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ABSTRACT 

The petrography and geochemistry of peridotite xenoliths from the 
Jagersfontein and Matsoku kimberlite pipes, southern Africa are reported. 

Peridotite xenoliths from Jagersfontein are divided into three groups on 
the basis of texture and geothermobarometry: a high-T deformed group; a 
medium-I coarse group; and a low-T coarse group. The pyroxenes in the 
low-T xenoliths have undergone exsolution. 

A primary metasomatic event, dated at 600Ma, is evident in the coarse 
Jagersfontein xenoliths causing formation of edenite in the low-T xenoliths and 
phlogopite in the medium-T xenoliths, at the expense of orthopyroxene and 
clinopyroxene respectively. A high degree of textural and chemical equilibrium 
has developed between the primary metasomatic mineralogy and the host 
peridotite. Metasomatism is potassic at depth (phlogopite dominant) and 
sodic/calcic (amphibole dominant) at shallower depths within the amphibole 
stability field. All coarse xenoliths show a degree of incompatible element and 
LREE enrichment. Primary metasomatism was caused by the infiltration of an 
H20-rich fluid, possibly derived from an unseen crystallising magma body. 

A secondary metasomatic event has affected all Jagersfontein xenoliths 
at the time of kimberlite emplacement (901VIa). This event is dominated by the 
growth of phlogopite along grain boundaries, with minor clinopyroxene 
(replacing amphibole) and spinel. Specific secondary mineral associations vary 
according to local mineral reactions. No chemical or textural equilibrium has 
been achieved between the secondary metasomatic minerals and the host 
peridotite. Secondary metasomatic minerals are Fe-Ti rich and occasionally 
host minerals have been partly enriched in Fe and Ti. Bulkrock incompatible 
elements and REE have also been enriched. Secondary metasomatism was 
caused by the infiltration of an H20-0O2  rich fluid derived from the kimberlite. 
The formation of kelyphitic rims to garnets is shown to be a two stage 
process. Stage I pre-dates secondary metasomatism and involves the 
isochemical breakdown of garnet to pyroxene and spinel as the xenoliths enter 
the spinel lherzolite stability field. Stage It is a secondary metasomatic 
replacement of the stage I pyroxenes by phlogopite and calcite. 

Xenoliths from Matsoku have been derived from a restricted volume of 
mantle (35+31(bars), which contains both coarse and deformed types. Magmatic 
activity is evident by the formation of pyroxene-rich sheet intrusions. These 
frequently have orthopyroxene-rich interiors and clinopyroxene-rich margins 
due to flow differentiation, and perhaps lateral migration of melt. The 
pyroxene-rich sheets form part of a fractionation sequence from a magma with 
basanitic affinities. Bulkrock compositions of these sheets reflect their 
pyroxene-rich nature and the occasional presence of ilmenite, rutile, phlogopite 
and sulphides (IRPS-minerals). Silicates are Fe-Ti rich. 

Fractionation during intrusion of the pyroxene-rich sheet magma, has 
formed a small volume melt which has infiltrated the surrounding peridotite 
along grain boundaries giving rise to modal metasomatic phenomena involving 
IRPS-minerals and veins rich in garnet. Considerable textural and chemical 
modification has accompanied metasomatism. 



Wallrocks to pyroxene-rich sheets, and hostrocks to modal metasomatic 
phenomena and garnet-rich veins are enriched in Fe and Ti relative to common 
Mg-rich peridotite. Enrichment has occurred by infiltration of melt along grain 

boundaries and diffusion through silicates. Some garnets in the wallrocks and 
hostrocks have retained original core compositions. 

H20-rich fluids from the crystallising magma have enriched the 
surrounding mantle volume in LREE and may have precipitated phlogopite by a 
method analogous to that at Jagersfontein. The magmatic and metasomatic 
activity is dated at 500Ma. 
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Frontispiece. The Jagersfontein kimberlite pipe, Orange Free State, South Africa. The 
pipe has been extensively excavated by both opencast and underg ound mining 
to a depth of several hundred metres. The removal of material has revealed the 
form of the original kimberlite, which at this level is roughly circular and 
parallel sided. The wallrock is part of a dolerite dyke. The kimberlite has 
originated deep in the upper mantle from where it has carried ultramafic 
xenoliths to the surface. During processing for the diamond content of the 
kimberlite, the xenoliths have been cast aside onto dumps such as those in the 
background. The study of these xenoliths provides an insight into the geology 
of the upper mantle. 
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Oh that my words were recorded 
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iron tool on lead 
or engraved in the rock forever 

Job 19: 23,24 



CHAPTER 1 

INTRODUCTION 

1.1. INTRODUCTION 

It has been said that ultramafic xenoliths from kimberlite pipes in southern 

Africa, provide a 'window' into the sub-cratonic mantle. This window' views a 

section through the earth to depths of 200km that has been tectonically stable 

for a period of at least iGa. 

1.1.1. Regional Location 

The inland plateau of South Africa and Lesotho is a region of most 

concentrated kimberlite intrusion in the world. The kimberlites cover a roughly 

oval area to the north of the Cape Fold Belt and occur both on the Transvaal 

craton and within the younger accreted Orange River Belt, (Dawson 1980, and 

references therein), (Figure 1.1). The kimberlites themselves vary considerably in 

age from the Pre-Cambrian Premier Pipe (1750Ma +100, Allsopp, Burger and 

Van Lyl, 1967) to the Nzega pipe, Tanzania (53Ma +1, Davis, 1977). The majority 

of the kimberlites, however, were intruded between 140-8OMa. This interval 

coincides with a period during the Cretaceous of considerable uplift of the 

continental landmass with attendant downwarping and faulting around the 

margins and a deepening of contiguous ocean basins (Dingle 1973). 

Mantle derived xenoliths from two kimberlite localities in southern Africa 

have been selected for study. These are the Jagersfontein pipe in the Orange 

Free State; and the Matsoku pipe in northern Lesotho. (figure 1.1). Both pipes 

lie towards the margin of the Transvaal craton. Intrusion of the Jagersforitein 

pipe is dated at 86Ma (Smith 1983), and that of the Matsoku pipe is estimated 

at around 9OMa (Cox, Gurney and Harte 1973). 
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1.1.2. Xenolithic Content Of Kimberlites 

Within the kimberlite intrusions, which dominantly form as either pipes or 

dikes, are included a whole variety of different rock types. These can be sorted 

into 5 groups (Dawson 1980): 

1. Fragments from the immediate walirock to the intrusion 

Fragments from formations that existed at the time of 
intrusion, but have since been removed by erosion 

Fragments from buried formations 

Granulites from deep seated metamorphic terrains 

Xenoliths derived from the mantle. 

The first 4 groups deal with material derived from the crust. Although 

abundant at both localities, this material has not been studied in this thesis and 

research has concentrated on material from group 5. 

The xenolithic material from group 5 can be further divided into 4 major 

groups (Harte 1983): 

Megacrysts or discrete xenoliths 

Peridotites and pyroxenites 

Eclogites and grospydites 

Glimmerites and the MARID-suite xenoliths 

It is principally peridotites and pyroxenites from the two localities which 

form the material for research in this thesis. 
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1.2. PERIDOTITES AND PYROXENITES IN THE JAGERSFONTEIN AND MATSOKU 

KIMBERLITES 

The peridotite xenoliths from the Jagersfontein kimberlite pipe show close 

similarities with peridotite xenoliths from other kimberlite pipes. Both coarse 

and deformed peridotites are present, with in general, respective lower and 

higher pressure and temperature estimates. At Matsoku both coarse and 

deformed peridotites are present in the kimberlite, however, they appear to 

have been derived from a small volume of mantle with no significant pressure 

and temperature distinction. Also at both localities are a series of modally 

metasomatised xenoliths. The metasomatic suites from the two localities, 

however, are considerably different. 

At Jagersfontein the modal metasomatism forms 2 distinct groups. A 

primary metasomatic group (see definitions below) and a secondary 

metasomatic group. The primary metasomatic group is dominated by the 

presence of relatively coarse grains of phiogopite and amphibole. These are 

considered to pre-date emplacement of the kimberlite and occur, in general, 

only in coarse textured xenoliths. The secondary metasomatic group is 

dominated by fine grained phlogopite with a range of other minerals. 

