Al 2o3 

limit, which is considerably lm-Tered, for two natural 

assemblages (Fig, 14 in Boyd, 1970). Cc.nsidering that 

Boyd's system does not take into account important chemic-

al components such as FeO, Cr203 and Na20, the above 

deviations do not seem to be significant. The bulk 

chemistry of these xenoliths also fall below the maximum 

solubility of garnet in clinopyroxene at 30 kb. , determined 

by Green and Ringwood (1967) and O'Hara (1969) (Fig. 2 

in O'Hara, 1969). Adaitional evidence in favour of exsolut-

ion is that the pyroxenites under discussion have a bulk 

Mg/Mg+Fe
2

+ ratio ranging from 85.6 to 90, and it is suggest-

ed that total exsolution phenomena occur in rocks in which 

this ratio is >85 (Irving and Green, 1970) • 

Bulk composition of clinopyroxenites fror!l other lo-

C'llities, vThich exsolved garnet and/or orthopyroxene on 

cooling are shown in Table IV-6, and these are broad}y 

similar to the most Al 203 rich Type I pyroxenites from 

,._,_.r:.r:.: -..C.-.-.L.-.:­
,:. .,_._,,. ...~... ._ ..... ~v.;.J t-C .&.. J.J. • Tb.c.=;~ lat:.t2L :,.;:enolit.lr: ... ~lso slio;-,: scrr;C; 

resemblance to aluminous pyroxenes crystallised from 

olivine-rich alkali basalt at high pressure (>10 kb. -

Thompson, 1974; see Table IV-7). The xenoliths with lower 

Al203 contents (e.g. PC2l, PC22, PC25, PC5 i ) are more 

sjlica. saturated and this may have inhibited the entry of 

J 3+ . h . A . 1nto t e1~ structures. Alternati•Tely they may have 
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crystallised at lower pressures than the Al203-rich ones. 

The relative re-equilibration pressures determined by Wood's 

(1974) equation, reflects a slightly lower pressure for 

the more Al203-rich xenoliths (33 - 38 kb.) than for the 

. 0 
ones \'lith lower Al203 (40 - 46 kb.), at 'V900 C. 

After consideration of the features described, it is 

concluded that Type I pyroxenites represent high-Al203 

clinopyroxenes formed at high t .emperatures and at pres-

sures of 30 - 40 kb. The discontirL'lOUS change in their 

bulk compositions indicates a cumulate origin (Presnal, 

1969) most probably from a basaltic magma. On subsequent 

cooling they have exsolved garnet and/or orthopyroxene 

(± chromite) and the lack of chemical zoning and homo-

geneous composition of individual minerals suggests that 

individual xenoliths represent equilibrated assemblages. 

However, <:·pplication of available geothermometry methr,ds 

to ind~vidual specimens revealed conflicting results, 

which are interpreted as indicating small-scale dis-

equilibrium . 

The most likely magmatic association for these pyrox-

cil..li..~;:, is L.lit: KctLLOu vulct:tHl!:>tu ci.L:Llve ir1 tl1c \/ lclni Ly .. ~ 
u~ 

Koffiefontein as recently as 70 m.y. before the pipe 

emplacement. If Type I pyroxenites were derived from a 

basaltic magma associated with this volcanism, then dif-

fusion rate studies could potentially test. whether or not 

ti1e large garnet/or thopyroxene crystals are also exsolved 
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phases. However, at present diffusion data on the rate 

of exsolution can only be applied to "coarsening of coher­

ent lamellae in iron-free pyroxenes" (Huebner, pers. comm.) 

and cannot therefor e be applied to the Koffiefontein pyrox-

enj.-:es. 
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Type II Pyroxenites 

Introduction: 

These xenoliths comprise a grou;) of small greyish­

green orthopyroxene megacrysts (siz~ range : 1 , 5- 2,5 em . ) 

with minor garnet and o~casional clinopyroxene and chromite. 

They have a slightly turbid appearance in thin section, 

denoting alteration. Texturally it seems that the garnet , 

most of the clinopyroxene and the Cr-spinel are exsolved 

phases, from originally homogeneous orthopyroxenes. Textur­

ally ' primary metasomatic phlogopite is found in PC24A . 

Both calculated (see p.· 18 ) and observed mod ~s are 

given in Table IV- 8 , and brief petrogr~phic descriptions of 

the individual samples are given below. 

Petrographic De scriptions: 

PC20A, PC20B : opx + cpx ± c;,;t 

Single orthopy roxene crystals with well developed 

cleavage, straight extinction and with green clinopyroxene 
' 

lamellae exsolve d p a rallel and along cleavage pla ne s (e.g. 

Plate 8) . In PC20A, small g a rnets are seen as elongated 

lamellae , showing k e lyphitic rims , which are also exsolve d 

along cle avage pla nes. The clinopyroxene also occurs as 

larger bands along one of the crystal margins. Both sa·J·l-' l es 

show signs of slight alteratlon, with cloudy patches. The 

· \-rider lame llae in PC20B, p e rmitted chemical studie s. 
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PC24A, PC24B, PC27 and PC7l : opx + gt ± cpx 

These samples are megacrysts of orthopyroxene, with 

small vein-like inclusions of pyrope. In hand specimen 

they resemble an ultrabasic nodule from Matsoku reported 

by Boyd et al. (1973- P:.ate 23B). In thin section, these 

orthopyroxenes look slightly altered, are optjcally positive, 

have poorly developed cleavage, une ven extinction and occas­

ional kink bands. In PC27 (Plate 10) recrystallisation along 

the latter has developed , indicating a more advanced stage 

of the deformation recrystallisa·tion cycle. The original 

crystal is readjusting to a coarse grained rock with similar 

grain size to coarse peridotite xenoliths commonly seen in 

most kimberlites. As such it is an important transitional 

type. 

The garnets in these samples occur as small roundi sh 

inclusions (Plate 10) or elongated narrow veinlets (0.25 -

0.5 mm.) (Plate 9). rrhey are surrounded by kelyphitic rims 

in -v.hich small spinels can rarely be identified. These gar·-

nets are interpre ted as products cf exsoluticn . PC27 ccntains 

three s mall inclusions of clinopyroxene (Plate 10) , with two 

oi them snowing twinning (defm.-mation ?j • These two clino·· 

pyroxene grains have different extinction, which does not 

suggest exsolution from the orthopyroxene host. If th ey were 

exsolved, no evidence of such remains. 

PC24 has three very fresh grains of phl0gopite which ere 

not associat ed with garnet alteration, and are interpreted 



2.2.3 

- 45 -

as ·primary metasomatic (Harte and Gurney, 1975). 

PC28 - opx + cpx + gt + chromite 

This sample is a single orthopy roxene crystal enclosing 

small (0.07 - 0.25 mm.) dark brown spinels, garnets and 

blebs of clinopyroxene. The latter extinguish simultaneously 

throughout the rock. Where elongated they are parallel to 

the spinels which also show a strong preferred orientation 

throughont the crystal . The garnets occur as round grains 

along fracture planes and as thin blebs within the ort~o­

pyroxene, also parallel to the spinels (note small colourless 

inclusions on left hand side of Plate 11) . Some of the gar­

nets and spinels are under the surfaG- of the thin section. 

The preferred orientation of all the inclusions and the 

sin1ultaneous extinction of the clinopyroxene suggest struct­

ural control by the host or~hopyroxene. The latter has 

undergone minor deformation, as evidenced by slight undulose 

extinction. 

Mineral Ch~~istry: 

Microprobe analyses of the individual minerals jn thesP 

rocks are presented in Table IV-9. Wnere a mineral is homo­

geneous, only an average com90sition is given, with the 

number of analyses in brackets. 

Orthopyroxenes: 

The orthopyroxenes are MgO-rich (En92 - En93•8) (Fig. 
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IV-11) and have low and restricted concentrations of Al203 

(0.58- 0.77 wt.%), Cr203 (0.17- 0.32 wt.%) and CaO 

(0.24 - 0.60 wt.%) contents. 

Rock PC20A has not attained chemical equilibrium. 

This is particularly reflected in the variations of the Al203 

content of the orthopyroxene. In PC20B 1 difficulty was ex­

perienced with analysis due to the lamellae size, but analyses 

of three lamellae revealed uniform compositions, which fell 

within the orthopyroxene compositional range referred to 

above; these will be plotted as the "minimum" composition 

attained by the orthopyroxene in this megacryst. 

Calculation of end member molecules (Table IV-10) shows 

that very small amounts of Mg-Tschermak component are present 

(~1.0 - 1.7 mole%, with the highest value in PC20A). A plot 

of the CaO, Al203 and Cr203 versus the MgO contents of these 

pyroxenes reveals a scatter of points. (Fig.IV-12 a and b). 

Garnets: 

The garnets have Mg/Mg+Fe ratios varying b e tween 80.4 

and 86.4 1 and grossular contents between 10.8 and 12.9 mole 

% (Fig. IV-11). The Cr203 content of the garnets (3.2-

4.9 wt.%) increases with increasing MgO , \'lhile the CaO con­

tent (4.1 - 5.0 wt.%) remains almost constant (see Figs. 

IV-12 a and b). 

Clinopyroxenes: 

The clinopyroxenes do not always indicate equilibration 
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with their hosts (e.g. PC20A 1 PC20B). They have high 

Mg/Mg+Fe ratios (~96 - 97) and high contents of Al203 

(2.2- 4.3 wt.%), Na20 (1.7- 3.7 wt.%) and Cr203 (1.4-

2.4 wt.%), when compared to clinopyroxenes from Type I 

pyroxenites. Ti02 is present (0.10 - 0.17 wt.%). The 

Ca/Ca+Mg ratios vary between 44.5 and ~51, the lowest value 

being found in PC27. 

Chromite: 

The chromite in PC28 is cr2o3 rich (54.5 wt.%), but 

when compared with chromites from the concentrate it has 

less Crz03, MgO and more Al203 (see Figs. VII-12 and VII-13). 

In these Figs. PC28 chromite plots inside the field defined 

by chromites occurring in ultramafic rocks (Sobolev, 1977) 

and in kimberlite xenoliths elsewhere (Basu and MacGregor, 

1975). 

Phlogopite: 

The phlogopite in PC24A, which looks texturally primary, 

has low Cr203(0.08 wt.%) and Ti02(0.2 wt.%) contents, and 

plots in the field defined by primary metasomatic phlogopites 

from Matsoku (Harte and Gurney, 1975- see Fig. IV-17). 

Discussion: 

The petrographic observation of extensive exsolution 

of garnet, chrome spinel and chrome diopside i.n these ortho­

pyroxenites is interpreted as clear evidence that the 
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assemblages have cooled from a higher thermal regime to 

lower temperatures and/or pressure. The exsolution pheno­

mena is an attempt to re-equilibrate to these lower grade 

sub-solidus conditions. 

The cc•r.ditions of re-equilib::ation of 'I'ype II pyroxen­

ites can be estimated on the basis of 

(i) the mutual solubility of the coexisting pyroxenes 

(e.g. Boyd and Nixon, 1973; Wells, 1977) 

(ii) the distribution of FeO a~d MgO between clino­

pyroxene and garnet (e.g. Akella and Boyd, 1974), and 

(iii) the amount of potential garnet in the orthopJroxenes 

(Wood and Banno, 1974). 

Although some of thes= specime:1s have not reached 

chemical equilibrium in the sense that minerals may be zoned 

it is assumed in the ensui~1g section that equilibrium bet ... ;een 

two points in different minerals in close proximity to each 

other will approximate equilibrium compositions. 

Temperature estimates for these pyroxenites are illus­

trated in Table IV-11 (methods have been discussed in 

~e~tio!! 2.1 ~ 4 of this chapter.- 0.e ·3. l i~:; ;;it..~ T:r~p~ :!: r·~·L·~.· .. 

enites) and with few exceptions there is good agreement 

between the values obtained for individual samples, regard­

less of the geothermometry method u sed. However, Mysen's 

(1976) equatioD yields a higher. temperature estimate for 

PC27, and this again may indicate lack of re-equilibration 
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3+ 3+ . 
of Al and/or Cr between the pyroxene phases, w1.th 

falling temperature. Ellis and Green's (1979) equation 

also yields much higher temperature values for the two 

samples where it is applicable (PC27 and PC28), and it 

seems out of phase \>Tith the other geot.hermometers. 

Strictly speaking temperat1rre estL~ates cannot be made 

fo~ PC24A, PC24B and PC71, where clinopyroxene in not ob-

served. However, their orthopyroxenes have Ca/Ca+Mg ratios 

intermediate between PC20A,PC20B and PC27, which indicate 

a re-equilibration temperature range from ~<900°C up to 

1070°C (Boyd and Nixon , 1973). If it is assumed that the 

orthopyroxenes PC24A, PC24B and PC71 are saturated with 

calcilli~, then they have re-equilibrated at ~1030° , 970° 

and l050°C, respectively (Boyd and Nixon, 1973). 

Following the same approach as in Type I pyroxenites, 

the Ca/Ca+Hg ratios of the orthopyroxenes have been plotted 

as a function of the distribution of Fe
2+ and Mg bet.ween 

coexisting orthopyroxenes and garnets (Fig. IV-13). This 

is a function of temperature and pressure of equilibration 

(e.g. Fraser and Lawless, 1978). '.rhere is a decrease in 

ln ~ as the Ca/Ca+Mg ratios of the orthopyroxenes increase , 

and if the latter is a reflection of temperature, then the 

distribution of Fe
2+ and Msf+ between the two phases has 

been sensitive to temperature changes between ~1070° and 

<900°C. This is in contrast with the relationship observed 

for these b~o variables in the garnets and orthopyroxenes 
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from Type I pyroxenites, and does not support Fraser and 

Lawless's (1978) suggestion that re-equilibration of Fe
2

+ 

and Mg between garnet and orthopyroxene is "blocked" below 

. 0 
'VllOO C. 

Re-equilibration Fressures have been calculated using 

Wood and Banno's (1974) geobarometer and are also given in 

Table IV-11. Pressure values obtained using temperature 

estimates determined by Well's (1977) equation seem un-

realistically low to account for the formation of the 

original high-Al2o3 pyroxenes, and those obtained using 

Boyd and Nixon's (1973) temperatures are preferred 

{tV37 to 43 kb., av: 40 kb. ±3 kb.). 

Bulk rock chemistry: 

The bulk rock chemistries of Type II pyroxenites, 

determined by XRF, are given in Table IV-12. Due to tr.e 

particularly small size of PC71, sufficient material for 

a bulk analysis \'JaS not available. Therefore only a cal-

culated analysis on the basis of mineral compositions and 

modal abundances is given in Table IV-12. The analyses 

h;:nr<=> h<=>Pn rpr.r~l r.ul nt-<=>d t-o Cl pyrnx<=>n~ formula (tht?. srne~ll 

cation excesses are attributed to the reasons discussed 

in a previous section - IV-2.5) and are characterised by 

restricted Mg/Mg+Fe ratios ('V92 - 94.2) and high Al203 

(1.6 - 3.6 wt.%) and CaO (0.9 - 2,3 wt.%). Small amounts 

of Ti02 (0.06- 0.17 wt. %) Na20 ('VO.l - 0.5 wt.%) and 
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K20 (0.07 - 0.24 wt.%} are indicated, but these con-

centrations may hav0 been affected by slight alteration. 

Also given in Table IV-12 is an analysis of the bulk corn-

position of a garnet-websterite from Norway (Carswel~. , 1973), 

in which all the clino~yroxene and most, if not all garnet 

were derived by exsolution from a primary, high temperature 

orthopyroxene. Except for its slightly higher Al203 con-

tent this high temperature orthcpyroxene bears a strong 

resemblance to the bulk compositions of Type II pyroxenites. 

Discussion: 

If these xenoliths represent original orthopyroxene 

megacrysts which h a ve exsolve d garnet and/or clinopyroxene , 

they can be represented by an ~quation of the form: 

rn(Mg,Fe,Ca)Si03.nMgAl2Si06 ~ Mg3Al2Si3012 + + 

(rn-2) (Mg,Ca,Fe)Si03.(n-l)MgAl2Si06 

(after Green and Ringwood, 1967), which has moved to the 

right, due to decreasing temperature. An increase in 

pressure would have the same effect on this reaction, but 

<'~ rrp~~nr<;> t::hrJ.THJP iC:: re'}~rd<?d -:>.S '-~r!lD:<?ly . 

With cooling, the compositions of the re-equilibrated 

orthopyroxene and the exsolved phases will therefore be 

strongly dependent on the original bulk compositions, 

and on the conditions of re-equilibration. 

The amount of garnet and clinopyroxene exsolved seem 

to be dependent on the ratio of l'ig-Tscherrnak to CaSiOG 
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(Wollastonite) and Na er.d-member molecules (mainly 

ureyite and jadeite (Table IV-12(a)). For example, 

PC20A and PC20B, have the highest Mg-Tschermak molecular 

contents, but they also have the highest ureyite, jadeite 

and diopside contents, and have preferE·r. tially exsolved 

clinopyroxene. These two samples also have almost ident­

ical bulk compositions, but garnet exsolution was only 

observed in PC20A , The absence of garnet in PC20B could 

indicate that the reaction has not progressed as far as in 

PC20A. 

The bulk compositions of these Koffiefontein mega­

crysts are illustrateu in a Ca-Mg-Fe ternary diagram 

(Fig. IV-11) and in Fig. IV-12 (a and b) where CaO, Cr203 

and Al203 are plotted as a function of 'cheir HgO contents. 

Theoretically, tie lines between orthopyroxene and garnet 

in PC24A, PC24B and PC7l, should go through the point~ 

where cheir respective bulk compositions plot , because 

they are the only phases observed in t:hese snmples. 