At Matsoku metasomatism is evident by the presence of the minerals 

Ilmenite, Rutile, Phlogopite and various Sulphides, (IRPS-minerals). Unlike the 

Jagersfontein primary metasomatic mineral suite, considerable textural changes 

are evident at Matsoku in connection with the metasomatism. Secondary 

metasomatic features are poorly developed at Matsoku and have not been 

studied in this thesis. 

Furthermore amongst the peridotite suite from Matsoku are a series of 

xenoliths which contain pyroxene-rich sheets of an apparently magmatic 

intrusive nature; as well as a group of xenoliths containing garnet-rich veins. 

Such features have no parallels within other kimberlite derived xenolith suites, 

although do have some analogies with the pyroxene and sometimes 

garnet-rich 'dikes' seen in xenoliths from alkali basalts and in alpine peridotite 

bodies. 

It is the study of these metasomatic and magmatic features which form the 

bulk of this thesis. Prior to outlining the aims of the research, a brief note will 



be made regarding terminology. 

1.3. TERMINOLGY 

1.3.1. Rock Types 

In this thesis the term Iherzolite has been applied to any peridotite xenolith 

containing grains (as opposed to exsolution lamellae) of clinopyroxene. This is 

in contrast to the Streckeisen classification scheme (Dawson 1980), where 

lherzolite is defined as peridotite containing greater than 5% clinopyroxene. 

Xenoliths containing no grains of clinopyroxene are refered to as harzburgites. 

The use of other terms defined in the Streckeisen scheme have generally been 

avoided other than the general term pyroxenite to describe xenoliths extremely 

rich in pyroxene. 

1.3.2. Textures 

The textural classification used throughout this thesis follows that of Harte 

(1977). 

1.3.3. Mineralogy 

Primary minerals are those that formed the rock fabric prior to any modal 

metasomatic interaction and emplacement of new mineral phases. 

Primary metasomatic minerals are those emplaced into the xenoliths by 

modal metasomatism and which from features of textural and chemical 

equilibrium are considered to pre-date any kimberlitic interaction with the 

xenoliths. 

Secondary metasomatic minerals are those which from chemical and 

textural features appear to have formed at a late stage. From chemical and 

depressurisation features they often appear to be associated with the erupting 

kimberlite. 

5 
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1.3.4. Processes 

Modal metasomatism was defined as "The introduction of minerals .... not 

present in the rock previously" by Harte (1983) and as "... changes in the modal 

mineralogy .." by Harte at a/ (1987). This is equivalent to the patent 

metasomatism of Dawson (1984). 

Primary metasomatism is a metasomatic process which on the basis of 

chemical and textural features is considered to pre-date kimberlite interaction 

with the xenoliths 

Secondary metasomatism is a metasomatic process considered to have 

occurred at a late stage and appears to be connected with kimberlite 

emplacement. 

Enrichment is the addition of major and minor elements and REE to a 

pre-existing xenolith or mineral without the growth of new minerals. The 

addition of trace elements is analogous to the cryptic metasomatism of 

Dawson (1984). 

1.4. AIMS OF RESEARCH 

The principle aim of this research was to study the metasomatic aspects of 

the Jagersfontein xenoliths and the metasomatic and magmatic aspects of the 

Matsoku xenoliths. 

More specifically the aims were as follows 

1.4.1. Jagersfontein 

Little research had been published on peridotite xenoliths from 

Jagersfontein, hence the detailed study of these xenoliths occupies the bulk of 

this thesis. The first aim was to classify the xenoliths in terms of texture, 

mineral chemistry, geothermobarometry estimates from mineral chemistry, and 

the presence or absence of a primary metasomatic mineralogy. Particular 

attention has been paid to the metasomatism in terms of the nature of 

metasomatic events, the types of xenoliths affected and the 

pressure-temperature regions of the mantle in which metasomatism has 
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occurred. Studies have been concentrated on the lower temperature xenoliths. 

Initial studies suggested that there were two metasomatic mineralogies, a 

primary metasomatic mineralogy and a secondary metasomatic mineralogy. 

Distinctions have been made between these in terms of textures, textural 

associations and mineral chemistry. REE data and Sm-Nd and Rb-Sr isotope 

systematics were used also to try and constrain the nature of the source and 

age of the metasomatic agents. Using textural and chemical evidence it was 

hoped to determine whether the metasomatic agents were silicate melts or 

volatile-rich fluids. 

1.4.2. Matsoku 

Much literature had already been published on these xenoliths. Hence the 

first aim was to collect together the data already published along with the 

considerable data store yet unpublished. To this was added new data by the 

author dealing especially with detailed observations on textures and mineral 

chemistry in respect of the magmatic and metasomatic phenomena. Several 

new xenoliths were investigated and the phenomena of garnet-rich veins, 

previously only detailed petrographically, was related to the other magmatic 

and metasomatic features. 

As with Jagersfontein it was hoped to define the metasomatic phenomena, 

as well as the magmatic phenomena perculiar to Matsoku, in terms of textural 

and chemical changes. Previous work had already indicated that the peridotite 

wall rock to intrusive sheets, and the host rock to metasomatic veins and 

zones had been enriched in Fe and Ti. Research was undertaken to determine 

to what extent the enrichment had occurred in terms of a range of major 

elements and REE. 

Similarly again it was hoped to use Sm-Nd and Rb-Sr isotope systematics 

to constraint the gcochemical origin and age of on the magmatic and 

metasomatic phenomena and relate them to possible interrelated events 

elsewhere in the southern African continent. 
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1.4.3. Wider Aims 

To compare the Jagersfontein and Matsoku suites with other 

metasomatised suites of peridotite xenoliths from kimberlites, and in particular 

with xenoliths from the Bultfontein kimberlite pipe in the Kimberley cluster 

(figure 1.1) for which most data are available. 

1.5. METHODS AND ANALYTICAL TECHNIQUES 

Xenolithic material from the Jagersfontein pipe was gathered from a variety 

of sources (see section 2.2) collected by B. Harte, J.J. Gurney and others. The 

author also spent some time collecting new material from the Jagersfontein 

pipe itself as well as inspecting and selecting material from the De Beers 

collection in Kimberley and the Cape Town University collection. Material from 

Matsoku was collected by B. Harte and others (see section 6.1). 

The Edinburgh University Cambridge MkV electron microprobe was used for 

detailed micro-chemical analyses of minerals. Operating conditions for the 

microprobe are given in appendix 6. 

Instrumental Neutron Activation Analyses (INAA) at the Open University, 

Milton Keynes was used to undertake bulk rock REE determinations on the 

Matsoku xenoliths. The technique is described in appendix 6. 

A range of mineral separation techniques (appendix 6) were employed at 

Edinburgh to provide pure mineral separates of garnet, clinopyroxene, ilmenite 

and phiogopite from both the Matsoku and Jagersfontein xenoliths. Sm-Nd and 

Rb-Sr isotopic and REE analyses were undertaken using the Mass Spectrometry 

facilities at the Open University, Milton Keynes, (Appendix 6). Several bulk rocks 

were also analysed for isotopic ratios. 

Other data used included bulk rock major and minor element data collected 

by XRF-analyses at the Universities of Edinburgh and Cape Town, South Africa. 

This data was collected by B. Harte, J. J. Gurney and others. 



1.6. SUMMARY 

The Matsoku and Jagersfontein kimberlite pipes occur at the margin of the 

Transvaal craton and have ages of 9OMa and 861VIa respectively. 

The typical xenolithic content of kimberlites has been briefly described. 

Xenolithic material used in this thesis comprises peridotites and pyroxenites 

derived from the mantle. 

Studies of metasomatic features in xenoliths from the Jagersfontein 

kimberlite pipe, and metasomatic and magmatic features of xenoliths from 

Matsoku form the bulk of this thesis. 

Finally the aims of the research and the instrumental methods to be used in 

pursuit of those aims have been outlined. 



CHAPTER 2 

PERIDOTITE XENOLITHS FROM THE JAGERSFONTEIN KIMBERLITE PIPE 

2.1. INTRODUCTION 

The Jagersfontein kimberlite pipe lies 75Km to the southeast of Kimberley 

and approximatly 10001(m to the northeast of Cape Town, in the Orange Free 

State. (figure 1.1). Being a diamond-bearing pipe it features early in the history 

of the exploitation and study of kimberlites and diamonds. The pipe was 

discovered by DeKierk in August 1870. His observation of garnets in a stream 

bed on the Jagersfontein farm prompted further investigation, which ultimately 

lead to the discovery of a 50 carat diamond. In that and the subsequent year 

kimberlite pipes were also identified by the presence of diamonds, around what 

was eventually to become the town of Kimberley (named after Lord Kimberley, 

Secretary of State for the Colonies), hence the eventual use of the term 

'Kimberlite' by Lewis in 1888 to describe the rock in which the diamonds 

occurred (Dawson 1980). 