Generally, the bulk compositions plot very close to tie 

lines with the exception of composition PC24A in Fig, 

IV-!.2 (?. ) , ':!hi.ch !::h0'!!S a sig!!i.fi.cc.!!t d~'!ico_tio!! , Thi8 C'~!! 

be attributed to the presence of an additional phase or 

alteration. If another phase was present, it could have 

been easily misse d due to the small size of the xenoliths, 

their fra~entary nature and the availabiJity of only 

c~e thin s ection p a r sample. Bulk rock compositions of 
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these pyroxenites in Fig. IV-12 (a and b), show well 

developed trends of increasing Cao, Al 2o3 and cr2o3 with 

decreasing MgO. The nature of these trends could be 

interpreted in two wa~'s: 

1) they represent mixing lines, relating varying 

proportions of orthopyroxene, garnet and clino­

pyroxene. Ho\'lever, there was no evidence, from 

hand specimens observation, of garnet and/or 

clinopyroxene other than that attributed to ex­

solution. Besides, PC20A and PC20B, which have 

the highest Al203 content also have:: the low·::!St 

amount of modal garnet. Thjs option is therefore 

disregarded in favour of the following; 

2) the above trends suggest a genetic rela tionship 

between high temperature pyroxenes \'lhich have 

crystallised in a closed system magma chamber, 

wit:h increasing amounts of CaO, Al203 and Cr203 . 

Follovling this model, crystallisation of ortho­

pyroxene from a magma would result in an increase in 

cao and Al203 in the residual liquid, which in turn 

would tend to cause an enrichment of these elements in 

the more evolved pyroxenes. Although the enrichmen·~--

of Cr203 with decreasing MgO is contrary to that predicted 

by crystal field theory effects (Curtis, 1963; Burns, 

1973) and to ~hat commonly observed in kimberlite nodules 
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(e.g. Gurney, 1975) and in pyroxenite/websterite nodul­

es in basalts (Kuno and Aoki, 1970), it is c c nsistent 

with a marked increase in the Cr distribution coefficient 

b et...;een orthopyroxene and liquid with decreasing temperat­

ure and increasing oxygen fugacity (Irving, 1978 - this 

is illustrated in Fig. IV-14). Therefore, although the 

residual liquid would become depleted in Cr during 

crystallisation, the large increase in distribution 

coefficient would still result in the more evolved pyrox­

enes having a greater Cr content than those crystallising 

at an earlier stage. This mechanism clearly implies an 

igneous origin for these orthopyroxene megacrysts. They 

have then subsequently experienced modification in­

fluenced by falling temperature. 

Type III Pyroxenite 

Introduction: 

Type III pyroxenites (PC29, PC30, PC31 1 PC39,PC4l,PC50), 

from Koffiefontein comprise a group of six small (~1,5 

to 2,5 em. in hand specirilen ) coarse grained rocks in r.-;hich 

the main constituent is orthopyroxene. Clinopyroxene is 

ah;rays present in subordinate amounts, garnet is 

observed in four of these xeno liths and o ne is c hromite 

bearing. 

The orthopyroxene is coarse grained ('Vl, 5 -- 8 mm.) 

and two of these xenoliths (PC30 and PC39) are single 
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crystals (up to 1,7 em,) enclosing clinopyroxene or garnet 

inclusions. Clinopyroxene varies in habit from small 

blebs ('\.0.2 mm.) to large crystals (up to 4 mm.) adjacent 

to or poikilitically enclosed within the orthopyroxenes. 

Gc Ynet occurs as discrete crystals (Up to 4 mm. )· a:!. though 

they do in addition occur as small inclusions in the 

orthopyroxenes of PC50. Most garnets show strong signs 

of alteration. 

On a textural basis, although a small modal percent­

age of clinopyroxene Jn a fe~'>' xenoliths may have resulted 

from exsolution from the orthopyroxene, most of the clino­

pyroxene and all the garnet and chromite seem to b e 

prim<tl~Y phases. This distinguishes these pyroxenites 

from Type II, discussed in the previous section. 

Modal percentages are presented in Table IV-13 and 

brief petrographic descriptions of individual samples 

are given below. 

Petrographic Descriptions : 

PC29 : opx, cpx, gt 

This xenolith consists of an aqgreqate of coarsP. 

orthopyroxene (up to 5 mm.) and clinopyroxene (up to 

~4 mm.), with minor garnet. The sample shows signs of 

alteration. Introdu~tion of foreign material has taken 

place mainly along grain boundaries, and has preferent­

ially affected the gar ·1et. This mineral is now present 
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as a few small grains completely surrounded by kelyphite. 

The orthopyroxene is fractured and irregularly 

shaped and the grain boundaries vary from irregular to 

smoothly curved. Numerous small, parallel inclusions 

of a colourless to v~ry pale-brown minl..!ral with rhombic 

shape (rutile) 1 occur under the surface of the ortho­

pyroxene. 

The clinopyroxene has mineral inclusions similar 

to those occurring in the orthopyYoxene 1 but with a long 

needle-like shape. Under polarised light the clino­

pyroxene shows a series of bands (lamellae) 1 often 

coincident with the )~ .eedle-shaped inclusions but a 

quantitative microprobe scan revealed constant clino­

pyroxene composition. 

PC30 : opx 1 cpx 

Single orthopyroxene crystal (~1,7 em. long) 

poikilitically enclosing clinopyroxene. The clino­

pyroxene varies in shape and size from small blebs 

(W.2 rom.) through small elongated grains 1 to large 

grains up to 4 mm. in size. A few of the smaller 

clinopyr oxenes and a large crystal (~3 ~~.) extinguish 

simultaneously (~10% of total clinopyroxene present.), 

whereas others have different extinction angles. This 

s~ggests that ~10% of the clinopyroxene may have resulted 

from exsolution from the orthopyroxene host. The clino­

pyroxene is partly altered to a brown, patchy mineral 



- 57 -

(chlorite). 

PC31 : opx# gt# cpx 

This sample consists of several large orthopyroxene 

crystals (~3- 7 mm.),with small amounts of garnet and 

clinopyroxene. The garnets (up to 4 mm.) occur as dis­

crete grain~, are fractured, surrounded by kclyphite, 

and a few have spongy altered centres. Bright green 

clinopyroxene, occasionally slightly· altered# is present 

as small grains mainly conce~trated along the boundaries 

between the orthopyroxene and the garnet. A few second­

ary phlogopite grains are present. 

PC39 : opx# gt# cpx 

This sample comprises a. single fresh orthopyroxene 

crystal (~8 mm. long), with a large garnet (~4 mm.) 

partial!:_• enclosed on one edge. This garnet is high-Ly 

fractured and altered along the margins (kelyphite). 

A small area of the orthopyroxene crystal contains 

very small (~0.4 to<O.l ~~.) 1 rounde d to elongated 

inclusions of green clinopyroxene. Two sets of these 

inclubivns CdD Le dlstlngui~hed on the basis of different 

extinction angles. It is possible that one or both sets 

of these clinopyroxenes may represent products of ex­

solution. 

PC4l : opx + cpx + chromite 

PC4l comprises several larg~ orthopyroxene crystals 



2.3.3 

- 58 -

(-vl,S- 8 mm.), with occasional signs of deformation, i.e. 

individual crystals are being separated into smaller 

grains across sharply defined li~es, which give the 

crystal uneven extinction. Clinopyroxene occurs as small 

blebs (-v. 2 mm.) with:~n the orthopyroxene, and as larger 

irregularly shaped discrete grains (up to 1,5 mm.). 

The clinopyroxene has cloudy patches, mainly along the 

edges, and in places has been completely altered and 

replaced by chlorite. 

Small grains of chromite occur poikilitically 

enclosed by the orthopyroxene and as discrete grains. 

One of these chromites has a very small inclusion of 

orthopyroxene. 

PCSO : opx + cpx + garnet 

This sample is similar in many respects to PC41 

(please refer), with the exception that clinopyroxene 

is more abundant, slightly coarser grained ( 1- 2 mm.) 

and does not occur as blebs. In contrast to PC41, the 

orthopyroxene has a cloudy appearance, looks slightly 

altered, and encloses small roundish garnets. The 

garnets are highly altered but occasionally a pinkish­

purple colour can still be recognised. 

Mineral chemistry: 

Microprobe analyses of individual minerals in 

Type III pyroxenites are pres€~ted in Table IV-14. 



- 59 -

Minerals are homogeneous and have uniform compositions, 

and therefo~e only average. compositions are given, with 

the number of analyses in brackets. 

Orthopyroxenes : 

The orthopyroxenes and enstatites (Mg/Mg+Fe : 

91.8 - 93.8, Fig. IV-15) with low conten·,-.s of cao 

(0.2 - 0.66 wt.%), Cr203 (0.2 - 0.5 wt.%) and Al203 

(0.5 - 0.83 wt.%). Fig. IV-16 (a,b,c) illustrates a plot 

Jf Cr203, CaO and Al203 contents versus the Mg/Mg+Fe 

ratios. The most Cr203 and CaO-rich and Al203-poor 

pyroxenes l~o:.ve th:= lowest Mg/Mg+Fe ratios, and they also 

have the highest Ti02 (0.05- 0.14 wt.%). 

The small orthopyroxene inclusion in a crxomite 

grain in PC41 (see hand specimen description) has higher 

Crz03 and FeO, and lower MgO contents than the other 

orthopyroxenes in this sample. (Toble IV-14-PC41, 

analysis 2) • 

Clinopyroxenes: 

The clinopyroxenes are diopsides with variable con­

tents of Al203 (l.l- 4.3 wt.%), Cr203 {1.1- 2.8 wt. %), 

~a20 (1.5 - 4.1 wt.%) and Ti02 (0.07 - 2.4 wt.%). Their 

Mg/Mg+Fe and Ca/Ca+Mg ratios vary between 91.1- 95.1 

and 43.2- 48.7 respectively (Fig. IV-15). 

Garnets: 

The ~arnets (Fig. IV-15) in xenoliths PC29, PC31 
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and PC39 are pyropes (Mg/Mg+Fe : 80.7 - 84.1) with 

almost constant Cr203 contents (2.2- 2.8 wt.%), and 

with 3.8 to 4.8 wt.% Cao. The garnet in xenolith 

PC50 has a very distinctive composition in view of its 

high Cr203 (12.3 wt.%)and CaO \8 wt.%) contents. 

Chx·omite: 

The chromite in PC41 is Cr203-rich (59.1 wt.%), 

and has the lowest Al203 (5.6 wt.%) and highest Ti02 

(2.3 wt.%) contents of all chromites found in mantle 

rocks in Koffiefontein. It is similar in composition 

to chromites from the Koffiefontein con•..:entrate and 

plots near the fields defined by chr omites occurring 

in ultramafic rocks and kimberlite xenoliths (see Figs. 

VII-12 and 13). 

Discussion. 
~---.: 

The pyroxenes in 'I'ype III xenoliths form tvm slight-

ly different compositional groups defined by PC29 , PC31 

and PC39 , and PC30, PC41 and PCSO, respectively. In the 

latter group, the absence or presence of garnet/chromite 

may be due to differences in bulk chemistry, or in PC30, 

t .he absence of either of these phases may again be due 

to the small size and fragmentary nature of these :_·ocks . 

Type III pyroxenites are texturally and chemically 

distj_nct from both Types I and II. Chemically the 

C'rthopyroxenes in Type III have broad •;imilarities t .o 
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the re-equilibrated orthopyroxenes in Type II, with 

respect to their CaO, Alz03 and Crz03 compositional 

ranges , but on average they have slightly lower Mg/Mg+Fe 

ratios. 

Estimated conditions of equilibration of Type III 

pyroxenites are presented in Table IV-15 (methoC!s were 

discussed in previous sections). The temperatures 

obtained by Mysen's geothermometer are much higher than 

those obtained by other clinopyroxene-orthopyroxene 

geothermometers, but since they fall outside his 

calibration range, they cannot be relied upon. However, 

in PC3l and PC39 they are also high but similar to 

temperatures defined by garnet-clinopyroxene geother­

mometers (i.e. Akella and Boyd, 1974; Ellis and Green, 

1979). Wells' geothermometer y:ields temperature results 

that seem to be too low, with the exception of tho se 

obtained for the blo garnet--free xenoliths (PC"30 ancl. 

PC41). Although the several geothermomemters seem to 

be out of phase, they all indicate a definite r ange in 

equilibration temperatures , at almost constant pressure 

(31 - 40 kb. 1 Table IV-15) for Type III pyro:x:euites. 

In general, PC29, PC3l and PC39 have equilibrated at 

lower temperatures (~900°C - 970°C) than PC30 , PC41 

and PC50 (~1070° - ll00°C) as evidenced by the range in 

Ca/Ca+Mg ratios of their pyroxenes. The high Crz03 

content of the garnet in PCSO, and the high K
0 

(~0.7;K0 
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(Cr/Cr+Al) t 
. g )for clinopyroxene-garnet pairs, also point 

cpx 
towards a high temperature of equilibration of this 

xenolith (Sobolev, 1970). 

The intersecting tie lines defi~ed by coexisting 

phr:.ses in these pyroxenites (Fig. IV-15) suggest that 

if they are related and come from the same body they 

are not in equilibrium or, alternatively, they represent 

fragments derived from a number of different pyroxenite 

horizons. The small size and limited number of samples 

available allows only a very uncertain speculation about 

their origln, but if these rock fragments were derived 

from an unrelated number of pyroxenite bodies, then 

it would require the kimberlite to have sampled a number 

of different horizons on its way to the surface. If the 

kimberlite had sampled over an extens;_ve depth range, it 

is surprising that peridotite is virtually absent in 

the Koffiefontein kimberlite pipe, in view of the 

dominantly peridotitic composition of the upper mantle. 

Therefore, a preferred interpretation for Type III 

pyroxenites is that they represent a related suite of 

xenoliths, which are not in equilibrium. 

Type IV Pyroxenite ~enoliths 

Introduction: 

A set of small (~l- 1,5 em.), predominantly fine 
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grained pyroxenites,- which constitute a small proportion 

of the Koffiefontein suite, form a distinctive grouping 

which has been designated Type IV in this study. In 

this category there is a gradation from orthopyroxenites 

· (PC65, PC60) throu~h websterites (PCL3 1 PC66, PC43, 

PC26, PC68, PC53) to clinopyroxenites (PC57). Garnet 

and spinel are generally absent, and with one exception 

(PC65) they are phlogopite or amphibole bearing. Modes 

are summarized in Table IV-18. Type IV pyroxenites 

generally show signs of sul>solidus readjustment of their 

original textures, as is manifested in the vary~ng 

degrees of polygoni zation and deformation (kink bands, 

deformation bands, uneven extinction) of the individual 

grains. 

These xenoliths are mostly fine grained (0.3 - 1.3 

' 

mm.), ~hough occa~ionally individual grains reach 

~3 - 4 mm. Minerals vary in habit from equant, poly-

gonally shaped to elongated grains. The former have 

straight or slightly curved grain boundaries, often 

0 
converging at triple junctions with angles of 120 • 

The elongated crystals are usually larger in size 

(porphyroclasts?) 1 have more irregular grain b oundaries, 

and partially enclose or are surrounded by smaller poly-

gonal grains; these porphyroclasts often show signs 

of being separated into 2 or more different grains, and 

seem to be reminiscent of a previous tex tural stage, 
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before polygonisation of the rest of the rock occurred. 

A visual estimate of the percentage of porphyroclasts 

present in each rock, is also presented in Table IV-16, 

and the two most extreme cases are illustrated in Plates 

12 and 13. Only i :1 two specimens, PC26 and PC43 do the 

orthopyroxenes have subhedral shape (these are the 

coarsest grained xenoliths). 

Both uniform and uneven extinction are observed 

in all specimens. Some grains a. lso show very fine 

lamellae (sometimes visible under plain light), while 

others have more widely separated parallel bands 

(deformation bands : only observed under polarised light. 

Clinopyroxenes often show two different sets of lamellae. 

The fine lamellae in the prthopyrcxenes are 

occasionally curved or disrupted by kink bands, \-lhich 

seems ·to indicate that deformation took place duriag 

ana after exsolution. In a few instances the lamellae 

are wider along kink bands, suggesting that exsolution 

was activa t ed by preceding deformation. It should be 

noted that all these phenome na are observed in both 

t.l·J.e j;n.:Jl~ygoJ.·1o.l \;iL cti11 s aiHl i:-'u:r.·J?l•yruclu.s t.s. 

In most of these xenoliths either phlogopite or 

amphibole (in PC26 only) are observed as accessory 

phases, with the exception of PC57, where phlogopite 

is a m"l.jor phase. The phlogopite (flakes of 'V0.4 mm. 

in size , up to a few grains of rvl. 6 nun.) has curved to 
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straight grain boundaries, occasionally may be strained 

and in PC57, phlogopite and clinopyroxene often display 

an unusual poikilitic relationship. Both the phlogopite 

and the amphibole are in textural equilibrium with the 

surrou;1.ding phases, suggestiPg that they formed prior 

to the inclusion of the xenoliths within the kimberlite. 

In two samples (PC23 and PC66) the clinopyroxene 

is unevenly distributed, occurring mainly on one side 

o£ the specimens. The phlogopite distribution tends 

to follow that of the clinopyroxene, but this is not 

as pronounced in PC66. Individual descriptions of 

these xenoliths are given below. 

Petrographic Descriptions: 

PC65 : (100% opx) 

This rock consints entirely of equant ortho­

pyroxene_ grains, with polygonal shape 1 and with a 

bimodal size distribution ('VO, 6 and l mm.). They have 

str~ight to nlight ly curve~ grain boundaries, with 

triple junction points of ~120° (Plate 12). Most of 

tile grains exhibit.: strctight. extinction, but some are 

slightly strained. A few have very fine l amellae 

(sometimes visible under crossed nicols) 1 or more 

widely separated para:'.lel bands (deformation bands ?) • 

In a few in~tances the orthopyroxene is exsolving 

material, visible under plain light, concentrated along 
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deformation bands (kink bands ?) • 

PC60 (97% orthopyroxene, 3% phlogopite, amphibole 
is present). 