Mining at the pipe was taken over some 17 years later by the 'New 

Jagersfontein Mining and Exploration Company Ltd.' (Reunart 1893). The mine 

was notable at the time for producing high quality diamonds "...some 30 - 40% 

better in quality than those of De Beers", although production was only around 

1 tenth of that of the De Beers mine. The mine was eventually bought out by 

De Beers Consolidated Mines Co. Ltd. and mining of the kimberlite for 

diamonds ceased in 1972. (See Reunart 1893, and Wagner 1914 for an account 

of the early history and development of diamond minning in S. Africa.) 

Fortunately for the 'mantle geochemist', the extraction and treatment 

methods used on the kimberlite to " release its valuable cargo of diamonds" 

(Wagner 1914), has lead to the preservation of large quantities of peridotite 

xenoliths in the material dumped from the mine. 

2.2. SAMPLE COLLECTION AND SAMPLE STATISTICS 

Many of the peridotite xenoliths discussed in this thesis were collected by 

B. Harte, J. J. Gurney and others during 17th to 20th November 1979. A further 

suite was collected by the author between 16th-17th March 1985. All of the 



xenoliths were collected from the various dumps around the excavated 

kimbertite pipe, there being no in situ peridotite xenoliths or indeed kimberlite 

exposed at the surface. 

The suite of xenoliths from the Jagersfontein dumps presently in Edinburgh 

is not representative of the material found at the dumps or in the kimbertite 

itself. It is biased towards garnet-bearing xenoliths, xenoliths showing 

deformation textures and xenoliths showing atypical characteristics relative to 

the rest of the suite. Harte and others originally made a blanket collection of all 

xenolith types occuring on the dumps (Harte, pers comm). These were then 

sorted into groups on the basis of mineralogy and texture and from these 

groups the final suite for study was collected. The relative proportions of 

material sorted into the groups is shown in figure 2.1. Considering the blanket 

collection method used then the breakdown in figure 2.1 should be 

representative of material in the kimbertite itself. 

The authors' own collection consists of all the xenoliths seen on the dumps 

during his visit. However, the abundance of material on the dumps appeared to 

have been considerably less than when the original suite was collected. 

Considering this and the extensive collection made by other mantle 

geochemists in the recent past, it is unlikely that the authors' own collection 

has any statistical basis at all. 

Xenoliths from several different collections are discussed in the thesis and 

each collection has its own numbering prefix: 

'J' suite comprises xenoliths collected by B. Harte, J. J. Gurney and others 

in 1979 and brought back to Edinburgh uncut. These samples make up the bulk 

of the suite analysed. Some of these xenoliths formed the basis of a paper 

presented at the Third International Kimberlite Conference, (Harte and Gurney, 

1982). 

'JJG' suite comprises xenoliths collected by J. J. Gurney in conjunction with 

B. Harte and others at various times and retained in the Department of 

Geochemistry at Cape Town University. The xenoliths studied from this suite 

were selected primarily on the basis of thin sections sent to Edinburgh. During 

the authors visit to S. Africa, further xenoliths were selected from this 

collection on the basis of hand specimen characteristics. 
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'K7/' suite comprises xenoliths collected by the author and others. Half of 

each sample is retained in the Kimberlite Petrology Unit of De Beers Mines Co. 

Ltd. in Kimberley, S. Africa. The De Beers catalogue number for each sample is 

additionally prefixed '173/34/' in addition to the number given here. 

'PWJ' suite comprises a number of small samples brought back uncut to 

Edinburgh by the author. 

2.3. PREVIOUS RESEARCH 

To date little detailed work has been published exclusively on the 

Jagersfontein peridotite xenolith suite. As was previously mentioned Harte and 

Gurney (1982) published a general account of the textures and mineral 

chemistry of some of the xenoliths collected during their visit to the pipe in 

1979. This paper however, did not consider amphibole-bearing xenoliths as a 

separate group from coarse grained xenoliths. Johnson(1973) similarly 

described a further suite of xenoliths from the pipe and likewise noted the 

presence of amphibole although he didn't explain its paragenesis and origins. 

Neither paper noted the presence of primary metasomatic phiogopite. The 

identification of the latter and the classification of the suite in detail has 

undoubtably been considerably aided by the authors access to several large 

collections which were unavailable in the past or had not been examined. 

Borley and Suddaby (1973) described the occurence of two pyroxenite 

xenoliths in a further suite of xenoliths from Jagersfontein. From their 

description these xenoliths appear to be texturally similar to J17 (see section 

3.4.1). 

Other published work involving xenoliths from the Jagersfontein pipe has 

concentrated on the more general aspects of peridotite chemistry, using 

material from Jagersfontein alongside material from other kimberlite pipes. 

Carswell and Dawson (1970) included two xenoliths from Jagersfontein with 

material from five other kimberlite pipes, in a general account of the chemistry 

and mineralogy of peridotite xenoliths from southern Africa. Much of the 

discussion in this paper concerned the interpretation of peridotite xenoliths in 

kimberlites. 

Ju-Chin Chen (1971), included eight xenoliths from Jagersfontein, with 
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material from the Kimberley pipes, in a general account of peridotite 

mineralogy and geochemistry. A discussion on their origins and petrogenesis 

was also included. 

Smith and Wilson (1985), discussed the equilibriation of Fe and Mg between 

garnet and olivine in mantle derived xenoliths. They compared three coarse 

textured xenoliths from Jagersfontein with xenoliths from other sources, with a 

view towards generating a model accounting for the presence or absence of 

Fe-Mg zoning in peridotite silicate minerals. 

Haggerty (1983) described a series of titanate minerals from concentrates 

collected from the Jagersfontein kimberlite. These were considered to be 

derived from disaggregated xenoliths. He considered the titanates to be the 

products of metasomatism in the mantle. Several new minerals belonging to 

the crichtonite mineral series were identified. These, it was suggested, would 

constitute an important reservoir for refractory and large ion lithophile 

elements in the upper mantle. 

Mitchell and Carswell (1976) and Nixon et a/(1981), published REE data for a 

number of kimberlite localities including Jagersfontein. The former authors 

suggested revised figures for the abundance of La and Yb in the mantle and 

considered that bulk REE contents in peridotite xenoliths probably suffered from 

LREE contamination from the kimberlite. The latter paper divided xenoliths into 

three groups, namely: depleted, fertile and metasomatised. They considered 

that the LREE enrichment seen in these xenoliths, would on partial melting, be 

a suitable source for LREE enriched kimberlite. 

2.4. CLASSIFICATION OF PERIDOTITE XENOLITHS FROM JAGERSFONTEIN 

The remainder of this chapter will be directed towards describing the 

classifiction scheme used in this thesis for peridotite xenoliths from 

Jagersfontein. The mineralogy of the peridotite suite will be noted first 

followed by the division into the various groups. This division is schematically 

illustrated in figure 2.2. 



Figure 2.2 - Classification Scheme for peridotites from the Jagersfontein 
kimberlite pipe. The groups are refered to In the text as below. 
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V- Coarse, High-temperature. CH 
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VII - Deformed, High-temperature. DH 



JAGERSFONTEIN 
PERIDOTITES 

I 
1 

COARSE 	 DEFORMED 

I 	
I 

OW-I 	MEDIUM-I 	HIGH-I 	 LOW-I 	HIGH- 

L Metasomatisod 
Non-Modal 

	
L 

Modal Metasomatised 
Iv 	- (Phiegopit.) 

® 	Non-Modal Metasomotised 

Non- Modal 
M.tosomatjs.d 

EO 

Al 

Modal Metasomatised 
(Amphibole . rare Ba - phlogopit.) 

Non-Modal Metasomatised 

Modal Metosomatised 
(Amphibole) 



17 

2.4.1. Mineralogy 

The mineralogy of the Jagersfontein peridotite xenoliths can essentially be 

divided into two groups: a primary mineral group, and a metasomatic mineral 

group. 