Most of the orthopyroxenes are fresh, but a few 

have a turbid appearance and have a variable grain 

size (0.4- 4 mm.). The larger orthopyroxene grains 

(porphyroclasts - ~40%) have very irregular grain 

boundaries, are cracked and often show undulose extinct-

ion; in some, separation of the original crystals 

into smaller grains can be observed, along well develop-

ed kink bands. The larger grains may surround or 

partially enclose smaller polygonal grains. The latter 

have regular, smoothly curved or straight grain bound-

aries, and often show triple junctions of ~120°. 

They also show lamellae and signs of defoL-mation 

(see Plate 13). 

Phlogopite occurs as small flakes/grains with 

regular grain boundaries, and one flake has almost 

twinned · extinction. 

PC43 : (~7% opx; 3% cpx) 

This sample is similar to PC26 above, except that 

it is much coarse r grained: orthopyroxene varies in 

size from ~0.7 to 9 mm . and clinopyroxene from ~s to 

2 mm (Pl~te 14). 

The larger orthopyroxene grains are elongated and 

have irregular grain boundaries , whereas the smaller 
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ones are polygonal and have straight grain boundaries 

joining at ~l20°C. They both have common features such as wide­

spread exsolution lamellae, Kink bands are observed frequent­

ly (Plates 14 and 15): 

1) lamellae are bent at kink bands, indicating deformation 

after exsolution; 

2) lamellae are often wider at kink bands and get thinner 

away from them, which suggests that deformation may 

have activated exsolution. Curved lamellae are also 

observed, suggesting de.formation during exsolution. 

Clinopyroxenes are irregularly shaped, with irregular 

grai n boundaries; they occur intersti tially betwe en ortho­

pyrox~nes, although one grain is enclosed within the largest 

orthopyroxene (~9 mm.). Two sets of ex s olution are occasion­

ally observed (see Plate 16). 

PC26 (~89% opx; 10% cpx ; l % amphibole). 

Both pyrox enes in t he sample are relatively fresh, and 

grain size is variable (~0.7- 3 mm.) with the orthopyroxene 

having an average larger size. Some of the large r o r tho­

pyroxe nes tend to be elongated, with subhedral crystal shape , 

whereas the smaller ones h a ve polygonal shape wi th well 

develop ed straight grain boundaries joining at ~120° • . Both 

type s of grains may show str aight extinction, or a series of 

deformation bands giving them uneven extinction, or abundant 

e x s olut ion of v ery f i n e l ame l l a e , In one of the orthopyroxene 
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grains the lamellae are bent at a kink band, and they are 

also slightly curved. This indicates deformation at least 

after and during exsolution. One clinopyroxene has two sets 

of exsolution lamellae (Plate 16). 

PC66 and PC23 (PC66 - .~ 87% opx; ~. 10% cpx; ~3% phlogopite) 
(PC23 -~ 93% opx; ~ 5% cpx; ~2% phlogopite) 

Orthopyroxene is the major constituent of both samples, 

and it has a cloudy appearance, not as pronounced in PC66. 

Grain size varies from ~.4 to 2 .5 mm. with the ortho-

pyroxene having a larger averag·e size. The smaller grains 

have in g eneral polygonal shapes, v1i th curved ·to straight 

grain boundaries, defini ng triple junctions (often at ~120°). 

A few larger elongated grains (porphyroclasts ?) have irre-

gular shapes and grain boundaries, are highly fJ:ac"tured; 

often having uneven extinction and partially enclose or are 

surrounded by smaller polygonal grains . Porphyroclasts 

are more abundant in PC23 than in PC66, where only two are 

observed. They seem to be a relict of a previous textural 

stage, before polygonisation of the rest of the r.oC'k occu1en~d. 

Pyroxenes in both rocks show very thin lfu~ellae (more 

a0;.:;.r;do.~,t. i:i! }?~{LGAei-1L:5 fro~ PC23), la..Lgc r dc fo:rTo1..:iL ..i..cn b~11&~ , 

and occasional kink banding. In a few cases the lamellae 

are wider along the kink bands, suggesting that some of the 

observed exsolution was activated by deformation. Some 

clinopyroxenes in PC23 show two different sE,ts of l amellae. 

Phlogopite is present as small flakes, with a grain 
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reaching 'Vl. 3 rom. , with straight to curved grain boundaries. 

In PC66, it occasionally shows uneven extinction . In view 

of the textural equilibrium with the surrounding minerals, 

phlogopite is considered to be primary. 

In both these xenoliths, the clinopyroxene is unevenly 

distributed, occurring mainly on one side of the rock. The 

phlogopite distribution tends to follow that of the clino-

pyroxene, but this is not as pronounced in PC66. 

PC6( : ("'60% opx; 40% cpx + few small phlogopi te grains) 

Bot~ pyroxenes have a very cloudy appearance, variable 

grain size {0.3- 1.2 mm.), and irregularly shaped grains 

with some having a polygonal shape. The grain boundaries 

vary from irregular to smoothly curving and straight, 

occasionally joining at angles of rvl20°. Some of the grains 

with irregular boundaries have uneven extinction, across 

sharply ~efined deformation planes. T~e percentage of poly-

onal grains is smaller than in any of the other samples in 

Type IV xenoliths, and they may also show uneven extinction. 

PC 53 'V70% opx; 'V28'.; cpx; 'V2% phlogopite 

.._,l i..ilin ::;aci:ion this rocK nas a Cj_oudy appearance 1 

deno ting slight alteration. There is a variation in grain 

size from "'0.4 mm. to "'2,5 rom., the orthopyroxene having a 

greater average grain size than the clinopyroxene. Grain 

boundaries are predominantly regular, fro~ gently curved to 

straight, occasionally also joini~g at "'120° triple junctions. 



- 70 -

Very fine lamellae are observed in some grains of both pyroxenes, and 

two sets of lamellae are occasionally observed in the clinopyroxene. 

Some phlogopite flakes are altered, but a few are fresh and are in 

text~ral equilibrium with the rest of the rock. 

PC57 : (~70% cpx; ~30% phlogopite) 

Sample consists of an aggregate of small clinopyroxene grains 

of variable shape and size (up to 3 mm.), and of phlogopite (up to 

1 rr®.). The clinopyroxene has a very cloudy appearance in places, and 

it is not easy to see its relationship with phlogopite, but otherwise 

grain boundaries between the two phases seem to be regular. An 

unusual poikilitic relationship is observed between clinopyroxene 

and phlogopite. Tt looks as if originally there were a few large 

clinopyroxene crystals (and phlogopite ?) , which have been fractured 

and deformed. 

2.4.3 Mineral Chemistry: 

A preliminary chem.i.cal study of Type IV pyroxenites has revealed 

a few salient features: 

1) both the large relic pyroxene grains and some of the smaller 

polygonisc:d. ----~ ~--"::i..:.. ............... ,...., h Gve c~~t~c=cl:z .. fi~c: l~::lla~ ...... h.; ,...'h 
····--··t ,:7i . t~ 0ne 

exception (PC43) are not resolvable by electron microprobe ana-

lyses; 

2) sctJe of the porphyroclasts that look optically homogeneous, are 

chemically zoned (e.g. PC53 1 analyses 1 and 2 1 Table IV-17); 

3) within each xenoJith, optically homogeneous polygonal grains 
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are often chemically distinct 

4) although some of the chemical variations observe.} are very 

small, they are significantly greater than the analytical errors 

resulting from counting stat:Lstics. Random variations in the 

Al
2

o
3

, Cr 0 and Na 0 contents of the clinopyroxenes and in the 
2 3 2 . 

CaO and Al2o
3 

conte~ts ~f orthopyroxenes are observed, The 

above features wo~ld require a large amount of detailed microprobe 

work on each rock. Since these Type IV xenoliths are extremely 

small (~1- 1,5 em.) in hand specimen and constitute only a small 

proportion of the mantle material found at Koffiefontein t!1eir 

chemistry will be discussed in a generalised ma; •!ler only (Table 

IV-17). 

Orthopyroxenes: 

The orthopyroxenes are bronzites - enstatites (Mg/Mg+Fe 

84.2 - 90. 7) with low Tio2 and cr2 o3 {0,02 - 0.43 \'lt.%) contents. 

CaO (0.13 - 1.20 wt.%) and A~0:3 (1.10 - 3.97 wt.%) contents are 

variable, the highest- A~ 0:3 and Cao contents being observed in the 

centre of a chemically zone~ optically homogeneous orthopyroxene 

porphyroclast (PC53, analyses 1 and 2), The higher CaO and A~ S 

values are significantly greater than usually observed in mantle 

minerals from kimberlites, and greater than those observed in other 

Koffiefontein pyroxenites . 

Clinopyroxenes: 

The clinopyroxenes have Mg/Mg+Fe ratios varying between 87.5 and 

and 91.5, and the contents of Al 0 and Cr 0 contents varying between 
2 3 2 3 
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0.37 - 4.96 wt.% and 0.08 - 1.43 wt.% respectively. Ti02 (N.D. -

0.31 wt.%) and Na~O (0.35 - 1.28 wt.%) concentrations are low. The 
L 

Ca/Ca+Mg ratios of the clinopyroxenes vary from ~48 to 53. A value 

of 44.1 is found at the centre of a zoned clinopyroxene, but the grain 

shows at least one set of very small lamellae in the centre 1 which 

are obscured by a series of parallel deformation bands that occur 

throughout the grain (Table IV-17, PC68- analysis 3)~ 

The Ca-rich pyroxenes ahvays have greater Mg/Mg+Fe ratios, greater 

Ti0 2, Al 2o 3, cr
2
o

3 
and Na 2o contents (wt.%) than the coexisting Ca-poor 

. 
pyroxenes . These inter-element relationships generally apply to both 

porphyroclasts and to the smaller polygonal grains. But, in PC23 for 

exmnple, the orthopyroxene polygonal grains have greater Al2o3 and 

cr2o3 contents than the clinopyroxene porphyroclasts. 

As already mentioned 1 t .he lamellae in t.l-J.e pyroxenes are not~ wide 

enough to be quantitatively resolved for electron microprobe analysis, 

with the exception of some in pyroxenes from PC43. Out of all the 

analysed lamellae in PC43, only in one instance ('.rable IV-17; ana lysls 

No. 5) was the composition (ma jor and minor elements) observed to be 

the same as that of the first generation phase . 

Phlogopite: 

The phlogopite compositions have been plotted in Fig . IV-17, 

which shows the variation of cr 2o 3 with respect to FeO anc Tio 2 (after 

Harte and Gurney, 1975). The phlogopites have low cr 2o3 and Tio 2 , and 

plot near the compositional fields defined by primary metasomat.ic 

phlogopites found in peridotites at other localities. 



-- 73 -

Amphibole: 

End membersof the amphibole (in Table IV-17)have been recalculated 

according to the method of Papike et al. (1974) and it corresponds to 

an edenitic amphibole (Na, ca 2 Mg 5 Si
7

Alo
22 

(OH)
2

). It is slightly 

more TiO and FeO-rich than other edenites/pargasites reported from 2 . 

elsewhere in peridotites (Table IV-18). 

2.4.4 Discussion: 

Type IV pyroxenites from Koffiefontein shovl relicts of a higher 

temperature assemblage and a metamorphic imprint in their textures. 

They show signs of subsolidus readjustment with a reduction in grain 

size from coarse to very fine grained (cotnpared to other mantle rocks), 

and with a considerable amount of exsolution taking place with falling 

te..'Tlperature. Their textures developed in response to annealing and 

deformation, and the xenoliths were brough t t.o the st:rface before 

equilibrium was attained. 

The very high Ca/Ca+Mg ratios of the clinopyroxenes indicate that 

they have cooled to very low tempe ratures (<900°C) 1 but the two sets 

of exsolution often observed in the clinopyroxe nes are relicts of pre-

vious higher temperatures. 

The absence of an alumino11s phase in these xenoliths does not 

allow calculation of their equilibration pressures. The Al
2
o

3 
contcn1:s 

of the orthopyroxenes is quite high (up to 3.96 wt. %) and of the same 

order of magnitude as those observed for the bulk rock analyses of 

Type II orthopyroxenites (1.6 - 3.6 wt.%), vJhich have exsoived garnet 

on cooling. The orthopyroxenes of Type IV pyroxenites are more Feo-rich 
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than Type II above, and appar8ntly they are not Al
2

o
3 

saturated ur!der 

their prevalent equilibration conditions, which suggests a shallower 

origin for Type IV pyroxenites (<37 kb.). 

Chemical da~a and textural evidence suggest that phlogopite and 

amphibole are p:>: imary mine.rals 1 ,.,hich were present -before deforxr.ation 

and re-equilibrat ion o= these rocks, and therefore not connected 

with their inclusion within the kimberlite. 

According to Modreski (1972) phlogopite is stable to depths of 

175 ~n. (~53 kb., 1125°C) under stable shields where geothermal 

gradients are low, and experimental •.-mrk by Kushiro (1969) limits the 

stability of diopside and phlogopite and enstatite and phlogopite to 

32 kb., at l000°C and 33 kb. at ll00°C, respectively. The stability 

field of amphibol!'o is more limited. Lambert and Wyllie (1968} found 

that amphihole vTill remain stable to a maximum depth of 80 km. 

(~25 kb.) under continental shields, which is in agreement v1ith Kushiro' s 

(1969) w0rk. (85 km. 1 ~27 kb. assuming Clark and R5.l1gwood' s (1964 ) 

g eotherm .) 

Type IV pyroxenites from Koffiefontein must have forme d at low 

pressures in the presence of a v o latile, K
2
o-rich liquid and were 

deformed and recrystallised under moderate temperatures at a relatively 

shallow depth in thP. mantle. 

2. 5 ~ V pyroxeni tes. 

2.5.1. Introduction 

A single olivine bearing pyruxenite (PC47) has been found at 

Koffiefontein. Again it is a small specimen (~2,5 em.) consisting 

mainly of orthopyroxene (~83%), witl! smaller amounts of olivine (~8% }, 
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clinopyroxene (~5%), garnet (~2%) and chromite (~2%). This rock con-

sists of a single orthopyroxene crystal, which has been recrystallised 

and deformed. The original orthopyroxene has been subdivided into 

smaller crystal~, either along irregular or straight deformation bands. 

Discrete ~cains of olivine (up to 2 mm.), clinopyroxene (t'P to 

2,5 mro.), chromir.e and garnet are poikilitically enclosed by the 

orthopyroxene. The orthopyroxene is exsolving chromite and garnet, 

and at least in one grain the chromite lamellae are concentrated 

along an incipient kink band, suggesting that exsolution was activated 

by deformation (Plate 17). Garnet lamellae are widespread, and the 

small discrete grains referred to above, may represent exsolved phases 

which have migrated to the boundaries of newly developed orthopyroxene 

cyrstals. 

2. 5. 2 Mineral Chemistry: 

Mir::roprobe analyses of the individual phases in PC47 are presented 

in Table IV-19. 

The orthopyroxene is an enstatite (En~88 • 3 ), with a low content 

of Al 2o3 (~0.5 wt. %), CaO (0 1 2 wt. %) and cr2o3 (~0.15 wt. %). The 

clinopyroxene has a Mg/Mg+Fe ratio of 92.7, and it has low Al 0 
~ 2 : 3 

(0.99 wt.%), Cr~O~ (0,7 wt.%) and Na~O (0.76 wt.%). 
~ ~ ~ . 

Both these pyroxenes and the garnet (Mg/Mg+Fe :~68;~6 wt . % CaO; 

3 wt.% 2r2o3 ) are more FeO-rich than the equivalent minerals in Type 

II and III pyroxenites (Fig. IV-:5) and are similar to those found 

in Type I. The olivine (Fo~85 • 7 ) is much more FeO-rich than any of 

the olivines from the four peridoL .. tes (VFo 
92

.
2

- Fo93 . 5 > found at 

Koffiefontein. 
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It should be noted that the garnets in this xenolith have not attained uniform 

composition, especially reflected in the variations of their CaO and Cr2o3 cont­

ents, which denotes a lack of equilibrium. The Ca/Ca+Mg ratios of both the 

clinopyroxene (N~9) and the orthopyroxene (~0.46) indicate that this sample 

has cooled tov900°C (Davis and Boyd,1966 and Boyd and Nixon,1973,respective,ly) 

and two adjacent clin .) and orthopyroxenes (analyses 18 ..and 14 . in Table IV-19) 

yielded a temperature ~stimute ofN1050°C, using Wood and Banno 1s(1973) geother­

mometer. The equilibration pressure of this xenolith , calculated from adjacent 

orthopyroxene and garnet crystals (analyses 14 and 2 in Table IV-19) is..,47 Kb 

(Wood and Banno,1974). 

3. GROUP B - KOITIEFONTEIN PERIDOTITE XENOLITHS 

3.1 Introduction 

Only four small (.Y3cm.) peridotite xenoliths hav..:. been found at the 

Koffief ontein kimberlite pipe. One is a garnet lherzolite (PC 44) and three 

are harzburgi t es ( PC 61 , PC 5Lf a.nd PC 63). Of the harzburgi tes one is 

chromite bearing ( PC 63 ) and one ha.s primary phlogopite ( PC 61 ). 

They are coarsed grained (up to 8mm.) rocks with no si~s of deformation 

and vary from very fresh to slightly altered •• Alteration has prefel'entially 

affected the o:~i vine, causing serpentinization along fractures a11d grain 

boundaries. 

The garnet in PC44, is · concentrated along pyroxene grain boundaries 

( ie, between orthopyroxene-clinopyroxene and bet•-1een orthopyroxene grains) but is 
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:, 

almost completely altered. Both tAe ortho- and clinopyroxene in this 

lherzolite have exsolution lamellae. 

Modal visual estimates are presented in Table IV-20. 