2.4.1.1. Primary mineralogy 

The primary mineralogy comprises those mineral phases believed to 

constitute the bulk of the upper mantle (Ringwood, 1975). These are olivine, 

orthopyroxene, clinopyroxene, garnet and spinel. The modal abundance of these 

five minerals varies considerably throughout the suite, from xenoliths 

containing all five minerals to essentially monomineralic xenoliths. Hence in the 

suite are lherzolites (olivine + orthopyroxene + clinopyroxene); pyroxenites 

(clinopyroxene + orthopyroxene); harzburgites (olivine + orthopyroxene) and 

dunites (olivine). All of these assemblages may co-exist with either spinel or 

garnet or both. It should be noted that the term lherzolite is applied to any 

harzburgite containing the slightest trace of primary clinopyroxene. Modal 

primary mineral proportions in the majority of xenoliths fall within the common 

peridotite range as defined by Harte et at (1983) of olivine (45-75%), 

orthopyroxene(20-50%), clinopyroxene(0-7.5%) and garnet (0-11%). Xenoliths 

falling outside this range are uncommon. With reference to xenoliths in the 

Jagersfontein suite the additional major mineral, spinel (0-5%), should also be 

taken into account. Graphite and possibly some sulphide minerals are also 

considered to belong to the primary mineralogy. All the major mineral phases 

are anhydrous. 

2.41.2. Metasomatic mineralogy 

Metasomatic minerals are those considered to have been formed by modal 

metasomatism of the primary mineralogy describe above (section 2.4.1.1). They 

comprise amphibole, phlogopite, pyroxenes, spinel, calcite, sulphides, ilmenite, 

rutile, perovskite and serpentine. Accessory minerals are further subdivided into 

primary metasomatic minerals and secondary metasomatic minerals. The 

distinction between the two groups is quite clear and is principally based on 

the degree of textural (section 3.5 and 3.6 ) and chemical (section 5.3 and 5.4 



equilibrium achieved between the metasomatic minerals and the primary 

mineralogy. 

2.4.1.3. Primary metasomatic minerals 

In the Jagersfontein peridotite xenolith suite the primary metasomatic 

minerals comprise amphibole, phiogopite and rutile. The amphibole is an 

edenite in all but one xenolith where it is a richterite. A single occurence of 

Ba-phlogopite is also noted. Primary metasomatic minerals are considered to 

have been added to the original host peridotite some time after initial 

equilibration (section 5.2.7) and, in some xenoliths, after an exsolution event 

(section 3.2.2). The xenoliths have re-equilibrated, both texturally and 

chemically, to the new mineralogy. Primary metasomatic minerals occur only 

in coarse textured xenoliths (section 3.5). The only exception to this rule is the 

single occurence of edenite in a deformed xenolith, which has pressure and 

temperature characteristics similar to other amphibole-bearing xenoliths 

(section 2.4.2.2). Textural evidence (section 3.5) and chemical evidence (section 

5.3.1.1 and 5.3.3) suggest that primary metasomatism occurred as a distinct 

event to that or those which emplaced the secondary metasomatic mineralogy 

(see below). The primary metasomatic mineralogy is considered to pre-date 

the generation and emplacement of the kimberlitic magma. Primary 

metasomatic minerals occur with a variety of primary mineral assemblages in 

these xenoliths. 

2.4.1.4. Secondary metasomatic minerals 

In the Jagersfontein xenoliths, secondary metasomatic minerals comprise 

phlogopite, clinopyroxene, orthopyroxene, spinel, calcite, perovskite and 

serpentine. These minerals are chemically and texturally distinct from primary 

metasomatic minerals. They occur in all xenolith types throughout the suite 

and, unlike primary metasomatic minerals are not constrained by the pressures 

and temperatures of xenolith derivation (section 3.6.3). Secondary metasomatic 

minerals are thought to be a late stage addition to the primary (and primary 

metasomatic) assemblages and are not in either chemical or textural 

equilibrium with their host. Their origin is linked to the emplacement episode of 

kimberlitic magmatism following intermixing of the different xenolith types 

(section 3.8) in the ascending magma. Several different associations and 



assemblages are identifiable and these can, in many cases, be linked to the 

primary and primary metasomatic mineralogy of the xenoliths (section 3.6.4). 

2.4.1.5. Textures 

Details of peridotite textures are discussed at length in chapter 3, however, 

a note will be made here relevant to discussions within this chapter. 

The textural classification used in this thesis follows that of Harte (1977). 

Examination of the suite in thin-section shows that the xenoliths can 

essentially be divided into two groups: 

a deformed group of xenoliths, which show evidence of 
deformation and recrystallisation 

2. a coarse group of xenoliths, which show no such evidence. 

All deformed xenoliths, regardless of degree of deformation and 

recrystallisation, occupy the same pressure and temperature space and have 

similar chemical characteristics. Therefore no distinction is made here 

concerning degree of deformation. The coarse and the deformed groups 

occupy different pressure and temperature regions within the upper mantle 

(section 3.4.2.2) and have distinctly different chemistries (see section 5.2.7). This 

essential division into coarse and deformed groups cannot be 

underemphasised. 

2.4.2. Geothermobarometry 

2.4.2.1. Introduction 

Temperature and pressure estimates derived from peridotite mineral 

chemistry are crucial to determining the temperature-depth horizons 

represented by different groups of peridotite xenoliths within the upper mantle. 

A whole spectrum of different methods and calibrations for determining 

pressures and temperatures of equilibration, based on mineral exchange 

equilibria, are now available to the mantle geochemist (see Finnerty and Boyd 

(1982), Carswell and Gibb (1980)). In this thesis generally only one method for 



z,J 
calculating temperature and one for pressure are quoted. These two methods 

are those most consistently reported in the literature. The methods used are 

Wells (1977) two-pyroxene solvus geothermometer and Woods (1974) Eq12 

geobarometer, dependent on the solubility of alumina in orthopyroxene with 

coexisting garnet. For garnet-bearing harzburgites, the distribution of Fe and 

Mg between coexisting garnet and olivine (O'Neill and Wood, 1979), has been 

applied. This in general, gives slightly lower temperatures for the coarse 

xenoliths and slightly elevated temperatures for the deformed xenoliths 

compared to the Wells (1977) method. These differences may reflect the more 

rapid diffusivity of Fe and Mg (in olivine and garnet), compared to Ca and Mg 

(in ortho- and clinopyroxene). Because of mineralogical constraints imposed by 

these thermobarometry methods, pressure and temperature estimates are 

available for less than half of the suite. This limitation is most evident amongst 

the coarse grained xenoliths, many of which lack garnet and/or clinopyroxene. 

The Ca/(Ca+Mg)cp,  ratio has been used as a geothermometer for general 

comparisons within this suite and between different suites of xenoliths from 

other kimberlite pipes. 

2.4.2.2. Thermobarometric estimates 

Estimated pressures and temperatures of equilibration for xenoliths from 

Jagersfontein are shown in figure 2.3, (Wells (1977) - Wood (1974) method). A 

division of the suite into three groups is evident in terms of P-I space. These 

are -: 

A high-temperature group, 1>1050°C, P>37Kbars 

A 	medium 	temperature 	group, 	10300C>T>9000C, 
37Kbars>P>3Kbars 

3. A low-temperature group, 1<900°C, P<36Kbars 

The 	absence 	of 	the 	three 	phase 	assemblage 

(garnet+orthopyroxene+clinopyroxene) in many of the medium-temperature 

group-xenoliths indicates that pressure and temperature estimates, particularly 

pressure estimates for the group in general, are uncertain. However, the 

Ca/(Ca+Mg) 	ratio is quite distinct for this group (figure 2.4 and 2.5) and 
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Figure 23 - Pressure-temperature plot of the Jagersfontejn xenoliths. Symbols 
are: crosses-CL; upwards triangles-CLA; downwards triangles-DL; open 
circles-DH; closed circles-CH. 



22 

a 	 lOOCa/(Ca+Mg) 
35 	 40 45 	50 

CLt- 

dAt- - 

CMi— 	—L 

CMP 

DH 	 —4 

1300 1200 1100 1000 900 800 

T°C 

600 600 10001200 1400 

TIC (Wells 1977, 2 Px) 

Figure 2.4 (a)- Temperature calibration based on Ca/(Ca+Mg)) ratio in 
clinopyroxene. (b)-lllustration of the fit of the Ca/(Ca+Mg) ratio in  
clinopyroxene with temperatures calculated by the Wells (1977) method. 
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suggest a consistent temperature range of 1030°C>T>9000C. Bearing this in 

mind it should also be remembered that the pressure and temperature ranges 

used here only apply to garnet lherzolites. Temperature estimates from 

garnet-free lherzolites do, however, fall within the same ranges as for garnet 

lherzolites. No pressure and temperature estimates have been made for 

garnet-free harzburgites. The Ca/(Ca+Mg)0 	ratio of enstatite (Boyd 1973) is 

useful to a degree, for temperature calculations, although it does not always 

give results consistent with other methods used. 

2.4.3. Classification Scheme 

On the basis of textures and mineral chemistry, peridotite xenoliths from 

the Jagersfontein kimberlite pipe have been divided into seven groups. (see 

figure 2.2). Harte et al (1982), divided part of the suite into two groups by 

texture, namely a coarse group and a deformed group. This essential division is 

still used, although by itself does not do justice to the range of xenolith types 

present. Following the system of Harte (1983), these two groups can be 

subdivided on the basis of mineral chemistry into groups corresponding to 

high-, medium- and low-temperature estimates. The division here is made on 

the basis of clinopyroxene Ca/(Ca+Mg) ratio, which varies as a direct function 

of temperature (given the coexistence with orthopyroxene). 

Xenoliths showing deformation textures divide into two groups: 

a deformed high-temperature group (OH) (Temp >10500C), 
which contains the majority of deformed xenoliths 

2. a deformed low-temperature group (DL) (Temp < 9000C). 

At present only one xenolith in the suite studied falls into the latter group 

and this xenolith is itself metasomatised, containing primary metasomatic 

amphibole. This places the xenolith into a low-temperature, deformed, primary 

metasomatic amphibole-bearing group (DLA). Two xenoliths described by Borley 

et. al. (1973), fall into the latter 'DL' group and a further specimen collected by 

the author amongst a series of small xenoliths appears, on the basis of 

hand-specimen characteristics, to be in this 'DL' group. 
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Temperature estimates from mineral chemistry have been used to divide 

coarse textured xenoliths into three groups: 

a low-temperature group (temp <800 - 9000C); 

a medium-temperature group (Temp >900 - <10300C); 

a high-temperature group (Temp >10500C). 

The latter Coarse High-temperature group [CH] contains only one xenolith 

in the suite under study. 

The coarse low- and medium-temperature groups have been further 

subdivided on the basis of petrography, into xenoliths showing evidence of 

primary metasomatic mineralisation (see section 2.4.1.3), and those lacking such 

evidence. The low-temperature coarse xenoliths divide into: 

1. a non-metasomatised group (Coarse low-temperature (CL) 

a primary metasomatic amphibole-bearing group, (Coarse 
low-temperature primary metasomatic amphibole-bearing 
(CIA)). 

This second group also contains one rare example of primary metasomatic 

Ba-phlogopite. The medium-temperature group likewise divides into: 

a non-metasomatised group (Coarse medium-temperature 
(CM)) 

a group containing primary metasomatic phiogopite (Coarse 
medium-temperature 	primary 	metasomatic 
phiogopite-bearing CMP). 

It should be stressed that these petrographic divisions are based on primary 

metasomatic minerals (Section 2.4.1.3) and not on secondary metasomatic 

minerals (section 2.4.1.4). 

The coarse high-temperature xenolith (CH) has similar chemical 

characteristics to the deformed high-temperature xenoliths (DH). Because of 
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this, unless otherwise indicated, the coarse high-temperature xenolith is 

included with the deformed high-temperature xenoliths throughout the 

proceeding chapters. 

This scheme described above (shown diagrammatically in figure 2.2), is 

applicable to all xenolith types except coarse harzburgites. Using this scheme 

these can only be divided as far as the deformed-coarse stage. Garnet 

harzburgites can be classified on the basis of garnet-olivine geothermometry, 

(O'Neill and Wood., 1979) (section 2.4.2.2) and so present little problem. The 

absence of spinel in any high temperature xenoliths is useful for classifying 

spinel-bearing xenoliths into the low- or medium-temperature groups, all 

primary spinel-bearing xenoliths belonging to one of those two groups. Finally 

the presence of exsolution lamellae (section 3.2.2) is only recorded in 

low-temperature xenoliths, thus confining exsolution lamellae-bearing xenoliths 

to the low-temperature groups. Using this set of 'sub-rules', it is possible to 

place the majority of xenoliths in the suite into one of the seven groups used. 

2.5. SUMMARY 

A suite of peridotite xenoliths has been collected for geochemical and 

petrological study from the Jagersfontein kimberlite pipe, S. Africa. The suite 

consist of a mixed collection of mainly harzburgites and lherzolites with or 

without garnet and/or spinel. The xenoliths demonstrate a range of textures 

from coarse grained to intensely deformed xenoliths, with considerable 

recrystallisation of olivine and orthopyroxene. The mineralogy of the xenoliths 

has been divided into a primary mineralogy, consisting of the five phase 

assemblage: olivine, orthopyroxene, clinopyroxene, garnet and spinel (plus 

graphite and possibly some sulphide minerals); and a metasomatic mineralogy. 

The metasomatic mineralogy has been further divided into a primary 

metasomatic mineralogy and a secondary metasomatic mineralogy. The primary 

metasomatic mineralogy consists of edenite, richterite, rutile and phlogopite. 

The secondary metasomatic mineralogy consists of phiogopite, spinel, calcite, 

orthopyroxene, clinopyroxene, amphibole, perovskite and serpentine. The 

primary metasomatic mineralogy is generally developed only in coarse 

xenoliths , whereas the secondary metasomatic mineralogy is developed to 

differing degrees in all xenolith types. The two metasomatic mineralogies are 

considered to differ both in space and time with regards to their mode of 
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emplacement. 

Three groups of xenoliths can be identified on the basis of temperature and 

pressure estimates made from mineral chemistry. These are a low-temperature 

group, a medium-temperature group and a high-temperature group. Specific 

textures and aspects of metasomatic mineralisation are associated with these 

groups. These factors are the basis of a classification scheme for the suite and 

divide the suite into seven distinct groups. (figure 2.2). 

This classification scheme is used throughout the following chapters 

concerning the Jagersfontein Xenoliths. 



II 
CHAPTER 3 

PETROGRAPHY OF THE JAGERSFONTEIN SUITE XENOLITHS 

3.1. INTRODUCTION 

On the basis of textures, peridotite xenoliths from the Jagersfontein 

kimberlite pipe can be essentially divided into two groups: a coarse grained 

group and a deformed group. Coarse xenoliths are here defined as xenoliths 

with an average grain size of greater than or equal to 2mm, and which show 

no evidence of recrystallisation in the form of neoblasts. Deformed xenoliths 

are those which do show evidence of deformation and recrystallisation with the 

formation of neoblasts. Harte (1977) notes that a transition may occur from 

coarse xenoliths with no neoblasts to rocks with sufficient neoblasts to isolate 

porphyroclasts from one another. In the case of Jagersfontein these transitional 

xenoliths occupy the same pressure and temperature space (section 2.4.2.2) as 

high-temperature deformed xenoliths, and show the same chemical 

characteristics as deformed xenoliths. They are therefore, also classified as 

deformed xenoliths. Hence the mere presence of neoblasts in a xenolith is 

sufficient to include it in the deformed xenolith group. 

As was noted in section 2.4.2.2, the distinction between coarse and 

deformed xenoliths generally coincides with the distinction between high P-T, 

and medium- and low P-T xenoliths (see figure 2.4). Two xenoliths fall outside 

this classification and are discussed further elsewhere (see section 3.4). These 

are J17, a low-temperature deformed amphibole garnet spinel pyroxenite (DLA), 

(see plates 3.4a, b, C); and Ji 17, a high-temperature coarse garnet lherzolite. 

3.2. COARSE GRAINED XENOLITHS 

Coarse grained xenoliths constitute approximately 80% of the peridotite 

xenoliths from the Jagersfontein pipe, (Harte, pers. comm.), (see figure 2.1). This 

figure was, however, determined by hand specimen numbers at the pipe itself, 

and it is highly probable that some transitional porphyroclastic xenoliths may 

have been erroneously included with the coarse xenoliths. Since, however, their 

number is small, it is unlikely that any significant effect would occur on the 

proportions of samples if they were reclassified. 
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3.2.1. Primary Mineralogy 

The primary mineralogy in low- and medium-temperature coarse xenoliths 

constitutes those minerals which pre-date any modal metasomatic events 

presently seen in the xenoliths (section 1.1.7). These minerals are olivine, 

clinopyroxene, orthopyroxene, garnet and spinet as major components and 

graphite, whose occurrence is very limited. Many of the sulphide minerals 

(section 3.7.1) also appear to be part of the primary mineral assemblage, 

however, no detailed study has been undertaken on sulphides. 