3.2. Mineral Chemistry 

The individual minerals in the Koffiefontein peridotites are 

homogeneous and have uni~orm compositions. Microprobe analyses of the 

constituent phases are given in Table IV-21 (number of analyses are 

indicated in brackets) . 

The olivines are forsterites (Fo92 • 2 - Fo94 . 2 ), similar to those 

from granular peridotites from Lesotho (Nixon and Boyd, 1973). 

The orthopyroxenes of PC44, PC6l and PC63 are enstatites 

(En94 . 2 - En 95 , 2 ), also similar to those from granular peridotites 

from Lesotho (Nixon and Boyd, op. cit.) but with slightly lm\•er 

Alp 3 (0.65- 0.81 wt. %), cr2o 3 (0.27- 0.31 wt.%) and Ce.O (0,18 -· 

0.22 wt. %) contents. However, the orthopyroxene from the harzbu:rgite 

PC64 has a higher ~ao (0.74 wt. % ) and much higher A1 2o 3 (2,4 wt.%) 

contents. The Al 2o 3 conten t of this pyroxene is ~omparable to that 

observed in orthopyroxenes from Type IV pyroxenites from Koffiefontein. 

The clinopyroxene from the garnet lherzolite PC44 has ~2,6 wt.% 

AL,o..,. L8 wt. % cr_o_ and 2.00 wt.% Na_o. The Ca/Ca+Mg ratio is hiqh 
.:. -' .t: _j L . 

(47.8) and comparable to clinopyroxenes in granular peridotites 

(Nixon and Boyd, 1973). The garnet in this xenolith is a pyrope 

wit:1 12,5 mole % grossular component and ~2, 5 wt.% Cr 
2

o
3

. 

The chromite in PC63 is typical of those occurring in ultramafic 

rocks and ki~berlite nodules (Fig. VII-12 a nd 13) and the phlogopite 
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in PC61 has a composition similar to primary-metasomatic phlogopites 

found in peridotites elsewhere (Fig. IV-17). 

3.3 Discussion 

The coexisting minerals ali v i.ne-chromi te in ha:.:zburgi te PC63 

indicate an equilibration temperature of 793°C (Roedder et al., 1979-

see Chapter V-5) and mineral assemblages in garnet lherzolite PC44 

yield equilibration conditions of ~940°C (Davis and Boyd, 1969) and 

36 kb. (Wood and Banno, 1974). The lack of cl:i..nopyroxene and garnet 

in tl,e other. two peridotites does not al i.::>w estimation of their 

equilibration conditions, but the high Al
2
o

3 
in harzburgite PC64 

indicates a shallower depth of origin. 

I 
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CHAPTER V 

. INCLUSIONS . IN . OIAMONOS .. FROH . KOFFIEFQNTI;:IN 

1. INTRODUCTION 

Diamonds are believed to form in the Earth's mantle, from igneous 

melts (Meyer and Boyd, 1972; Sobolev, 1977; Harris and Gurney, 1979) 

at depths of at least 100 krn. (Kennedy and Nordlie, 1968) and are 

brought to the surface by kirnberlites. Syngenetic mineral inclusions 

in diamonds provide useful information on the environment of formation 

of diamond, which is of both intrinsic and economic interest. They 

yield direct evidence on the composition of the upper mantle, and 

are unique in respect of their armouring in that they are surrounded 

by unreactive diamond and except where they touch each other they 

probably represent primary compositions unmodified by subsequent events 

and metamorphic effects. 

' 
Chemical studies of these inclusions have shown that they have 

an overall compositional similarity, irrespective of the age and 

locality of the "host kimberlite (Meyer and Tsai, 1976; Sobolev, 1977; 

Gurney et al., 1979). They also have a compositional range broadly 

similar to that of eclogitic and peridotitic minerals occurring both 

in xenoliths and concentrates of kirnberlites, but in some respects 

show distinctive characteristics (e.g. low CaO in peridotitic garnets, 

high cr
2
o

3 
in peridotitic garnets, olivines and chromites, high K2o 

in eclogitic clinopyroxenes - Meyer and Tsai, 1976; Sobolev, 1977; 

Harris and Gurney, 1979). Beside s these common features, a few others 
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must be taken into account in any attempt to explain the origin c•f 

diamonds. With few exceptions (e.g. Orapa and Premier Mines), peri­

dotitic inclusions in diamonds from southern Africa are much more 

abundant than e.::logitic inclusions (Gurney et al., 1979). This dis­

tribution pattr.:rn rarely reflects the xenolith population at ir.di­

vidual localities (e.g. at Roberts Victor, where the xenolith populat­

ion is characteristically eclogitic, the diamond inclusions are pre­

dominantly peridotitic) • Diamonds have relatively often been found 

in association with eclogites (Sobolev, 1977; Hatton, 1978; Shee, 1978) 

but they have rarely been found ir. peridot.ites by comparison (Da'Vlson 

and Smith, 1975; Pokhilenko et al., 1977; Gurney, pers. comm.), and 

in general the vast majority of diamonds are recovered from th(: 

kimberlite matri~ from the largest down to the smallest of sizes. 

Therefor e, their distribution does not seem to fit a simple picture 

of derivation from the disaggregation of xenoliths. In addition 

diamonds probably originate from more than one sou:r.ce , as has been 

clearly demonstrated at Roberts Victor (Kr runers, 1977). 

Fesq et al. (l975j have found droplets of co
2

, H
2
0-rich melts 

in diamonds that looked free of inclusions, and this has given strong 

support to the hypothesis that most diamonds originate in magmas of 

kimberli tic cha:rr.~t-Pr (P . g. M<>yPr ;:mr'l ~0~'r'l; }972) r.:l.-=ri•.r'=C! by sm.;>_U. 

degrees of partial melting of carbonated mantle peridotite (Harte 

et al., in press). This magma is also capable of crystallising 

minerals such as garnet, _ olivine, ortho- and clinopyroxene (Eggler 

and Wendlandt, 1977) 1 which are f ound as inclusions in diamonds. 

The fractionation of clinopyroxene may be originally suppressed 
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because of the association of ca
2+ cations with CO~-, resulting in the 

crystallisation of Ca-poor phases (e.g. low CaO garnets- Harte et al., 

1979). 

The most abundant diamond inclusions at the Koffiefontein pipe 

are sulphides, as elsewhere in S . Africa. Out of t .he peridotitic and 

eclogitic suite of minerals, the peridotitic incl~sions are the most 

abundant (Hawthorne et al., in prep. - see Table V-1). 

The Koffiefonte in inclusions were removed by cracking the 

diamonds, and they have been briefly described by Dr. J. W. Harris. 

(The::-E: notes were made available by Dr. G11rney 1 for the purpose of 

this study) • 

To date, 78 mineral inclusions from Koffiefontein diamonds have 

been analysed and the results are presented in Table V-2 to V-9 

(analyses by R.S. Rickard). Inclusions with the srune nunilier have 

been removed from the same diamond, and eighteen coexisting mineral 

pairs are reported: 3 garnet-olivine; . 4 garnet-orthopyroxene ; 7 

garnet-clinopyrox2ne ; l olivine-orthopyroxen e ; 1 olivine--clinopyroxene; 

1 oli vine-chJ'~omi te and l orthopyroxene-per iclase. 

2. PERIDOTITIC INCLUSIONS 

Garnets: 

The peridotitic garnet inclusions at 1(offiefontein have been 

sub-di.·,,ided into two groups, based mainly on the ir CaO contents and 

Mg/Mg+Fe ratios. 

(a) Garnet inclusions Kl, K4, KlO, Kll , Kl2, K45, K47 and K48 

(Table V-2A) have the highest Mg/Hg+Fe rahos (88.2- 92 .6), very low 
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Garnets with low CaO contents (<3.5 wt, %) are believed to have 

formed in the absence of clinopyroxene, and aL- consequently thought 

to be deriv~d from a dunite / harzburg i te paragenesis (Sobolev, 1977; 

Harte et al., 1979, in press), 

'l'hree of the garnet inclusions (gts KlO , Kll, K48) occur with 

olivine and one (gt K47) with orthopyroxene, in the same diamond. 

(b) 'I'he remaining peridotitic garnet inclusions at Koffiefontein 

( -gts K2, K3, K5, K9, K44, K46) (Table V-2B) have lower Hg/Mg+Fe ratios 

(84 - 87.8) and higher cao (3.3 - 5.5 wt. %) than those in group {a); 

cr
2

o
3 

also tends to be highe r (4.5- 8 .7 wt,%). 

Chemically similar garnets are aj_so occas ionally found as inclus-

ions in diamonds e1sewl<erc (e.g. Finsch, Gurney et al_. (1979) · field 

C in Fig. V-1; Premier , Gurney , in prep<)but are not common. In con­

trast to group (a ) however, they are widely distribut~d in kimbe.::-lite 
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concentrates (Lawless, 1974; ~ig. V-·1) and peridotitic xenoliths. 

In fact, they are compositionally similar to a few garnets found both 

in Type II orthopyroxenites and concentrate of Koffiefontein (compare 

with Fig. VII-1). 

Garnets of similar compositic•n . have been assi;ned to a lherzolite 

paragenesis by Sobolev (1977). 

Three of these Koffiefontein garnet inclusions (gt K2, K9 1 K46) 

have been found to occur with orthopyroxene in the same diamond. 

Olivi7l.es: 

Olivine is generally the most abundant peridotitic inclusion in 

di&~onds (Meyer and Tsai, 1976; Hawthorne et al . , in prep.), and this 

has also bee n found at Koffiefontein . In general, olivine diamond 

inclusions, a lthough tending tov1ards very Mg-r ich compositions, i.e. 

Mg/Mg+Fe : 91 - 96.1 (Meyer a nd Tsai, op. cit.; Harris and Gurney , 

J.979 ) have compositions overlapping with those found in xenoliths 

and con c e ntra t es ( ~·!eyer and Boyd, 1972). 

The 15 ol ivines that have been analysed from Koffiefontein 

(Tab l e V-3) a re a l s o very Mg-ri ch (Fog, r - Fo~s 4) I and CaO (N.D. -
.lob '::J o 

0.16 wt. %) c a n r e ach unusually high concentra tions in a diamond 

i:1c l ~ ~!::i :-~~~ .'\l t.h~".;qh. S~bolc~ .... {19 77) al ::.~ repc~t.s a_n ol .ivi.nE.' ':.·Jith 

0,18 wt. % CaO, it is uncertain whether these high CaO values are due 

to alteration or are inherent in the original olivine compositions. 

The olivines with the highest cao conte nts (0.13 and 0 .16 wt. %) are 

described as occurring in diamonds with "black fractur~ flaws" 

(diamvnds K2C and K26 r e s p e ctive ly in notes by Harr is). 
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The most distinctive characteristic of olivine diamond inclusions, 

when compared to olivines from xenoliths, is the commonly observed 

high concentration of cr
2
o

3 
of up to 0.09 wt. % (Meyer and Boyd, 1972; 

Meyer and Tsai 1 1976; Gurney et al. 1 in prep.) ·. Olivine inclusions 

at Koffiefontein have cr
2
o

3 
contrmts up to 0.15 wt.,% (D.L. = 0.03) 

and a similarly high value (0.15 wt.%) has also been reported by 

Prinz et al. (1975). 

It has been suggested (Burns, 1975) that chromium enters the 

olivine structure as cr
2+, due to the low oxysen fugacity and high 

pre8S~lres p:r·evalent during the formation of diamonds. On the other 

hand the simultaneous crystallisation of chromites with diamonds, 

suggests that most chromium is p resent as cr
3
+, and its oxidation 

state in olivine seems uncertain. High magnesium olivine phenocrys·ts 

(up to Fo
92

) which coex ist with Cr-spinel in ocean floor basdlts, 

from the Mid-Atlantic Ridge, have cr
2
o

3 
contents up to. 0. 15wt%. 

(le Roex, 1980); these phenocrysts probably crystallise at higher. 

oxygen fugacities t .han those r equired for diamond formation, and it 

is likely that most of the chromium is in the t .rivalent state. 

According to Arai (1978) cr
3+ enters the octahedral site of olivine 

by the coupled substitution 3 (Mg, Fe 2+)<~ 2 cr
3
+; this is accompanied 

by th~ ~1.2bs~i 't'..!ti.or; 
2+ 

of the lcrge c~ cation 
2+ 

fey (M<J: FP. } to f'..lJfill 

the vacancy l eft in the octahedral site. Although a few of the Koffie-

fontein diamond inclusions have highe r cao, there is no obvious 

correlation. So, it seems that the oxidation state of chromium 

in olivines remains open to speculation, and that the presence of at 

3+ 
leas t . some C!: in the s t ructure of olivine diamond inclusions should 

not be ruled out. 
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Four of the diamonds which contain the olivine inclusions, are 

also hosts to other minerals: 1 olivine - 1 clinopyroxene, 1 olivine -

1 orthopyroxene,. 1 olivine - 1 chromite and 3 olivine - 3 garnet 

inclusion mineral pairs have been found. The olivine that occurs 

witr. two clinopyroxeLe s in the same diamond (Kl8) has a Mg/Mg+Fe 

ratio of 92.7. It is slightly more Feo-rich (7.2 wt. %} than the 

. 3 olivines that coexist with the 3 _low cao garnets (Feo : 5.2 -

5.7 wt,%- KlO, Kll and Kl8), 

Clinopyroxenes : 

The clinopyroxene diamond inclusions from Koffiefontein (Table 

V-4) are similar in many respects to others reported by Sobolev (1977)­

and by Meyer and Tsai (1976) belonging to the ~eridotitic suite (Fig. 

V-1). They have low FeO (1.8 - 2.7 wt,%), Na
2
o (0 . 3 - 2.4 wt.%), 

Al
2

o
3 

(0.68- 2.14 wt.%) and Ti0
2 

(N.D.- 0,07 >-lt,%) contents and 

a cr
2
o

3 
content ranging between 0.8 and 3.7 wt, %, However, the K2o 

content of these pyroxenes is very high for peridotitic pyroxenes, and 

higher than that of ~he eclogitic diamond inclusions from Koffie­

fontein (Table V-9). There is the possibility that the potassium 

content associated with the inclusion cpx Kl5 (0.31 wt.%) may be due 

to alter::>.tion, b~c<:>.use th~ host die...'l!ond. is fr<:>.c:-t•.!reCI., bl..'.t th<:> c;;;:>.m<;> 

does not apply to cpx Kl4 (0, 79 wt . % K
2
o) which occurs in an un·­

fractured diamond. Inclusions cpx Kl8 and Kl8A2 have particularly 

high K
2
o concentrations (~1.6 wt . %) and from the description uf their 

diamond host, cpx Kl8A2 i s a clear diopside and therefore its K2o 

content should not be simply r egarded as a product of alteratio;: , even 
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though cpx Kl8 could be the altered pyroxene referred to in this 

diamond. 

It should be pointed out that clinopyroxenes Kl8A2 and Kl8 have 

been included in the peridotitic suite of minerals, because they occur 

with olivine ir. the same diamond. With the exceptl.on of their ~20 

contents 1 they h.we pyroxene compcsi tions but X-ray diffraction work 

is required to determine positively whether their structure corresponds 

to that of a pyroxene. 

Clinopyroxenes with relatively high potassium contents have also 

been reported in peridotite xenolir.hs . (up to 0, 086 wt.% - Sobolev, 19Tl) 1 

peridotitic diamond inclusions (up to 0,23 wt.% -Meyer and Tsai 1 1976; 

0.15 wt. % - Sobolev , 1977) and eclogitic diamond inclusi0ns (0. ~'6 wt , %1 

Finsch pipe, S.A . 0.55 and 1,12 wt.%, Orapa , Botswana - Rickard, unpubl. 

data) • 

The stability limits of the potassium-rich minerals phlogopite 

(175 km - Modreski , 1972) and richterite (30 kb at ·~ooo0c - Kushiro 

and Erlaruc , 1970) makes them unsuitable minerals to accommodate K
2
o 

in the upper mantle at depths o f diamond f0rmation. Both Erlank 

(1973) and Sobolev (1977) haw~ SlJggestP.d t.hat under these conditions 

K
2
o \-lill probably enter the clinopyroxene structure. So far, results 

f~om ehpe~iment~l irJ.dicat.~ tl·la.L.. ;:~:v .i;Ji.;ia ~20 eui...e1. i.....llt! ::;i...rut..:Lu:tc - - - ~-1-
·a·...;..L~ 

of synthetic pyroxenes at pressures up to 30 kb. (Erlank and Kushiro, 

1970) and that at higher pressures (lOJ kb., l400°C) this value may 

increase to 2200 ppm (Shir.ll.zu, 1971). A careful determination of this 

oxide in homogeneous, unaltered clinopyroxenes, sue~ as some of the 

diamond inclusions mentioned above, may col.roborate the importance of 
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clinopyroxene as a source of K
2

o in the deep mantle, even in perido­

titic material. 

Besides their high K
2

o contents, inclusion Kl8A2 and Kl8 have 

unusually low Nci
2

0 ( ..... o. 3 vlt. %) and Al
2

o
3 

(-vO, 7 wt. %) • They also have 

slightly diffeJ.e nt compositions 1 especially reflected in their 

Ca/Ca+Mg ratios (40.3 and 45.5), even though they occur in the same 

diamond. The clinopyroxene diamond inclusions have compositional 

similarities to a few of the most MgO-rich (Mg/Mg+Fe: 0.92 - 0.96 

concentrate clinopyroxenes. 

Orthopyroxenes: 

The Koffiefontein o~thopy.cm~ene diamond inclusions (Table V-5) 

are enstatites ( En
92

•
6

- En
95

•
8

) with a low CaO content (0.13- 0.78 

wt. %) which decreases with increasing Mg/Mg+Fe ratio (Fig. VII-7). 

They are chemically similar to most enstatite diamond inclusions 

(Meyer and Boyd, 1972; Sobolev , 1977; Harris and Gu~ney, 1979) and 

also to a few green orthopyroxenes found in the Koffiefontein con­

centrate (see Figs. VII···7 1 8 and 10) , except that the latter have 

higher average Na
2

o and Tio
2

• 

The orthopyroxenes that do occur with garnet in the same diamond 

(K2 1 K9, K46, K47) have a smaller Al
2

o
3 

compositional range (0.55 -

0.76 \'It,%; av.:0.66), but similar on average, to that of the ortho­

pyroxenes that do not occur with garnet (0.30- 1.16 wt.%, av.: 0.69 

wt.% Al
2

o
3
). The latter value (J.l6 wt.% Al

2
o

3
- opx 26~B) is 

unusually high when compared to diamond inclusions elsevThere (Meyer 

and Boyd, 1972; Meyer and Svisero, 1975; Meyer and Tsai, 1976; 

Sobolev, 1977; Gurney et al., 1979, in prep.). The onl~{ known 
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reported high value for this oxide in a diamond inclusion, is 1,36 

wt.%, in a bronzite coexisting with a subcalcic clinopyroxene (Prinz 

et al., 1975). The Al
2

o
3 

content of opx 262-B is comparable to that 

of orthopyroxenes from sheared lherzolites (Boyd and Nixon, 1973), 

but it has a ra;ch lower CaO con tent (O .12 wt.% Ca0, versus"" 0. 7 - 1. 2 

wt.% CaO in · she<\red lherzoli tes) • 

Chromite: 

Only one of the chromite inclusions in Koffiefontein diamonds 

has been analysed (Table V-6). This chromite occurs with olivine 

and has cr
2

o
3 

and Tio
2 

contents (63.3 wt.% and 0.1 wt.% respectively) 

typical of diamond inclusions, but with a slightly higher Al2o~. con­

tent (Sobolev, 1q77 - see Fig. VII-13). 

3. ECLOGITE INCLUSIONS 

Garnet.>: 

The Koffiefontein eclogitic garnet inclusions (Table V-7) have 

a very v1ide range in CaO 1 MgO and FeO contents 1 and display a broad 

trend of simultaneous cdlcium and iron enrichment (Fig. V-2). They 

are characterised by low cr
2
o

3 
(N.D. - 0.85 wt.%) 1 high FeO (13.5-

21.3 et. %j and the presence o£ both Ti0
2 

(up to 0.76 wt.%) and Na
2
o 

(uv to o. 34 ·.~·t. %) • The presence of Na
2
o is a characteristic feature 

of eclogitic garnet diamond inclusions and often of garnets in Type I 

eclogit(~ nodules (e.g. Shee, 1978). 

Seven of these garnets occur vli th clinopyroxene in the same 

diamond (K8, Kl6 , K37 1 K41, K42, K43 and K56). DiamondsK19 and K37 
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each have two garnet inclusions, which have significantly different 

chemical compositions (Table V-7) • The implications of this will 

be discussed in more detail in a latter section. 

Clinopyroxenes: 

The clinopyroxene inclusions (Table V-8) also show a wide 

variation in CaO (10 - 20 wt.%), FeO (4 - 14 wt.%) and MgO, and in 

their Ca/Ca+Mg ratios (36 - 48.6) (Fig. V-2). They all have Ti0
2 

(0.13- 0.42 wt.%) and the Na
2
o (1.4- 4.6 wt.~) and Al

2
o

3 
(2.7- 7.9 

\vt.%) contents are variable and in a few cases are low for eclogitic 

clinopyroxenes (e.g. cpx K8, K56). Nevertheless, such inclusions 

have been ass5.gned to an eclogiti c:: paragenesis because of their high 

Ti0
2 

and occurrence, in the same diamond, with garnets which have 

eclogitic characteristics. 

The presence of . K
2
o in clinopyroxenes is usually characteristic 

of diamond inclusions belonging to the eclogitic suite of rocks 

(Sobolev 1 1977) a!.d. the eclogitic clinopyroxene diamond inclusions a t 

Koffiefontein have K
2
o contents of up to 0,23 wt. %. 

ThP PC:1 nc:ri t-i r n t~J110nd i!!r:"l1..!Si0r:S =.t. Kcffie£cnt~in h0.,.lC cha.J":"act.e!:'-

istics broadly similar to Type I eclogites from Orapa (Shee, 1978). 

Hatton (197 8 ) and Shee (1978) used the Na
2
o content of clinopyroxenes 

as a differentiation index for eclogites. Although the Koffiefontein 

clinopyroxene inclusions do show an increase in Na
2
o 'l'iith decreasing 

MgO, ~he rel2 tionships with CaO is very poorly defined (Fig. V-3 a 

and b). In addition, the ~ie lines defined by clinopyroxene-garnet 



- 90 -

pairs in a Ca-~1g-Fe ternary diagram (Fig. V-2) intersect each other 

suggesting that they do not form part of the same differentiation 

sequence or alternatively they do not represent equilibrium assemblages. 

4. "ODD" INCLUSIONS (Mgl Fe) 0 minerals 

Four inclusions of (Mg, Fe) 0 oxide ferropericlase, magnesio­

wUstite ?) have been found in Koffiefontein diamonds (Table V-9). 

They have been reported previously by Hawthorne et al. (in prep.)~1ho 

state "The red/brown minerals from Koffiefontein, whose compositions 

approximate periclase, were found ::.n diamonds wh.ich were fractured 

and these minerals may bA pseudomorphs. These inclusions, however, 

were sufficiently crystalline to give simple crystal X-ray patt:.~rns 

from which cell p .>:: ameters and space group data were obtained (J . • 

Smyth, pers. comm.)" - p.S. A periclase inclusion has also been 

found in an Arkansas diamond (Newton et al., 1977), with an inclusion 

suite oi: Cr-diopside, a bycrystal of Cr-diopside-ot.·t hopyroxene, 

olivine and magnetite. Newton et al. (1977) suggested that this 

periclase was probably a magnesite inclusion, prior to the combustion 

of the diamond for. the removal of its inclusio~s. Magnesite way form 

according to the rea ction: 

Dolc·~ite + .::r. ::. L. c. i...ii...t: i=i Di.uv::;i.ue ·; r-iagnesit:e, which t:akes place at 

temperatures ;md pressures similar 'to those at which the graphite­

diamond ~ransformation occurs (Kushiro et al., 1975) (see Fig. V-4), 

and the ?res ence of carbonates in the upper mantle has also been pre­

dicted by several other workers (Wyllie and Huangl 1975; Eggler and 

Wendlandt, 1977). 
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However, the Koffiefontein inclusions were not recovered by 

burning the diamond, but by cracking it, and other alt.ernatives to a 

carbonate o~igin for the inclusions should be prominently considered. 

For instance, recent experimental work suggests that Mg
2
Si0

4
-spinel 

transforms to pyroxene3 with perovskite strt•cture and to rocksalt 

(MgO) , at N 250 kb. (Liu, 1975) • Ringwood (1975) proposes that these 

assemblages are important constituents of the trru1sition zone (~350 

to 900 km.) a~1d lower mantle ( > 900 - 1000 km.). If the ferroperi­

clase minerals fmmd in the Koffiefontein diamonds were to represent 

the phases described by Ringwood (1975) this would imply that bC'th 

diamonds and their host kimberlite originated at depths greater than 

N200 km., as is currently held (e.g. Eggler and Wendlandt, 1977). 

The breakdown of orthopyroxene, according ~o the reaction (Mg,Fe)
2 

Si 2o6 ~ (Mg, Fe) 0 + 2Si0
2 

(Gurney, pers. comm.) could also be a 

potential source of periclase and quartz, which is occasionally found 

as inclusions in diamonds. 

':..'he origin of the periclase inclusions at Koffiefontein seems 

uncer tain, and their stoichiometry is currently under investig~tion 

(Boyd: pers. comm. to Gurn ey), 'J'hey have been described as possihl.e 

pseudomorphs, but the finding of 4 periclases in a very small fraction 

vf t .l-.e !Cc.:ffiefcr-.. "'..:.ei:r.:. di~:!Cr.i.d p0pula .. cicn, ili~d L..lu:~.i...L. Lu.Llt.y ui... vL.i1 t.: L 

localities, would make their origin as sec?ndary products highly 

coincidental. 

Diamond K262 is a host to one of these periclases (trar,sp.::.rent 

and isotropic) and to an orthopyroxene with an abnormally high A1
2
o3 

content. (1.16 wt. % - see Table V-5), suggesting a somewhat unusual 
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origin for both the inclusions in the diamond, most probably linked 

to the peridotitic suite of inclusions . 

5. CONDITIONS OF EQUILIBRATION OF THE KOFFIEFONTEIN DIAMOND INCLUSIONS 

Syngenetir..: inclusions in diamonds yield direct evidence o~ the 

upper mantle cor.ditions prevailing at the time of their formation. 

A wide survey of diamonds with more than one inclusion, has revealed 

that the inclus ions in each diamond belong either to the peridotitic 

or eclogitic suite (Meyer and Tsai, 1976; Harris and Gurney, 1979i : 

Hawthorne et al., in prep.),reflec~ing d i fferent growth environments. 

One tentative exception has been found by Prinz et al. (1975) where 

olivine, rutile , silica and clinopyroxene (o.mphacite??) have b~en 

extracted from t!.. c=c same diamond. Although diamond Kl9 from Koffie­

fontein is cracked, olivine, sulphides and an eclogitic garnet have 

been extracted from it, and it constitutes another potential except-­

ion, which needs confirmation (the above is based en a visual ident­

ification; a chemical analysis of the inclusion identified as olivine 

is not yet avai lab l e ). Besides, multiple inclusions of the same 

mineral phase in a giv~n diaT.ond seem to have a constant coruposition 

and it is generally assumed that differen·t inclusions in the same 

di;:u-no_.·_.d .cepreseHL ey_uiiibrium assemblages (e.g. Meyer and Tsai, 11376 ; 

Sobolev, 1977). However, in contrast to this, multiple inclusions 

of th~ same mineral phase in three diamonds from Koffiefont.ein (Kl8, 

Kl9, K37) do not show this feature of uniform composition. 

Although the range in composition could be attributed to post­

crystallisation alteration , only one of thG diamonds has been 
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described as having fractures (Kl9). The description of the other 

two diamonds are somewhat ambiguous but no fractures were reported 

suggesting that compositional variations cannot be attributed to 

post-entrapment alteration. It therefore seems possible that some 

of the differences in chemistry of these inclusions in the same 

diamond, could reflect original differences. 

The apparent equilibrium between multiple diamond inclusions, 

observed in other studies, is often used to justify the use of in-

elusion compositions to determine temperatures and pressures of 

equilibration of co-existing minerals and hence the formation of 

diamond itself. For purposes of comparison with other work, this 

approach will be followed below, even though it has been pointed out 

that the Koffiefontein inclusions may not always represent equilibrium 

assemblages. 

(i) Olivine-chromite: 

Olivine K22 (Table V-3) coexists with a chromite (Table V-6), 

and according to Jackson (1969) the distribution of Mg and Fe
2

+ between 

coexisting olivine and spinel can be used to estimate their temperat-

ure of equilibration, Roeder et al. (1979) have recently re-evaluated 

this geothermometer using new free energy data for the Fecr
2
o

4 
mole-

cule and suggest the following formulation: 

ToK = a3480 + Sl018- y1720 + 2400 
a2 .23 + 82 . 56 - y3 .08 - 1.47 + 1.987 ln K

0 

where: 

a =-· 13 = 3+ 
Cr+Al+Fe 

Cr F 
.3+ _-

. _ e - 2+ 2+ 
3+' y- 3+ • K

0 
=(Fe /Mg) /Fe /Mg) 

Cr+Al+Fe Cr+Al+Fe 1 · sp · ol 

Al 
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If it is assumed that inclusions found in a single diamond re­

present equilibrium asserr.blages, then the temperature r;btained for 

the olivine-chromite pair above (Koffiefontein diamond K22), is 

974°C (using Jackson's (1969) equation the value obtained is l604°c, 

which is consid~red unrealistic). Although Roeder et al. (1979) 

point out that application of this geothermometer to C~-rich spinels 

will probab ly give the most reliable results, the largest uncertainty 

at present, seems to be in the choice of the free energy data for 

Fecr
2
o

4
• 

(ii) Orthopyroxene-garnPt pairs: 

The compositions of coexisting orthopyroxene <:>nd gar:!et, can 

be used to de tern::· c1e their pressure of equilibration (HacGregor, 1974), 

providec a previous decer mination of temperature can be made. It is 

only possible to estimate a temperature from an orthopyroxene com­

positiorq if it has crystallised with clinopyroxene_. but no ortho­

clinopyroxe n e pairs have been found in a single Koffiefontein diamond. 

Hovwver 1 the_ garnets from orthopyroxene-garnet pairs found in diamonds 

K9 and K46, have gros sula r compon ent.s of lL 8 and 13.3 mole % respective ­

ly1 and garnets with"' 13 mole % grossular are assumed to have crystal-

li3ad i~ the presc1·lc~ of t -:.·i0 :t:;Yl-O.nt..:i .H . ..:;.., ~0 ~ ila r a. and iviercy 1 1963; 

MacGregor, 1967; Sobolev, 1977). Under this assumption, the Ca/Ca+Mg 

ratios of the orthopyroxenes K9 and K46 can be used for geot.hermometry 

and refle ct temperatures of .v l080-:
1
C (±S0°C) using Boyd and Nixon's 

(1973) empirical geot h e rmometer. Calculated pressu::es, for K9 and K46 

orthopyroxene-garn e t p a. .i r s, are 42 a nd 38 k.b. ( £3Kb ) respectively, 
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using equation 12 of Wood, 1974: 

p x ln 

M' Mi 
9

'1, 
(X 

1

) x(l- XAl)opx 7012- 3.8 - 10450 X Al opx + ~v 
3 

(1-Y)gt 

(X ) (1-2 XMi) 
Fe opx Al opx 

The grossular components of the garnets of the twn other o~tho-

pyroxene-garnet pairs, K2 and K47, are 9.9 and 6.3 mole% respectively, 

and therefore estimates of temperature cannot be made on the same 

asst~ption as before (even though according to Sobolev (1977) garnet 

K2, with CaO content >3.5 wt.% 1 may be attributed to a lherzolite 

paragenesis ). 

Differen·t pressure-temperature relationships can be obtaint!d, by 

inserting differer:~ temperature values in equation 12 of \.Vood (1974). 

The lines drawn through the points obtained in a P versus T diagram, 
'-' . 

represent lines of constant K
0

, along which the 4 orthopyroxene-garnet 

pairs c , ,uld have ec:ui librated. These are illustrated in Fig. V-4, 

together with the graphite-diamond stability curve (Bundy et al., 1961). 

Hinimum temperatures and p ressures of equilibration for all four 

mineral pairs can be estimated by the intersection of the line of 

constant K
0 

for each pair, with the line separating the stability 

fields of graphite and diamond: 

opx/st 
at 

T
0 c PKb T (41 Kb) 

air 

K47 900° 39 1030 

K2 950 40 1060 

K9 1130 45 1130 

K46 1250 48 1250 
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Comparison of the calculated temperatures and pressures of 

equilibration obtained for mineral pairs K9 and K46 ( l080°C, 38 Kb., 

respectively) with the above values, shows that pair K46t would have 

equilibrated in the graphite stability field (see Fig. V-4). This 

discrepancy may be due to: 

1) large errors in the geothermometer and geobarometer used, 

2) the original assumption that temperature can be estimated from 

the Ca/Ca+Mg ratio of orthopyroxene coexisting \'lith garnet con-

tainingr~l3 mole % grossular component may be invalid, 

3) if this assumption is valid, then mineral pairs included in 
~-

diamonds do not nec3ssarily represent equilibrated assemblages, 

as al~eady suggested in the introduction to this section. 

Another inconsistency is that garnet-orthopyroxene pairs K9 and 

K46, yield highe r minimum temperature estimates than pairs K2 and K47. 

The garnets from the first two pairs have a greate~ CaO content, and 

if this is indicative of their crystallisation in the presence of 

clinopyroxene, then they shoul d have crystallised at a later stage 

(lov:er t~mperature) during the crx·stnllisation sequence. If a minimuL"i'l 

crystallisation temperature of l250°C \vould be assumed for ortho-

pyroxene--ge:n:ne·L pa.1r .t<4 i (garnet with lowest cao content) then this 

would require a minimum pressure of formation order of 65 Kb. (refer 

to Fig, V-4). 

(iii) Clinopyroxene-garnet: 

The distribution of ircn and rr.==tgnesium bet\'Jeen garnet and 

clinopyroxene ,represented by the equation: 
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C~gSi2o6 + 1/3 Fe3A12Si3012 ·+ 
+ 

CaFeSi
2
o

6 
+ 1/3 Mg3Al2Si3012 

diopside alma~dine hedenbergite pyrope 

has been used as pot~ntia1 geothermometer (Banno, 1970; Ake11a and 

Boyd, 1974; Raheim and Green, 1974; Gangu1i, 1979) but is dependent 

on pressure (Banno, 1970; Rahei.t&J. and Green, 1974) and other chemical 

components such as CaO i :1 garnets (Ganguli, 1979; Ellis ar.d Green, 

1979), Na
2
o and Al

2
o

3 
in the clinopyroxenes, and the amount of Fe

3
+ 

present in both minerals (Ganguli, 1979). The above geothermometer 

has been discussed and applied to diamond inclusions elsewhere (e.g. 

Gurney et al., in prep.), and the results obtained for Koffiefontein 

garnet-clinopyroxene diamond inclusions are given in Table V-10. 