3.2.1.1. Olivine, orthopyroxene, clinopyroxene, spinet and garnet. 

Coarse grained xenoliths all have average grain sizes greater or equal to 

2mm for the majority of the primary mineral assemblage. Many of the 

xenoliths have grain sizes in the range 4-7mm and exceptional cases have 

grain sizes up to 20mm. Garnet, spinel and clinopyroxene are usually finer 

grained than the average grain size (<2mm), except in clinopyroxene rich rocks 

where clinopyroxene defines the average grain size. 

Grain shapes are usually sub-euhedral to anhedral. Euhedral grains are rare. 

Olivine shows the closest approach to euhedral grain shapes and also 

frequently has very regular straight grain boundaries between it and other 

phases, as well as other olivines. Well developed 1200  triple junctions are 

frequently developed between olivine and other primary anhydrous mineral 

phases (plate 3.1a). Orthopyroxene, like olivine, usually forms the coarsest 

grains within the xenoliths, although frequently tends to have less regular 

boundaries than olivine. 

In the majority of low-temperature coarse xenoliths clinopyroxene is a 

minor constituent (<6%) if present at all, and often has an interstitial texture, 

giving the appearance of either being a late crystallised phase or having 

migrated out of other phases (e.g. orthopyroxene), from which it has been 

exsolved in the past. Other xenoliths contain coarse grains of clinopyroxene 

with the same morphological characteristic as orthopyroxene (plate 3.1b). 

Frequently these coarse clinopyroxene grains contain numerous tiny grains of 

spinet concentrated within their rims. Notable however, is that in pyroxenites 

(e.g. JJG 1789), clinopyroxene has odd 'frilly' grain boundaries that interlock 



30 

grains with each other (plate 3.1c). 

The morphology of garnets is difficult to determine due to the removal of 

the original grain boundaries by kelyphitisation. However, garnet grains tend to 

be round in shape and a possible previous euhedral shape is frequently 

suggested. In some rocks, however, garnets have an interstitial appearance 

being strung out along grain boundaries (plate 3.1d). The grain size of the 

garnets varies considerably relative to the host rock, such that even in the 

coarsest xenoliths garnet grains may still be quite small. The grain size of 

garnets in any one xenolith however, is usually very consistent. Many of the 

garnets are fractured and have kelyphitic alteration along the fractures. Garnet 

also forms as an exsolved phase (section 3.2.2), and it may be that in xenoliths 

where garnet lies strung out along grain boundaries, it once occurred as an 

exsolved phase and has since migrated Out of its host. Inclusions of garnet 

within other silicates, both primary and primary metasomatic (amphibole) are 

also common in some xenoliths (plate 3.2c). 

Spinel is present as primary spinel in numerous coarse grained xenoliths 

including garnet bearing xenoliths. Indeed in two xenoliths primary textured 

spinel is seen to occur interfingered with garnet (JJG 1792, JJG2469), (plate 3.2a 

and 3.2b). With the exception of one xenolith (JJG 1792), (plate 3.2b), spinel 

grains are usually very small and are typically less than 1mm. The grains are 

usually sub-euhedral to anhedral and occur either as inclusions within silicates 

(primary, primary metasomatic [plate 3.7a] or secondary metasomatic), or along 

grain boundaries (plate 33a). Occasionally the grains are strung out along 

primary mineral grain boundaries and have an interstitial appearance. Frequently 

spinel grains have dark brown-black alteration rims (section 3.7a). 

3.2.1.2. Graphite 

Graphite is also present in some xenoliths and forms distinct lath shaped 

grains up to 2mm long and 0.4mm wide (plate 3.2d). Texturally the graphite 

looks primary and in JJG1771 occurs as an inclusion within a primary silicate. 

On detailed examination using reflected light microscopy, the laths are seen to 

consist of compact bundles of fibres. 



Plate 3.1 

Coarse xenolith illustrating typical coarse grained texture. Olivines are cross-cut by numerous 

serpentine and Fe-oxide filled fractures.. Orthopyroxenes show some (lighter coloured) 

alteration along the cleavage planes. Grain boundaries are generally smooth and occasional 

1200 triple junctions are present. J5, CL, PPL. Scale bar is 5mm. 

Coarse xenolith with large clinopyroxene grains containing coarse primary spinel inclusions. 

The rims of the clinopyroxene are breaking down, producing finer-grained spinel. Secondary 

metasomatic phiogopite is also present, replacing the clinopyroxene (centre top) and 

orthopyroxene (bottom left) JJ01728, CM, PPL, Scale bar is 2mm 

C-  Clinopyroxenite Illustrating coarse grained nature with 'frilly' margins to individual grains. 

Minor alteration with the production of spinel is also present. JJG1789, CL, XPL, Scale bar is 
2mm 

d- Coarse xenolith with garnets strung Out along orthopyroxene-orthopyroxene and 
orthopyroxene-ollvine grain boundaries. The garnet Is considered to have exsolved from the 

orthopyroxene. Kelyphltic alteration is replacing the garnets, and secondary metasomatic 

phlogopite is dominantly replacing, the orthopyroxene. K7/318, CL, PPL, Scale bar is 2mm. 



I 
I 

 

'• J4•' 	. 
: 

tue 	
- 



Plate 3.2 

Coarse xenolith showing garnet and primary spinal in intimate association. Secondary spinal 

is also present in the kelyphitic rim around the garnet. JJG2469, CL, PPL. Scale bar is 2mm 

Coarse xenolith containing abundant primary spinal. Garnet (right centre), is also present and 

contains a coarse inclusion of primary spinel within it. JJG1792, CM, PPL, Scale bar is 2mm. 

Coarse xenolith with garnet forming exsolved blebs in orthopyroxene. The orthopyroxene 

Itself is being replaced by primary metasomatic edenite (centre), and the garnet blebs, which 

are not being replaced, have been left projecting into the amphibole. This illustrates that the 

edenite is a metasomatic replacement and that primary metasomatism occurred after the 

exsolution event. J134, CL4, PPL, Scale bar is 2mm 

Coarse xenolith with a coarse grain of graphite enclosed within an orthopyroxene grain. 

JJG 1771, CL, PPL, Scale bar is 1mm 
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3.2.2. Exsolution Features 

Exsolution features are seen to be confined to low-temperature xenoliths 

only. No exsolution features are present in any medium- or high-temperature 

xenoliths. 

Many of the coarse low-temperature (CL and CLA) xenoliths show evidence 

of exsolution events in their past history. Exsolution is confined to 

orthopyroxene and clinopyroxene hosts. Olivine, garnet and spinel show no 

present evidence of having exsolved other phases at any time. Garnet, spinel 

and orthopyroxene are seen to be exsolved from clinopyroxene; and garnet, 

spinel and clinopyroxene are seen to be exsolved from orthopyroxene. The 

most common occurrence is that of exsolution lamellae of spinel and/or 

clinopyroxene in orthopyroxene. 

Garnet is seen to occur as lamellae and blebs along the (010) cleavage 

direction in both orthopyroxene and clinopyroxene. The lamellae are usually 

less than 0.1mm wide. Garnet exsolution is seen to occur in only one 

low-temperature coarse xenolith, J134, a garnet amphibole lherzolite (CIA), 

(plate 3.2c), here the garnet occurs as lamellae in orthopyroxene. 

Spinel occurs as exsolution lamellae in the form of tiny platelets lying 

parallel to the (010) plane in orthopyroxenes (plate 3.4a). The platelets are less 

than 0.05mm long and are usually less than 15microns thick, making them too 

thin to analyse with the electron-microprobe. The amount of lamellae in any 

one xenolith varies considerably, such that there may be lamellae free 

orthopyroxenes as well as orthopyroxenes packed full of lamellae. Also in some 

grains, lamellae occupy the whole grain, whilst in others the lamellae are 

concentrated in the core of the grain, leaving the rim free of lamellae. 

Lamellae of pyroxene in other pyroxenes are quite common in 

low-temperature coarse xenoliths (CL and CIA), (plate 3.4b). The lamellae vary 

in from 1mm down to 0.05mm in length. Like the spinel lamellae they are less 

than 15microns wide, making them difficult to analyse quantitativly. The 

Iamallae lie parellel to the (0) plane of the host pyroxene. In many xenoliths 

both clinopyroxene and spinel lamellae occur together in single orthopyroxene 

grains. Again not all pyroxene grains in a given xenolith will contain exsolution 

lamellae of other pyroxenes. 



34 

Clinopyroxene grains in both low- and medium-temperature coarse 

xenoliths contain grains of spinel (plate 3.1b). These gr3ins can be quite coarse, 

up to 0.1mm, and are seen to be concentrated along the rims of clinopyroxene 

grains. All clinopyroxene grains containing these spinel grains are very Cr-rich 

(section 5.2.3), and it is considered that the spinel here may be forming as a 

result of the breakdown of the clinopyroxene on secondary metasomatism. 

They are not considered to rank along with the exsolution features above, 

which are considered to predate any metasomatic alteration, (section .4.4.1). 

32.3. Symplectic lntergrowths 

In some low-temperature coarse grained xenoliths symplectic intergrowths 

of spinel and clinopyroxene are observed (plate 3.3b, c, d). With the exception 

of one xenolith (J135), all the symplectite bearing xenoliths are garnet free. The 

symplectites consist of a vermicular wormy type intergrowth of spinel usually 

within a host clinopyroxene. The spinel is not usually uniformly distributed 

throughout the clinopyroxene and is generally concentrated along one of the 

grain margins, from which it spreads into the grain. Occasionally the 

symplectite passes into a coarse spinel grain outside of the clinopyroxene 

(plate 3.3c). In J135 the symplectite is in intimate association with several 

grains of garnet (plate 3.3d). Notable also is that the symplectite is 

concentrated around the garnet and that symplectic free portions of the 

clinopyroxene are quite far away from the garnet. Basu and Macgregor, 1975 

suggested that symplectic intergrowths might form by the breakdown of garnet 

in spinel and clinopyroxene. Although this intimate association between garnet 

and the symplectite intergrowth (plate 3.3d), seems to support such a 

subsolidus reaction, it is also quite apparent that the whole assemblage has the 

appearance of having been exsolved from orthopyroxene. 

In the CMP-xenolith JJG1795, primary metasomatic phiogopite is seen to be 

intergrown with a poorly developed spinel symplectite (plate 3.8c, d). It is 

considered that the symplectite between the phiogopite and spinel has formed 

by metasomatic replacement of the primary clinopyroxene, which is Cr-rich, 

leading to the precipitation of spinel as a by-product (section 8.-). Similarly in 

J150 and J135 secondary metasomatic phiogopite is seen to form a symplectic 

intergrowth with spinel (plate 3.3b). However, here it is suggested that the 

secondary metasomatic phiogopite is replacing an original clinopyroxene host 



Plate 3.3 

Coarse xenolith with primary spinel strung out along grain boundaries. The spinel has 

probably exsolved. from either clinopyroxene or orthopyroxene 
J25, CL, PPL, Scale bar is 

2mm. 

Symplectic Intergrowth of clinopyroxene and spinel. Much of the clinopyroxene has been 

replaced by secondary metasomatic phiogopite. 
J135, CL, PPL, Scale bar is 1m1n. 

c- Symplectic intergrowth of clinopyroxene and spinel. Some regular orientation of the spinel 

within the clinopyroxene is apparent. The fine parallel lines in the orthopyroxene to the right 
are exsolution lamellas of spinel. J2, CL, PPL, Scale bar is 1mm. 

Intimate association of clinopyroxene and spinal symplectite with garnets. This whole 

assemblage may have been exsolved from orthopyroxene Garnets are surrounded by 
kelyphitic rims. J135, CL, PPL, Scale bar is 0.5mm 
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Plate 3.4 

Coarse xenolith with minute exsolution platelets of Cr-spinel in orthopvroxene. The platelets 

are organised parallel to the (001) cleavage direction. J135, CL, PPL, Scale bar is 0.25mm 

Exsolution lamellae of clinopyroxene (fine white lines) in orthopvroxene porphyroclasts 

(extinct). J17. OLA, XPL, Scale bar is 0.5mm 

C-  General view of deformed low-temperature xenolith J17; showing strained orthopyroxene and 

clinopyroxene porphyroclasts within a matrix of pyroxene granoblasts. Tiny garnets, 

surrounded by kelyphitic rims, and primary spinal are also present. The garnet porphyroclast 

to the right contains garnet exsolution blebs (see below). J17, OLA, PPL, Scale bar is 1mm 

d- Garnet exsolution lamellae in clinopyroxene porphyroclast. Garnet grains and clinopyroxene 

granoblasts are present to the left. J17, VLA, PPL, Scale bar is 0.5mm 
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to the spinel symplectite. 

Basu and Macgregor (1975) and Dawson and Smith (1975) reported the 

occurrence of symplectic intergrowths of spinel with amphibole in xenoliths 

from the Jagersfontein, Monastary and Bultfontein pipes. It is suggested on the 

basis of the above observations that these symplectic growths are also forming 

as a result of metasomatic replacement of the spinel symplectic host 

clinopyroxene by amphibole. The occurrence of orthopyroxene and spinel 

symplectic intergrowths reported by the above authors and observed in one of 

the Jagersfontein suite xenoliths remains an enigma. 

3.3. DEFORMED HIGH-TEMPERATURE (DH) XENOLITHS 

OH xenoliths constitute about one fifth of the peridotite xenoliths found at 

the Jagersfontein kimberlite pipe figure 2.1. The primary mineralogy of 

DH-xenoliths constitutes olivine, clinopyroxene, orthopyroxene and garnet. 

Some sulphide minerals are also present, which occasionally appear to be 

primary textured. No graphite or primary spinel have been identified in the 

DH-xenoliths. The xenoliths exhibit a textural range from transitional 

porphyroclastic (plate 3.5a), where only very minor amounts of olivine are 

recrystallised, through to mosaic, where all the olivine and much of the 

orthopyroxene is recrystallised (plate 3.5c). A well developed progression of 

deformation is seen in the xenoliths. Olivine is the first mineral to recrystallise 

on deformation and is followed by orthopyroxene. In many xenoliths 

orthopyroxene porphyroclasts, set in a mosaic of olivine neoblasts, are 

recrystallising along grain and subgrain (kink) boundaries (plate 3.5c and 3.6a). 

These orthopyroxene neoblasts are generally much finer grained than the 

olivine neoblasts, which at this stage of recrystallisation appear to be 

coarsening. Clinopyroxene is not seen to be recrystallising in any of the 

high-temperature deformed xenoliths studied, but remains as porphyroclasts. 

These clinopyroxene porphyroclasts are usually considerably fractured and 

altered around their margins and occasionally totally so throughout the grain 

(plate 3.6b). This fracturing may in part be stress generated. Carswell (1975) 

described similar features and attributed them to the combined effects of 

decompression and metasomatism during transport of the xenoliths to the 

surface. Garnet, where present, forms rounded porphyroclasts and shows no 

sign of strain (plate 3.6c, d), No disrupted garnets are seen. If internal stresses 



were present in the garnets then they are not seen now due to the isotropic 

nature of garnet. 

A whole range of fluidal and laminated textures (Harte 1977) are present in 

the xenoliths, with the orthopyroxene neoblasts and porphyroclasts defining the 

structures present (plate 3.6c, d). Undulose extinction and kink-banding in 

orthopyroxene porphyroclasts is common. Frequently deformation structures 

are demonstrated by strings of minute neoblasts drawn Out from kinkbanded, 

and often elongate, orthopyroxenes (plate 3.6a). 

Within the DH-xenoliths studied, no direct relationship has been noted 

between the degree of deformation and recrystaltisation, and mineral chemistry 

or pressures and temperatures of equilibration. However, Hops, Gurney, Harte 

and Winterburn (1987) On examination of a larger collection of DH-xenoliths, 

including those from this study, noted an apparent corralation between texture 

and temperatures of equilibration. Such that the lowest temperature 

DH-xenoliths tended to be porphyroclastites and the higher temperature 

xenoliths mosaic-porphyroclastites. 

All the DH-xenoliths studied are either lherzolites or harzburgites, and may 

or may not contain garnet. No primary spinet is present in these xenoliths. The 

absence of spinet is to be expected since the calculated pressures and 

temperatures of equilibration place this group of xenoliths within the garnet 

lherzolite stability field. No exsolution features are present in any of the mineral 

phases and primary metasomatic minerals are absent. Secondary metasomatic 

minerals, however, are present and garnets do possess kelyphitic rims, many of 

which are well developed. Serpentine alteration is common, especially along 

grain boundaries amongst the olivine mosaic mass and also internally in the 

porphyroclasts. 