The equations of Raheim and Green (1974) 

3104XCa+3030+l0.86P . 
(T 

3686+28,35P 
ks 

2,33+ln K ) and Ellis and Green tl979) (T 
D 

t ) 
1. 9034+ln KD 

were combined with th._,t defining the graphite-diamond stability c :trve 

(Bundy et al., 1961 - PKb = 7,1 + o,o27 
3104Xca + 3107 
---- gt , respectively. 
1. 61018+ ln K

0 

and T 

0 . 3887 
T K) 1 to y~eld T = l K +l SG 

n D ' 
In this way, minimum temperat-

ures and pressures of e~~ilibraticn for these mineral pairs and their 

host diamonds were obtained (see Table V-10). Inclusion pairs in 

ui.cuuvHU r~37 (l. c;px - 2 gt.s/ inaicat.e a wide rang.::: of .minimiliTt tti-uperat.-

ures and pressures of equilibra tion, because the two garnets have 

diff"erent compositions. Even though they occur in an uncracked diamond, 

it has been suggested that garnet K37 D may be a product of alteration. 

If this ga:rnet reflect.s alteration, then it is not possible to decide 

with which garnet the clinopyroxene should be paired v,rith . If it is 
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not altered, non-equilibration between these mineral pairs must be 

assumed. 

Without taking into consideration the problematic case of 

diamond K37, the range in minimum equilibration pressures is 18 and 

10 Kb. (columns (3) and (4) respectively, of Table V-10). If these 

diamonds and their inclusions crystallised from an eclogitic melt, 

this corresponds to a minimum depth range of"" 33 km. 

As mentioned before, the tie-lines defined by the eclogitic 

clinopyroxene-garnet inclusion pairs do not define a regular pattern, 

\'lhich was interpreted as suggesting that they do not form part of 

the same differentiation sequence or alternatively, that they do not 

represent equilibrated assew~lages. This is in contrast to the 

Premier and Orapa Mines eclogitic assemblages (Gurney: pers. comm.). 

(iv) Olivine_-ga.rnet: 

An interesting exercise \'lould be the application of the 

olivine-garnet geothermometer (O'Neil and Wood, 1979) to the three 

low CaO garnets and their olivine pairs (in diamonds KlO, Kll and K48). 

However, it has recently been pointed out that there are a few errors 

in the published method (JJG p ers. comm.) 1 and calculations of temp­

eratures of equilibration for these assemblages would be irrelevant 

at this stage. 

DISCUSSION 

The chemical study of the diamond inclusions at the Koffiefontein 

kimberlite pipe, has revealed the features summarised below: 
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1) The diamond inclusions at Koffiefontein have chemical compositions 

broadly similar to those reported from other localities. 

2) Some of these compositions are occasionaJ.ly n-.atched b.f equivalent 

phases found in the Koffiefontein mineral concentrate. 

3) The diamond inclusions do not reflect the xenolith population at 

the pipe. The most abundant xenoliths are pyroxenites ru1d 

websterites, and only a few of the peridotitic garnet inclusions 

(group (b)) have compositions broadly similar to exsolved garnets 

occurri~g in Type II orthopyroxenites. No genetic link is suggest-

ed. 

4) l> total of eighteen diamonds have multiple mineral inclusions, 

which have been analysed. Three of these -iamonds have more 

than one inclusion of the same mineral, and in all three cases 

these discrete grains have different compositions. One diamond 

seems to have inclusions belongi,..,g to different paragenetic 

st:.ites (i.e. peridotitic and eclogitic). 

5) Tie lines between eclogitic mineral inclusions do not define 

a regular pattern, and cross each other. 

6) Calculation of tsnperatures and pressures of equilibration of 

mineral pairs often resulted in inconsistent results. 

7) In view of (4), (5) and (6) above. the assumption that multiple 

inclusions in a single diamond always represent equilibrat <:>d 

assemblages, is questioned by the writer. If it is assumed that 

both diamonds and their inclusions crystallise from melts, t.~.1en 

these are ~outinuously changing in composition, as reflected in 
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the compositional ranges observed in the mineral inclusions from 

different diamonds. The occurrence of discontinuous growth layers 

in diamonds, and inclusions of diamond in diamond (e.g. Sutton, 

1928) suggest a multistage growth process. The inclusions 

trapped at successive growth stages could be ex_2ected therefore 

to reflect any changes in magma composition, and separate inclus­

ions are unlikely ~o equilibrate through the diamond matrix, but 

this might occur if they are in physica l contact (e.g. rare 

polymineralic inclusions) • This would explain the lack of 

~·quilibr.ium found at Koffiefontein, a ;1d some of the differences 

in chemistry of the same phase in a single diamond. 

A chemical study of inclusions in larger diamonds may sub­

stantiate this suggestion. A handicap of this study is the 

small and constant size range of the diamonds studied,and this 

seems to be the case elsewhere (see Hawthorne et al., in prep.). 

8) The relationship of diamonds containing eclogitic and peridot.:.tic 

inclusions is unknown. They may not be related, and may be 

derived .from different sources (e.g. at Roberts Victor they have 

different ages). However, the two diamonds with mixed assemblages 

(Prinz et al., 1975 and this work) may eventually be seen to be 

the direct indication of a corr~on origin for some. 

9) The occurrence of periclase inclusions in four of the diamonds, 

n:;,~: indicate a deeper origin for kimberlite and diamonds, than 

that currently favoured. 
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CHAPTER VI 

,I~OFFIEFONTEJ;N . . MEGACRYSTS 

1. INTRODUC'riON 

Relatively few megacrysts were found at the Koffiefon~ein pipe 

and these include 15 garnets, 3 orthopyroxenes and 2 clinopyroxenes. 

Their sizes range from 1,5 to 2,5 ems., and they are usually partially 

covered with a greyish alteration coating. The crystals are very 

fresh, altho~gh irregular fractures across the garnet megacrysts are 

often observed, and these are filled with alteration products (kely­

phyte' ). Both rims and cores of the megacrysts were analysed to test 

for compositional zoning, but they were all homogeneous. 

The megacrysts were cracked to look for inclusions. The majority 

were inclusion free, but one clinopyroxene was found to contain one 

roundish inclusion of serpentine (Table VI-3) and one orthopyroxer.~ 

contained a phlogopite (Table VI-2). 

2. GARNET MEGACRYSTS 

These megacrysts are red to reddish-brown in colour, and eleven 

of them have been analysed (Table VI-1). They are high-Ti0
2 

garnets 

(0. 78 - 1.1 wt.%) 1 with a remarkably constant calcium content (...,10,3 -

11,1 Jl:,:·le % grossular), and Hg/Mg+Fe ratio between -v75 and 81 (Fig. 

VI-1); they all have traces of Na
2
o (0.11- 0.23 wt.%, av. 0.14). 

The compositions and inter-element relationships of the Koffie­

fontein garnet megacrysts illustrated in Fig. V-21 are :.; imilar to those 
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found for some garnet megacrysts from Northern Lesotho (Nixon and Boyd, 

1973), Orapa (Shee, 1978) and Monastery (Jakob, 1977). They show a 

slight decrease ia cr
2

o
3 

with increasing Tio
2 

and FeO contents, and 

Ti0
2 

increases with decreasing .Mg/_Mg+Fe ratio. The garnets from 

Koffiefontein display :i.c•wer average Ti0
2 

and :.:r
2

o
3

, and a more limited 

compositional variation than those from Monastery, and are restricted 

to the more ~g-rich end of the trend found at that locality. No garnet­

ilmenite associations, as present at Monastery (garnets with Mg/Mg+Fe : 

68.4 - 73.6), have been found. 

3. ORTHOPYROXENE MEGACRYSTS 

':;.'hree orthopyroxene megacrysts, with a grey-green glassy appearance 

have been found (Table VI-2). They are enstati -' PS (En
88

• 7 - En
9
1. 9 > 

with low calcium (0.48- 0.78 \'lt.%) ar.d Al
2

o
3 

(0.49- 0.71 '"t.%). 

They have a greater Mg/Mg+Fe ratio than the glassy orthopyroxene 

megacrysts found at Monastery (Jakob, 1977), and are more similar in 

this respect, to the observed orthopyroxene compositions that have 

ex.solved clinopyroxene at that locality. They all have Ti02 (O.l -

0.16 wt.%) and Na
2

o f-'0.19 - 0.23 wt.%). 

4. CLI~JOPYROXE~~E ~·~EGACRYSTS 

Only two deep-green subcalcic clinopyrnxene (Ca-Ca+Mg : 30 and 

36.3) megacrysts were found at Koffiefontein. They are similar to 

the most Mg-rich Monastery megacrysts (Jakob, op. cit.), but PC69 

(Table VI-3) has a lower l.l
2

o
3 

(1.63 wt.%) content (the lowest value 

observe d at Monastery is 2,3 wt.%). Tio
2 

varies between 0.22 and 

0.28 wt.%. 
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5. DISCUSSION 

The megacrysts found in kimberlites have been interpreted as 

mantle cumulates formed from a magma (Nixon and Boyd, 1973), rich in 

Tio
2

, K
2
o, Na

2
o, H

2
o and co

2
, derived by partial melting of ,metasoma-

tised peridotite (Gurney et al., 1977). As cooling takes plac~, 

phenocrysts (ol~vine, orthopyroxene, clinopyroxene, garnet, ilmenite, 

phlogopite) crystallise from this magma enriching it in volatiles and 

incompatibles (protokimberlite ?) 1 and are later brought up to the 

surface during the kimberlite emplacement. 

At Koffiefontein, no megacryi:.'t of olivine or ilmenite, nor any 

silicate-ilme nite assocjations have been found, and even pyroxenes 

are very scar c e . 

The garnet : •egacrysts display the typical differentiation trend 

of incJ_·easing Tio
2 

with incre ase in FeO, found at other localities 

(Nixon and Boyd, op. cit.; Jakob, op. cit.) and have a constant 

calcium content. Following O'Hara and Mercy (1963 ) and MacGregor 

(1967) thi s is taken as indica tive of their concurrent crystallisation 

with ortho- and clinopyr oxe n e . A reconstJ.uction of the crys t a llisa t ion 

sequence (Jakob, 1977) for the Koffie fontein megacrysts is not pos-

sible due to the few samples available, but if megacrysts represent 

coexisting equi l..i.:UL.i.Ulli as se1u:Ul. a1:1 c :::> (i·J.i.xor• dm.i Euyu, l.973; Gurney e t.. 

al., 1977) t~e few pyroxene s can be used to evaluate temperatures of 

crystallisation. 

Estimated t emperatures for the orthopyroxenes range from 

0 0 . 0 0 
,.; 1055 to 1150 C and for cl1nopyroxenes from -v 1285 C to 1390 C. These 

value s have b een der ived from the 8mpiricc:. l geothe rmometers of Davis 
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and Boyd (1966) and Boyd and Nixon (1973) respectively. Bearing in 

mind the limitations of the Ca/Ca+Mg ratios of ortho- and clinopyrox-

ene as geothermometers, due to their compositional and pressure 

dependency (Cahpter IV, Section 2.4), the above temperatures should 

be regarded as approximations. The above t - ~mperature ranges are 

compared below, with those observed at Monast..ery; 

+ 
Monastery 

(OC) 

orthopyroxene 1190 - 141C 

orthop. - ilmenite 1190 1300 

clinopyroxene 1220 - 1385 

clinopy. - ilmenite 1130 - 1270 

garnet - clinop. 1175 - 1427 

+ (Jakoi:>r 1977) 

Koffiefontein 
(OC) 

1055 - 1150° 

1285 - 1390 

Although all the megacrysts from Koffiefontein have compositions 

equivalent to the most Mg-rich members of the Monastery series, the 

overall crystallisa-;· :i_on temperature as indicated by t.he few pyroxene 

megacrysts is greater at Koffiefontein (maximum range 
0 

345 C) than 

at Monastery (maximum range : 297°C). Also, with the exception of 

Fe-rich olivines the crystallisation of megacrysts at Monastery 

0 
ceased at N 1150 c, but the temperatures indicated' by the Koffie-

fontein orthopyroxene megacrysts are below this value. 

If the Koffiefontein megacrysts had a cumulate origin si~ilar 

to that of those from the Monastery kimberlite, they must have 

crystallised from a melt undergoing a slower rate of cooling, ar.d 

poorer in 'l'iOr, as suggested by the low abundance of ilmenite in the 
.1. . 

concentrate and rarity of such megacrysts. 
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CHAPTER VII 

. KOF~IE;Fo:t~'rE;IN . !J:ElW~ .. t1Il'ffl~L . <::01:\l<::EN'l;'~TE 

1. INTRODUCTION 

'l'he heavy mineral cor.cen trate that is obtained during the pro­

cessing of kimberlites for the extraction of diamonds represents 

fragments of megacrysts, crystals associated with the evolution of 

kimberlites, and disaggregated crustal and mantle nodules broken 

during the explosion phase of kimberlite emplacement. 

A study of the chemistry of the concentrate mine1:a ls can there­

fore yield important information on the type of mantle xenoliths 

expected to be found in a given pipe; this could be useful at Koffie­

fontein b e cause mantle nodules are rare or difficult to find at this 

locality. 

In addition, the presence of miuerals with characteristics simila r 

to those usually associated with diamonds can also be used as a diamond 

prospecting aid, and it is usefu l to know their distribution in known 

economic deposits. 

To obtain a statistically representative estimate of the abundance 

of individual minerals, a random sample of the Koffiefontein concen­

trate was arbi~rarily size-grade d using a s e t of sieves (c£. Petti­

john, 1975) at 0.5 phi. inverval s, and each fraction was then pa~sed 

through a bulk sample splitter (Carverf 1971) to s eparate a suitable 

quantity for microscopic observation. A total of. 2808 grains were 

point-counte d a nd classifie d as in Table VII-1; witho ut taking into 
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acc:ount "accessory minerals" (these inclu.de sulphides, quartz, magne­

tite, phlogopite flakes and a variety of unidentified fragments) which 

are of no particular interest to this study'· garnet was the most 

abundant mineral found, followed by orthopyroxene, opaque minerals 

(chrc•mite and ilmenite) and clinopyroxene re::;pectively. No attempt 

was made to distinguish between the relative abundance of chrornite 

and ilmenite, but the former proved to be more abundant in the random 

sample of opaques analysed, in the proportion of 28 to 6. 

An abundant n;ineral with a green, glassy appearance and "con­

choidal" fracture which was visually identified as olivine, was 

however found to be orthopyroxene during a preliminary chemical 

survey . Since olivine is usually more abundant than the latter 

mineral, an intensive search for it was undert<-~<.:en; further selected 

mineral grai~s were analysed semi-quantitatively in a Siemens energy 

dispersive spectrometer by comparing 200 seconds total count ratios 

for Si and Ca, and Si and Al, with those of a kimberlitic olivine 

and two orthopyroxenes from Koffiefontein, and once again no olivine 

was found. 

A nQrnber of different minerals from the Koffiefontein ki~~e~lite 

pipe were selected for chemical analysis, including clinopyroxene, 

du::-omii:.e auG. ililienite , orthopyroxene and garnet:.. The grains of garnet:., 

clino- and orthopyroxene were selected for analysis on the basis of 

the following criteria: colour and lack of alteration, and in the case 

of the latter, fracture and absence or. presence of cleavage. 

Lawless (1974) carried out a study of the garnets and ortho­

pyroxenes of the Koffiefontein pipe, and his . data has been included 

with the present results to provide as complete a study of the 
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concentrate minerals as possible. 

2. ANALYTICAL RESULTS 

2.1 Garnt>ts 

The xenocrysts of garnet were sorted on Lhe basis of their 

colour into the following categories: purple, orange, red and reddish­

brown. The soparation was carried out in br_ight daylight and with the 

aid of a sorting ].amp. Sobolev (1977) has reported that lo-v; calcium, 

high chromiULl garnets similar to inclusions in diamond change cc.lour 

from purple to grey/green under these conditions. L<ndess (1974) 

repo:::ted the presence of garnet showing this "alexandritic effect" 

at Koffiefontein but none were found by the a u.:.bor . 

Alth~uqh colour sorting does not provide a clear cut separation 

of the garnet grains into chemical groups and a gradation between them 

is observed, this criterion still reLlects some broad chemical dif­

ferences. Colour sorting is very s :ubjective, particularly for garnets 

of differing dimensions, and it was found that the grains described 

as red a"'ld orange by La~·:less (op. cit.) ha\.re chemical characteristics 

similar to those described as orange and red, respectively, by the 

writer, and it. should be noLeU. t:hat these garne·cs therefore WJ..ll be 

presented below according to the latter cl:lssification. 

2.1.1 Purple garnets: 

Three of these, KF4~, 45 and 47 (Table IV-2), have a very high \ 

FeO (>32 wt. %) and probably are of crustal origin and will the~~fore 

not be conside~ed further. 
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(a) High-chromium, low-calcium garnets: 

Three. garnets (PJL 1, 2 and 3; see Iawles s , 197 4) differ from 

the others by their low CaO (~3.5 wt.%) and highest Mg/Mg+Fe ratio 

(87.2 - 89.8). cr
2

o
3 

varies between 4.3 and 7.3 wt.%. These garnets 

are c0mpositionally si:ni.lar to group (a) peri:l otitic garnet inclusions 

in Koffiefontein diarr.0nds and plot within the fields typically found 

for garnet inclusions in diamonds at other localities (see Fig. VII-1 

and refer to f i elds A and B of Fig. V-1). 

(b) High-ch romium garnets: 

A further set of purple garnets (Table VII-2) have CaO 
' 

contents greater than 4 wt. %, ranging up to'V7 wt.% 1 and cr
2
o

3 
values 

between 1.8 and 8.3 wt.% (with three exceptions : 'VJith <1.1 wt. % cr
2

o
3
). 

Both Na
2

o (N.D. - 0.10 wt. %) and Tio
2 

(<0.2 wt . %, with two values at 

0.36 -Fig. VII-2) are low, and the Mg/Mg+Fe ratio is lower than in 

(a) above 1 varying betwee n 86.9 - 77. ':... 'l'here . is an overall decrease 

in FeO with increasing cr
2

o
3 

(Fig. VII-3). The grossular component 

is higher ("'10-15 mole %,one value at 18. 7) than that reported by Reid 

and Hanor (1970) for pyropes from Kimberley concentrates (4 - ll%). 

Since the garnets from Type II pyroxenites (Chapter IV) fall 

~ithin t h e co~positiona l rcn g e cf t hese pur.plc ~·~~~t~ • 
~ +- ..:,... _ _ ____ .,:,_, __ 
.:.- .... _:_.__, ~·-·>-Jo...•..:. . ..... ·..:... ·-

that some of these xenocrysts might be relict g r ains of the Koffie-

fontein orthopyroxenites (Fig. VII-1 and 3) but the ma jority of the 

purple garnets fall outside the compositional range observed for 

garnets from any of the Kof fiefontein xenoliths. These purple garnets 

also show chemica l similari t ies t o group (b) peridotitic gar net 
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inclusions from Koffiefontein diamonds. 

2.1.2 Orange garnets: 

With a few exceptions, the orange. garnets (Table VII-3) can be 

chemically distinguished from the others, in terms of the variation 

of cr
2

o
3 

and Mg/Mg+Fe ratio with respect to Ti0
2 

(Figs. VII-4 and 

VII-2 respectively). They have lower Mg/Mg+Fe ratios (71 - 82, with 

one value at 60.2) and cr
2

o
3 

(<1.2 wt.%) contents than the purple 

garnets, and lower Tio
2 

(<0.42 wt.%), cr
2

o
3

, and grossu!ar components 

(Figs. VII-2 to 5) than the red and red-brown garnets. In the ternary 

Ca-Mg-Fe diagram (Fig. VII-S) the grossular component (7.7 - 13.8%, 

av. 'VlO%, with two values at 19 and 27%) of the orange garnets does 

not vary uith changing Mg/Mg+Fe ratio, plotting within the field 

defined by the Kimberley pyropes (Reid and Hano~, 1970) and along 

the peridotite-pyroxenite trend (Gurney, 1975). They also plot at 

the low Cr end of the peridotite-pyroxenite trend (Gurney, op. cit.) 

in a Mg-Ca-cr ternary plot . . 

The orange garnets do not resemble any of the garnets from the 

xenoliths, found and studied so far, at the Koffiefontein pipe. 

O'Hara and Mercy (1963), MacGregor (1967), Boyd (1970) and 

Sobolev (1977) report that the arrount of grossular component in gar­

nets from natural four-phase garnet peridotites is almost constant, 

over a wide range of P, T and FeO content. This almost constancy 

of grossular component is observed for both the purple and orange 

garnets from the Koffiefontein concentrate, with slightly different 

values for t he two group s. Orange garnets f r om othe r local i ties 
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often belong to the eclogitic suite , but it was seen above that at 

this locality they follow peridotite-pyroxenite garnet trends. 

2.1.3 Red and reddish-brown garnets: 

These grains (T~le IV-S) are characte: ised by high Ti0
2 

(0.6 -

1.2 \'lt.%), cr
2
o

3 
values between, 0,7 and 2,0 wt . %, and constant CaO 

(4.1 - 4.8 wt.%) with varying Mg/Mg+Fe ratio (Fig. VII-S). With the 

exception of a few grains, which in terms of their low Tio
2 

and/or 

high Cr2o
3 

conter1ts (e.g. 2.9- 4.S wt.% cr
2

o
3

, Table VII-S) are 

similar to crange and purple garnets, the red and reddish-brown 

garnets plot within or near the fields defined by th 2 garnet mega­

crysts (Figs. VII-2, 3, 4 and S). The Na
2
o concentration (O.OS -

0. 20 wt.%) and the trends of increasing T iO 
2 

.,, i th decreasing Mg /Mg+Fe 

ratio and d~creasing cr
2

o
3 

with increasing FeO displayed by the red 

and reddish-brown garnets are also similar to those of the megacrysts 

of the Koffiefontein pipe. It is 1 ~.kely that these garnets are frag­

ments of the megacrysts. 

2.2 Orthopyroxenes 

The orthopyroxenes ~rere sorted into green and brown categories, 

::;orne si10·..viny cleavage and an elongated shape whereas others have a 

glassy, clear appearance and are roundish sometimes with 

fractur e . 

Lawless (1974) presented data fox brown orthopyroxenes from the 

Koffiefontein concentrate and his results are broadly similar to those 
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found here for the brmm orthopyroxenes (F_ig. VII- 7 to 10). 

A total of 3 7 grains were analysed (Table VII-6A to E) • They 

lie in the range En
95

• 1 - En85 • 2 which is wide for kimberlitic ortho­

pyroxenes (Fig. VII-7),and they a 1 so show a wide variation in other 

comp~~ents: CaO (0.2- 1.4 wt.%), Al
2

o
3 

(0.3- 3.4 wt.%) and cr
2

o
3 

(N.D. - 0.93 wt.%). Tio
2 

is low and Na
2

o ranges from 0.02- 0.30 

wt.%. There is a broad increase in cr
2

o
3 

and decrease in Ti0
2 

and 

CaO with increasing MgO (Figs. VII-8, 9 and 10) • 

Although the chemistry of the green and the brown orthopyroxenes 

overlap to some extent, colour variation is a relatively good reZlect-

ion of their compositional differences (Figs. VII-7 t ~- 10). No relat-

ion to presence or absence of cleavage is observed. 

Based on colour 1 they are well separated :C::z their Mg/Hg+Fe ratios 

(green: 91.9 - 95.1; brm.,n: 85.2 - 92, with three values at 93 - 94). 

Also, the majority of the g reen orthopyroxenes have lower average con-

tents of Tio
2

, Al
2

o
3

, CaO and Na
2

o a1 ·d greater Cr
2

o
3

, than the brown 

ones. 

Five of the green orthopyroxenes (KF 5, 7, 23, 24 and 2.5) differ 

from the othe:cs by their hig·h Al
2

o
3 

contents ('V2 - 3.4 vri:.%). Lawless 

(1974) also reports a similarly high-Al orthopyroxene (2.49 wt.% Al
2
o

3
, 

PJL op x 2 ) • If stoichiometry is as sumed (follow~ng LaH1ess 1 1974) 

then there is significantly more .~1 than necessary to fill the tetra--

hedral site in these altuninous pyroxenes; in contrast, the lower ~1 

pyroxenes have in most cases insufficient Al, when combined with Sj, ' 

to fill the tetrahedral site. Alternatively, if end members are cal-

culated according to the ID<'! thod of Papike et al. (1974 ) by equally 
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dividi_ng Al between the tetrahedral and 6-fold co-ordinated site, after 

allocation to the Na-Ti and jadeite molecules, then the:r:e is still 

VI 
significantly more Al in the ~igh-Al pyroxenes. 

As mentioned above green orthopyroxenes have lower aver_age contents 

of Al
2

0
3 

than the brown ones, but this is revc~sed if the five high-Al 

pyroxenes are taken into accou:1t. The five higlt-Al pyroxenes have simi-

lar compositions to orthopyroxenes from some ·xenoliths found at the 

Koffiefontein pipe (e.g. Type IV pyroxenites·: PC 26, 43, 53 1 60, 66, 68 

and peridotite PC64i with the exception of their FeO and MgO contents. 

In general the aluminous pyroxenes from the concentrate are more l·lg-rich 

("-'En
93

) than the orthopyroxenes from the xenoliths (En
64

•
2 

- En
93

•
9
). 

Fragm€ntation of such xenoliths may constitute a potential source for 

the high-Al pyroxenes. 

The_ gree:1 orthopyroxenes with the highest Mg/Mg+Fe ratios have 

compositional ranges similar to orthopyroxene inclusions in Koffie-

fontein diamonds, · in terms of their CGO, cr
2

o
3 

co::1tents and Ca-Mg-Fe 

variation (see dotted fields in Figs. VII-7, 8 and 10), but Tio
2 

is 

lm•ler (N.D.) ,in the inclusions. These green orthopyroxenes also bear 

sc:ne similarities to those in Type I pyroxe::1ites. 

2.3 CLinopyroxenes 

Clinopyroxenes are rare, with colour varying from tones of lighter 

to deeper bright-green, and not readily separated into colour groupings; 

cleavage is not observed. Twenty-two grains were analysed and the . 

results are shown in Table VII-7. They are diopsides, with Ca/Ca+Mg 

ratios varying between 43 a :r,d 49 and Mg/Mg+Fe rati os between 92 and 96. 
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This is illustrated in a ternary Ca-.Mg-Fe diagram (refer to Fig. V-1) 

where the compositional variation of clinopyroxene inclusions in dia-

monds and o£ thouse foun d in Type I pyroxenites from Koffiefontein are 

also shown: the clinopyroxenes from the concentrate show a slight 

overlap \vith the diamond inclusion clinopyroxenes. -but with few 

exceptions t .hey are clearly distinguished in terms of the variation 

of 'rio
2

(\'lt.% ) with respe ct to Mg/Mg+Fe ratio (Fig. VII-11). The con-

centrate clinopyroxenes plot outside the field defined by those in 

Type I pyroxenites, and they also differ from clinopyroxenes found 

in other Koffiefontein xenoliths. These clinopyroxenes have cr
2
o

3 

contents (0.6 - 3.6 wt,%) comparable to some from the concentrate of 

the Newlands kimberlite pipe, as reported by Lawless (1974). In other 

respe cts they have similar compositions to clinopyroxenes from granular 

lherzolites from Lesotho (Nixon and Boyd, 1973), although such rocks 

are very rare, if present at all at Koffiefontein. 

2.4 Chromites 

Sobolev et al. (1975) and Sobolev (1977) have emphasised the 

importance of the chemical study of chromite grains from the kimberlite 

concentrate, The average cr
2
o

3 
content of chrome-spinels from diamond-

bearin g pipes is higher ("-'45 ·- 52 wt.%) than that observed in chrome-

spine ls in non-diamondiferous types ("-'2 8 wt.%) (Sobolev, 1977). Sobolev 

(1977) also found that in the U.S.S.R. dia.mondife rous pipes, 12 to 20% 

of the chromite grains from the concentrate have compositions similar 

to those associate d with diamonds, either as inclusions or as inter-

growths . Chromi tes , together \'lith pyrope garnet, which have crys t alli sed 
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simultaneously with diamond have very distinctive chemical character-

istics and the finding of grains with similar compositions, may be 

used as a prospecting aid. With few exceptions (see Meyer and Boyd, 

1972), these chromites are characterised by high cr
2
o

3 
(>61 wt.%), low 

Ti02(<1 • ..,t.%) I Mg/Hg+Fe
2

+ between r-44 and 84, and USL:ally well differ-

entiated from other chromites in terms of the relationship between 

cr
2
o

3 
and Al

2
o

3 
(Sobolev et al., 1975; Sobolev, 1977; see Fig. VII-13B). 

Twenty-eight chromite grains from the Koffiefontein concentrate 

have been analysed (Table VII-8) and are plotted in Figs. VII-12 and 13, 

where the compositional variations of other chromites from other lo-

calities and environments are al s o shown for comparison. The Koffie-

fontein chromi t .es are Cr 
2
o

3
-rich ( ~ 2. 6 - 67.1 wt . %) and Mg/Mg+Fe 

2
+ 

varies betwe en 49 and 68. 
3+ 3+ 

This a nd the Fe /Fe +Cr+Al ratios are 

almost identical to those shown b y chromites from kimberlite xenoli ths 

(Basu and MacGregor, 1975), but these have slightly lower Cr/Cr+Al 

ratios than the Koffi e :f:ontein chr omi tes. The relationship between 

the Al
2
o

3 
and cr

2
o

3 
contents, as shown in Fig. VII-13B, indicates 

a wide compos itional variation, similar to tha t fo~nd by Sobol8V e t 

al. (1975) for chromites from concentrates of Yakutia n kimber l ite 

pipes. 

'!' .. fc·;; :.:.~ t.!-,..::: :::!:::v:: i t e gr~ins from the Koffief'o ntcirl ccl-.. C£:~n.t:cate: 

plot inside the compositional fi e lds defined by chromites associated 

with diamonds (Fig. VII-13A and B). With one exception, these all have 

3+ 3+ 
<1 \vt. % Ti0

2
• On ave rage, these few chromites have lower Fe /Fe + 

Al+Cr ratios than the others (Fig. VII-12) 1 which may !mggest. that they 

forme d under lower o xyge n fuga c iti e s. These chr omites may h ave 



- 115 -

crystallised simultaneously with diamonds, although only one chromite 

diamond inclusion from Koffiefontein has been found so far, for com­

parison. Most of the other chromites presented here, may be derived 

from xenoliths, or be associated with the kimberlite. 

Discussion: 

It has been shown tfiat in terms of chemical composition most 

mineral grains from the Koffiefontein kimberlite concentrate do not 

in general match the minerals found in mantle derived rocks at this 

locality. Exceptions are the few high-Al
2

o
3 

orthopyroxenes which may 

be derived from disaggregated Type IV pyroxenites, and a few high 

cr
2
o

3 
garnets which have compositions similar to those occurring in 

Type II pyroxenites. However, the garnet concentrate grains are 

much bigger than those observed in these pyroxenites, which makes a 

genetic relationship unlikely. 

The chemistry of ~he red and reddish-brown garnets suggests that 

they represent fra~ments of garnet megacrysts. The high cr
2

o
3

, low 

Cao garnets and some of the high cr
2

o
3 

garnets re~2rr~le garnet in­

clusions in diamonds from Koffiefontein and other localities. Some 

of the concentrate chromites are also similar to diamond inclusions 

from elsewhere, although there are n'ot enough analyses available 

to compare them to the Koffiefontein diamonds. However, this still 

indicates a common origin for both the concentrate minerals and dia­

monc. inclusions which probably crystallised from a kimberli tic liquid 

during a period of diamond growth. 

~oth the clinopyroxenes and orthopyroxenes from the concentrate 
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differ in their Ti0
2 

contents from those found as diamond inclusions, 

even though the two groups of orthopyroxenes are otherwise similar. 

Although they may represent fragments of xenoliths which have not been 

found so far at Koffiefontein, their inter-element relationship 

suggests rather a related origin fer each suite of minerals. 

A preferred interpretation for the origin of most C'f the con­

centrate pyroxenes and garnets is that they crystallised from a kim­

berlitic magma (Eggler and Wendlandt, 1977). 
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CHAPTER VIII 

SUMMARY 

1) Mantle derived xenoliths in the Koffiefontein kimberlite pipe are · 

extremely rare, and in contrast to other kimberlite localities in 

southern Africa, t h ey are predominantly pyroxenites (including garnet 

free and garnet bearing varieties). Peridotites are extremely rare. 

In general,the pyroxenites at Koffiefontein show a clear meta­

morphic textural history, with widespread evidence of exsolution, 

polygonisation . and deformation, indicating readjustment to new pres­

sure and/or temperature conditions. On the basis of texture, mineral­

ogy and chemistry these pyroxenites have been subdivided into 5 types. 

Types I and II are characterized by unmixing textural features, from 

originally aluminous clino- and orthopyroxene, respectively. In Type 

I pyroxenites, it was illustrated how the process of migration, coal­

escence and recrystallisation of exsolved phases, can lead to obliterat­

ion of earlier textures formed under previous conditions of equilibrat­

ion. On a basis of texture alone, it is not possible to decide whether 

or not all the orthopyroxene and/or garnet are . also present as primary 

phases. However, comparison of their bulk rock chemistry with experi­

mental work, does not rule out the possibility that all the garnet 

and/or orthopyroxene may represent exsolution products only. Although 

individual minerals in Types I and II pyroxenites are chemically u~ 

zoned, detailed chemical studies revealed small-scale disequilibrium, 

and application of different goethermometers yielded conflicting 

results for individual samples. 

Type IV pyroxenites vary from orthopyroxenites, through webster­

ites to clinopyioxenites, sensu stricto, and garnet spinel are absent. 

They are characterised by varying degrees of polygonisation and 
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deformation of the individual minerals, and generally have accessory 

primary phlogopite or amphibole. The pyroxenes have high Al o
3 

con-. 2 

tents, and have not attained equilibritw as illustrated by the chemical 

inhomogeneity of individual crystals . 

Type V comprises a single olivine-bearing pyroxenite, and once 

again garnet and chromite occur as both discrete grains and exsolved 

phases. 

Peridotites at Koffiefontein are relatively rare, and with one 

exception the y are chemically broadly similar to granular peridotites 

from Lesotho (Nixon and Boyd, 1973). 

'lhe snall . size an:l limited number of pyroxenite and peridotite allows 

only an uncertain speculation about their origin. In view of the 

chemical variation of individual samples and bulk rock composition in 

Type I and II pyroxenites, they have individually been interpreted 

as representing related crystallisation products from basaltic magma. 

Individual samples from Types III, IV and V pyroxenites did not allow 

any conclusive genetic interpretation 

In view of the predominantly peridotitic composition of the upper 

ma.ntle, and the lack of peridotite at the Koffiefontein p.ipe, it is 

suggested that this kimberlite sampled over a small depth range, 

involving one or more,possibly unrelated pyroxenite bodies. 

2) Mineral inclusions in diamo nds from Koffiefont ein are chemically 

similar to d iamond inclusions e l sewhere. They have peridotitic and 

eclogitic compositions and so do not reflect the xenolith population 

at this pipe and are only occasionally compositionally similar to 

equivale n t phases in the h eavy mineral conce ntrate . 



·- 119 -

The assumption that multiple inclusions in the same diamond always 

represent equilibrated assemblages, is questioned in view of the fol­

lowing: 

(i) The analyses of multiple inclusions of the same mineral in a 

single diamond at Koffiefontein has revealed in 3 instances 

that they have diffe~ent co~positions. 

(ii) One Koffiefontein diamond seems to have mineral inclusions of 

different paragenesis (i.e. peridotitic and ec1ogitic). 

(iii) Tie lines between eclogitic miner~l included in the same diamond 

do not define a regular pattern and intersect each other. 

(iv) Calcule,tion of temperature ~. and pressures of equilibration of 

mineral pairs often yielded inconsistent results. 

It is suggested that the apparent disequilibrium between inclusions 

.is in accord with crystallisation and entrapment from a magma that is 

.:ontinuouslly changing· in composition, coupled 'Vli th the slow grow ~h 

rate of the host diamond. 

Diamonds containing eclogitic and peridotitic inclusions may not 

be related and may be derived from different sources. However, the 

rare occurrence of diamonds with mixed assemblages (this work and 

Prinz et al., 1975) may eventually be taken as direct evidence for 

a common origin. The occurrence of periclase inclusions in f0ur of 

the K~ffiefontein diamonds, may indicate a deeper origin for kimber­

lite and diamonds, than that currently favoured. 

3) The study of the megacryst suite at Koffiefontein was very limited 

because only 15 garnets, 3 orthopyroxenes &nd 2 clinopyroxenes were 
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found. However, the. garnet megacryst.s display typical differentiation 

trends as found for those at other localities (e.g. Northern Lesotho, 

Monastery; Nixon and Boyd, 1973; Jakob, 1977) where megacrysts are 

abundant. 

Assuming that the megacrysts represent coexisting assemblages 

(Nixon and Boyd, op. cit.; Jakob, op. cit.) the few pyroxenes avail-

able indicate a greater crystallisation temperature range (1390 to 

0 
lOSS C) than that observed at Monastery, although the compositions 

of the Koffiefontein megacrysts are more Mg-rich. It is concluded 

that if the megacrysts from the Koffiefontein kimberlite had a cumul-

ate origin similar to those from Monastery, they must have crystallised 

from a magma undergoing a slower rate of cooling, and poorer in Tio
2

• 

This is suggested by the rarity of ilmenite megacrysts, ilmenite-

silicate associations and low abundance of ilmenite grains in the 

concentrate. 

4) In general, the chemical compositionsof most of the grains from 

the heavy mineral concentrate from the Koffiefontein kimberlite do 

not match that found in minerals from mantle xenoliths or megacrysts 

at this locality. Exceptions are a few high- Al
2
o

3 
orthopyroxenes, 

which may be derived by disaggregation of •rype IV pyroxeni tes, and 

the red and reddish-brown garnets which seem to represent fragmented 

megacrysts. 

The high cr
2
o

3
, low CaO garnets, some of the high cr

2
o

3 
garne~s 

and some chromites from the concentrate have similar chemistry to 

mineral inclusions found in diamonds ai: Koffiefontein and elsewhere, 

suggesting a common origin . In view of the scarcity of mantle xer.o-, 
liths at Koffiefontein it is unlike ly t :hat the concentratE~ derived by 
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disaggregation of such xenoliths. A preferred interpretation is 

that the pyroxenes and garnets crystallised from a kimoerlitic magma 

or magmas (Eggler and Wendlandt (1977) under varying physical and 

chemical conditions. 
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Fig. IV-8. Variation in(AlVI/Cr) /(AlVI/Cr) and Ca/Ca+Mg ratios of 
opx cpx 

pyroxenes as a function of lnKD (where KD= (Mg/Fe)px/(Mg/Fe)gt) 

for coexisting garnet, clino and orthopyroxenes in Type I pyroxe­

nites. Symbols as for Fig.IV-1. 2~errors shown in Fig.IV-8 (b) 

and (c) were calculated according to counting statistics.In 

Fig. IV-8. (a) the values quoted for each sample are temperature 

(°C) estimates determined according to the geothermometers of 

Mysen(1976) (to t~e right of dashed line), Akella and Boyd 

(1974) ( top line to the left of dashed line ) and Ellis and 

Green(1979) ( bottom line to the left of dashed line). The large 

arrows--.T°C indicate the direction of temperature increase when 

. the respective geothermometers ar ~sed . 
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Variation of Cr2 o3(wf~) with respect to· TiO,., (wt% ) and FeO(Ht%) in 
some phlbgopites from kimberlite xenoliths ·(after Harte and Gurn 0y , 
1975) . Fields I , II,III show compositional variation of primary­
metasomatic phlogopite in Matsoku peridotites, primary phlogopite 
in peridotites from other localities and secondary phlogopites at 
Matsoku and other l ocalities , respectively (data from Harte and 
Gurney ,1 975 ). Symbols:eType IV pyroxenites from Koffiefontein; 
x PC24A(type II); t:. PC61(Koffiefontein peridotite) . 
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ties, as defined by the data of Lawless(1974). 
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In the final stages of writing this thesis, the text 

was amended, so that Figure VII-6 was no longer relevant. 

The diagram has therefore been withdrawn from the thesis. 
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TABLE III-1. Es·timation of the precision of the Cambridge Microscan 

v. Microanalyser analyses. 

-
OXIDE X S.D. .ERR. D.L. 

Si02 41,45 0,15 0,13 0,06 

Ti02 o,ol 0,031 0,06 

Al 2o3 21,60 0,09 0,08 0,04 

Cr203 0,78 0,02 0,02 0,06 

FeO 10,30 0,11 0,10 0,08 

MnO 0,26 0,01 0,01 0,06 

HgO 19,87 0,17 0,10 0,06 

CaO 4,22 0,09 0,06 0,04 

Na2o 0,12 0,01 0,02 0,10 

*K20 (1.18) (0,06) (0 1 10) (0,07) 

X = Mean of 12 replicate analyses of the same spot of a garnet megacryst 

KF 78, from Koffiefontein (this study). 

*K20 estimates are for 10 replicate analyses of a pargasitic 

hornblende (Reid, 1977). 

S.D. = Standard deviation about the mean 

ERR = 2o error (95% confidence limits) due to counting statistics 

D.L. = Theoretical detection limit (99 % confidence l~vel). 



TABLE III-2. Estimated precision and detection limits, and average 

absolute error (accuracy) on the calibration curve for 

OXIDE 

Si02 

Ti02 

Al203 

Cr203 

Fe203 

MnO 

MgO 

CaO 

Na20 

K20 

the major oxides using XRF techniques. Precision is 

expressed as an absolute error (2o) on the given percentage 

oxide (1e Roex , 1 980). 

PERCENTAGE 

50.0 

1.0 

15.0 

0.5 

9.0 

0.15 

8.0 

12.0 

2.5 

o . 20 

PRECISION 

0.14C• 

0.008 

0.080 

0.008 

.0.038 

0.008 

0.148 

0.028 

0.032 

0.002 

ACCURACY 

0.264 

0.008 

0.079 

0.012 

0.064 

0.003 

0.086 

0.030 

0.067 

0.022 

DETEC. LIMIT 

0.036 

0.005 

0.022 

0.007 

0.014 

0.008 

0.072 

0.008 

0.080 

0.002 



PC21 

PC22 

PC25 

PC33 

PC 54 

PC 58 

PC34 

PC35 

TABLE IV-1. Chemical modes (wt.%) of Type I pyroxenites. 

cpx 

* N.C. (60) 

30.1(60) 

62.8(57) 

60.7(60) 

48 (64) 

31.4(69) 

66.8 

N.C. 

Visual estimates of modal proportions (vol.%) 

a~e given in brackets. 

exsolved primary 
spinel phlogopite opx 

garnet .garne t 

N.C.(ll) N.C. (5) 

65.1(40) 2.8 

32.0(35) 4.7(8) 

27.4(25) 11.9(5) (10) 

37 ( 27) 14 (4) ( 5) 

24.4(15) 43.4(15) - - (1) 

- 32.6 

N.C. N.C. N.C. N.C. N.C. 

NOTE: (l) In visual estimates, large garnets for which no evidence of 

exsolution was obvious, were considered 'primary'. 

Reconstructed compositions (Beeson and Jackson, 1970) were 

not done because of problems discussed in text. 

(2) All garnet in chemical modes is given as exsolved. 

(3) N.C. - not calculated. In the case of PC35, no bulk rock 

available. 
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~BLE rv~ 6. Bulk rock analyses of clinopyroxenites (with ~xsolved orthopyroxene 

anci .garnet .from 'other .localit{es. 

( 1) (2) ( 3) (4) 
.. 

Si0
2 

50.20 48.41 49;26 49.00 

Ti02 0.51 00.62 0.62 0.60 

Al
2
o

3 
8.37 10.41 8.63 8.63 

Cr2o3 0.24 0.43 0.31 0.32 

FeO 7. 14 7.93 8.01 6.56 

MnO 0.16 0.18 o. 17 o. 15 

MgO 19.00 17.78 19.40 19.40 

CaO 13.28 12.17 12.44 13.08 

Na2o 0.87 1.24 0.88 1. 1 0 

K
2
o 0.02 0.11 0.06 

- -- ·-----
99.79 99.28 99.78 98.84 

( 1) Type I clinopyrm.enite, Salt Lake Crater, Ohau, Hawaii(Beeson and Jackson, 1 9'73') 

(2) "Eclogite", Sa lt Lake Cr'ater, Ohau, Hawaii (Grenn, 1966) 

(3) "Eclogite", Salt Lake Crater, Ohau, Hawaii (Green, 1966) 

(4) Garnet-webster·ite, French Pyrenees (Herzberg,1978). 



TABLE IV -7. MicropEo~e analyses~~-high pressure gyroxenes, exp~~imentally 

~tallised from an olivine-rich alkali basalt (data from Table 

II of Thompson, 1974) 

Pres. ( Kb) 17 20 24 28 31 

0 
Temp. ( C) 1360 1310 1400 1440 1475 

~C below est. liq. 15 1~5 50 50 50 

Pyroxene type cpx cpx cpx cpx cpx 

Other solids pig - - gt gt 

Si02 52.2 52.1 50.3 50.3 50.3 

Ti02 0.50 0.44 0.47 0.96 0.5 5 

A1203 6. 39 6.84 9.54 9.78 10.8 

Cr2o3 0.53 0.41 0.32 0.23 0.3:) 

FeO 9. 2 9 9.14 8.79 9.25 8.21 

MnO 0.20 0,21 0.21 0.19 0.20 

MgO 24.3 22,0 18.0 17. 1 17.4 

CaO 6,01 8.04 10.6 1 o. 7 10.6 

Na 2o o. 51 o. 85 1.43 1 ~ 57 1. 88 

K20 0,01 0,02 0.03 0.03 0.01 

99,9 100.1 99.7 10 0. 1 100,3 

cpx- Ca rich clinopyroxene (including sub-calcic augite) 

pig- pigeoni te 

gt- garnet 
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Table IV-18. ' Microprobe analyses of amphiboles from coarse peridotites. 

1 2 3 4 

Sio2 44.69 45.22 45.40 44.75 

Ti02 0.19 0. 11 0.42 o. ·18 

A1203 12.26 n.14 11.71 10.87 

Cr203 2. 18 1. 98 1.53 2.40 

FeO 3.32 3.41 3.34 3.00 

MnO 0.06 0.06 0.07 0.06 

MgO 19.79 19.61 18.96 19.88 

CaO 10.37 11. 1 0 9.85 11 .oo 

Na2o 3.29 2.48 4.31 3.64 

K20 1.41 1. 17 1. 20 1. 34 

1"' 07073, garnet lhe.rzolite (Hebron), Robey (unp.data) 

2- 07133, garnet lherzolite (Hebron ), Robey( unp. data) 

3- 07183, garnet lherzolite (Hebron) , Robey(unp . data) 

4- 07043, lherzolite (Hebron), Robey (unp. data) 

5- lherzolite (Hessel ton), Boyd ( 1971) . 
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Table V-10. 

Estimates of minimum temperatures and pressures of equilibration of eclogite 

garnet-clinopyroxene inclusion pairs in diamonds from Koffiefontein. 

0 
T C PKb 

cpx-gt 
pairs (1) (2) (3) (4) 

K8 1041 1446 43 54 

Kl6 913 1258 39 48 

K41 1571 154S 57 56 

K42 1420 1529 53 56 

K43 1485 1459 55 54 

K56 1264 1598 49 58 

K37 1398 1451 .52 54 

K37
0 

886 1225 38 48 

(1) - T2mperature estimates based on combined equations of R&heim and Green 

(1974) and Bundy et al. (1961). 

(2) -Temperature estimates based . on combined equations of Ellis and Green 

(1979 and Bundy et al. (1961}. 

(3), (4) -Pressure estimates based on P = 7,1 + 0,027 T°K (Bundy et al. , 1961), 

using temperatures fmm co1u.··ms (1) and (2) respectively. 
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Plate 1. Illustration of clinopyroxene me8acryst PC~1, exsolving orthopyroxene and 
garnet. The orthopyroxene occurs as bands of variable width ) re.~c·gnised by 
its straight extinction,but there are no defined grain boundaries between 
the orthopyroxene and the clinopyroxene host. Garnet occurs as parallel lo~g 
thin lamellae (top left hand side of plate) and as r e d shape d inclusions ( eg . 
see garnet -gt- on right hand side of plate). 

~ 

Plate 2. Two large clinopyroxene cryst als (delineated in thick black ink and mark~d 
+-) with inclu.s icns of orthopyroxene of variable sh<>.pe and size . ',.lith t he 
exception of t he orthopyroxenes marked +, they all extinguish simultaneously 
within each crystal, suggesting structural con·tr•ol by the clinopyroxene hosts . 

(Xenolith PC22) 



Plate 3. Clinopyroxene exsolving garnet and orthopyr·~xene (PC25). Note the variation 
in orthopyroxene size and shape, and the coalescence of lamella.e and rod 
shaped grains with larger orthopyroxene inclusions; they all extinguish 
simultaneously. Garnet occurs as thin lamellae and as larger grains along 
orthopyroxene-clinopyroxene boundaries , and within la:t ge orthopyroxenes. A 
"finger" of orthopyroxene separates the two clinopyroxene cryst.als. 

Plate 4. Xenolith PC33 • Clinopyr'c:-.:ene exsolving orhtopyroxene and garnet, The lax'ger 
garnets may be; pl'imary, but the finger..:.. like intergrowth of the larges t gaPnet 
with the clinopyroxene host (bottom right hand side of plate) suggests exsolu­
tion followed by conrsening. Also note the grain with a centre of clinopyrox~ 
ene s u rrounded by a r~.m of or thopyroxene, with no visible grain boundaries 
bet.,;een th e 'tiw ( bottom right hand s id e ). 



Plate 5. Further illustration of garnet an<! orthopyroxene exsolution from clino-· 
pyroxene in xenolith' PC33. 

Plate 6, Xenolith PC54. Single clinopyroxene crystal Hith exsolved orthopyroxene and 
small bless of garnet. Garnet is also present as two larger crystals (one is 
shown on the left hand side of plate) along the edges , and these could be 
primary phases . 



Plate 7. Single clinopyroxene crystal PCSS, showing different textures in the 
centre and along ·the margins. The centre s haws parallel bands of al­
tered orthpyroxene, and small blebs of garnet and chromite (exsolved 
phases). Along the margin there are small polygon2l grains of cline-
and o:;.•thopyroxene, and roundish garnet and chromi te grains· (both 
coarser grained than the ones in the central r;gion ). Note that within 
the marginal zone there are areas ( 1 and 2) r esembling the core (area 
2 is rotated at an angle relative to the centre) and that within the 
central zone a small portion of the clinopyroxene has started to dev­
elop a similar appearance to the edge. This rock demonstrates the signi­
fican~ role that deformation and recrystallisation can play in the 
obliteration of relict textures of former higher temperatu~es of equili­
bration. 



Plate 8. Orthopyroxene megacryst PC20B show:'.ng well developed cleavage and exsolution 
of clinopyroxene lamellae. 

Plo.te 9. Orthopyroxene megacrys·t pc;L+B with roundish to elongated exsolved garnets. 



Plate 10. Orthopyroxene megacryst PC27 with small roundish exsolved garnets and tlTee 

inclusions of clinopyroxene( cpx). Readjustment of this crystal as a result 

of deformatio:1 has resulted in limited recrystallization along deform2. :::ion 

bands (centre and right Hand side of top part of plate). 

Plate 11. Orthopyroxene megacryst PC28 with inclusions of clinopyroxene (green), chromi­

te(brown) and garnet (colourless-gt ). The parallel and preferred orientation 

of these phases and the simultaneous extinction of the clinopyroxene suggest 

structural control by the orthopyroxene host, 



Plate 12. Xenolith PC65, illustrating the extreme case in Type IV pyroxenites, where 
all orthopyroxenes show signs of polygonisation. The grains are equant, with 
a bimodal size distributi~n . and with slightly curved to straight grain . 
boundaries joining at~T20° triple junctions. 

Plate 13. Xenolith PC60, illustrating the large orthopyroxene grains \-lith 
irregular grain boundaries and a cracked appearance in contrast to 
the enclosed or partially enclosed smaller grains which have regular 
grain boundaries, smoothly curved or s traight and frequently display 
120° triple points. 



Plate 14. Xenolith PC43, where orthopyroxenes of variable size and shape can be 

observed, with polygonisation of the smaller grains. Note bending and 

widening of l2mellae (grains 1 and 2, respectively) of clinopyroxene 

along kink bands. 

Plate 15. Kink ba~cl across an orthopyroxene grain in pyroxenite PC 43. Note develop-­

ment of lamellae (clinopyroxene) at t h8 kink band plane. 



Plate 16. Illustration of two sets of lamellae in clinopyroxene crystal from xenolith 
PC26. The same phenomena is also observed in clinopyroxenes of pyroxenite 
PC43. 

Plate 17. Illustration of chromite lamellae in orthppyroxene in olivine be -iring 

pyroxenite(PC47); note exsolution of chromite along c-.n incipient kink 

band (_.). A few very small garnet lamellae can also be seen in this 

microphotograph ( eg . gt- in top part of pJat e). Discrete grains of gar-

net,cltnopyroxene and olivine are also illustrated. 
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