3.4. OTHERS 

Two xenoliths fall outside the low- and medium-temperature coarse 

(CL,CLA,CM,CMP), and high-temperature deformed (OH) groupings described 

above. These are J17 a low-temperature deformed amphibole garnet spinel 

pyroxenite (DLA), and J117 a high-temperature coarse garnet lherzolite (CH). 



Plate 3.5 

Transitional porphyroclastic texture. Minor recrystallisation of olivine is occurring in the 

bottom right corner of the plate. The crystallisation is not enough to warrent a 

porphyroclastic terminology. JJG 1773, OH, XPL, Scale bar is 2mm. 

Porphyroclastic texture. Olivine porphyroclasts (top centre) are surrounded by olivine 

neoblasts. J9, OH, #°PL, Scale bar is 2mm 

Mosaic texture. Olivine has been totally recrystallised to a mosaic of neoblasts. Garnet is also 

present. .11, OH, PPL, Scale bar is 2mm 

C- Orthopyroxene porphyroclast showing racrystailisation to tiny neoblasts, This is surrounded 

by a mosaic of olivine neoblasts. J121, OH, PPL, Scale bar is 2mm 
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Plate 3.6 

Recrystallising orthopyroxene porphyroclast set in a mosaic of olivine neoblasts. The 

orthopyroxene neoblasts are being drawn out from the porphyroclast. 
J108. Oh PPL, Scale 

bar is 2mm 

Fretted clinopyroxene grains in a mosaic porphyroclastic xenolith. J122, OH, PPL, Scale bar /s 
2mm 

c- Laminar fluidal mosaic texture. Parallel strings of orth - opyroxene neoblasts are being strung 

Out from orthopyroxene porphyroclasts The groundmass is a mosaic of olivine neoblasts. 

Garnet shows no signs of recrystallisation J108, OH, PPL, Scale bar is 2mm 

d- Fluidal mosaic, Irregular contorted strings of recrystallised orthopyroxene lie within a mosaic 

of recrystafllsed olivine neoblasts. Garnets show no evidance of recrystallisation 
J104, OH, 

PPL, Scale bar is 2mm 
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3.4.1. J17, A Deformed Low-Temperature (DLA) Pyroxenite 

J17 is the only low-temperature deformed xenolith occurring in the present 

suite under study here. The xenolith is a garnet amphibole spinel pyroxenite 

and contains no olivine. The xenolith consists of orthopyroxene and 

clinopyroxene porphyroclasts set in a matrix of orthopyroxene and 

clinopyroxene neoblasts-granoblasts (plate 3.4c). The porphyroclasts are 

themselves deformed and show a strong undulose extinction. They are 

elongated parallel to the dominant cleavage and all the porphyroclasts are 

aligned parallel to each other. The clinopyroxene porphyroclasts contain 

exsolution lamellae of garnet aligned along the dominant cleavage, and are 

seen to be surrounded in places by a necklace of small garnet crystals (plate 

3.4d). These garnets are set in a mosaic of clinopyroxene neoblasts and both 

garnet and clinopyroxene neoblasts have presumably been derived from the 

recrystallisation of the clinopyroxene porphyroclasts. Kelyphitic alteration 

around these garnets is well developed and in places has totally replaced the 

garnet. Secondary spinels are present in the kelyphite around the garnets in 

the neoblast area. The orthopyroxene porphyroclasts contain exsolution 

lamellae of spinel and clinopyroxene aligned along the (01 0) cleavage direction 

(plate 3.4b). Primary metasomatic amphibole occurs in this xenolith. The 

amphibole is not deformed and contains neoblasts of pyroxene within it (plate 

3.7c). This suggests that the emplacement of the amphibole post-dates the 

deformation and recrystallisation event that is recorded in this xenolith. 

Pressure and temperature calculations suggest that this xenolith last 

equilibrated at 30Kbars and 769°C. Pre-exsolution temperatures of around 

1100°C are suggested by remixing the exsolved garnet back into the host 

clinopyroxene (section 5.2.3.1). Textures suggest that exsolution pre-dates the 

deformation in this xenolith. 

3.4.2. J117 A Coarse High-Temperature (CH) Xenolith 

J117 is the only CH-xenolith in the suite studied. Pressure and temperature 

estimates for the xenolith suggest equilibration around 1217°C and 49Kbars. 

Texturally the xenolith resembles a typical coarse xenolith. The average grain 

size is around 4mm, and 3mm for the garnets. Clinopyroxenes however, differ 

in appearance from those typically found in low-temperature coarse xenoliths 

in that they have extensively fractured rims, and are occasionally totally 



fractured throughout. In this respect the clinopyroxene grains have more in 

common with grains from deformed high-temperature xenoliths. No undulose 

extinction is present suggesting an absence of strain. 

Hence in the high-temperature series of xenoliths, we see a general 

progression from coarse xenoliths, through xenoliths showing only a minor 

amount of deformation and recrystallisation, (transitional), to the eventual state 

of considerable recrystallisation (mosaic). 

3.5. PRIMARY METASOMATIC MINERALOGY. 

In the Jagersfontein peridotite xenolith suite, the primary metasomatic 

mineralogy consists of phiogopite, edenitic and richteritic amphiboles and rutile. 

3.5.1. Primary Metasomatic Edenitic Amphibole 

Edenite occurs in 15 coarse low-temperature xenoliths (CLA) and the 

deformed xenolith J17 (CLA), (section 3.4.1). Usually the edenite forms coarse 

grains with an average grain size similar to that of hostrock olivine and 

orthopyroxene and is generally in textural equilibrium with the primary 

mineralogy (plate 3.7b). One xenolith (J134), offers evidence to suggest that the 

edenite is a metasomatic addition. In J134 (plate 3.2c) a grain of edenite is 

seen in contact with orthopyroxene. The orthopyroxene contains exsolution 

lamellae of garnet. These lamellae of garnet are seen to be protruding from the 

orthopyroxene into the edenite. This suggests that the edenite is replacing the 

orthopyroxene, whilst leaving the garnet unaffected. In addition it indicates that 

metasomatism must have occurred after the exsolution event. On the basis of 

comparative mineral chemistry of the orthopyroxene and edenite, H20, Na20 
and 1(20  need to be added to the xenolith during metasomatism (section 

8.2.1.1). 

On the basis that all of the edenites have a similar mineral chemistry 

(section 5.3.1), then all are considered to have had a similar metasomatic origin. 

The modal abundance of edenite in amphibole-bearing xenoliths varies 

considerably, although is not usually more than 10%. 

The edenite occurs as discrete grains within the peridotite host rock and 
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the xenoliths show no evidence of veining with respect to the edenite. This 

contrasts with peridotite xenoliths from Bultfontein containing richteritic 

amphibole (Erlank et al 1987, Jones at al 1982) some of which do show 

evidence of vein type structures. 

The edenite occurs with a variety of peridotite mineral assemblages 

including harzburgites or lherzolites with or without garnet and/or spinel. Again 

unlike the xenoliths from Bultfontein the edenite is not tied in with any 

particular mineral assemblage, such as occurring in garnet free xenoliths only 

(Erlank et al 1987). However, it should be emphasised that the occurrence of 

edenite is restricted to low-temperature xenoliths, and, with the exception of 

J17, it is restricted to coarse low-temperature xenoliths. Taking into 

consideration the pressure and temperature estimates for edenite bearing 

xenoliths, we can attempt to place depth restriction on the occurrence of 

edenite bearing xenoliths (see section 2.4.2.2). From calculated pressures and 

temperatures, a depth range of 70 - 110Km is suggested for edenite-bearing 

garnet lherzolites. The pressure-depth range, like the temperature range, is 

coincident with that of edenite-free low-temperature coarse (CL) xenoliths. 

Except for the occurence of edenite, there are no textural or mineralogical 

differences between amphibole-bearing (CLA) and amphibole-free (CL) 

xenoliths. Thus the amphibole-bearing (CLA) xenoliths appear to have been 

derived from material similar to the low-temperature-coarse amphibole-free 

(CL) xenoliths. 

In many of the edenite-bearing xenoliths, the edenite is seen to be 

surrounded by a rim of secondary metasomatic phlogopite and occasionally 

this rim is also seen to also contain tiny grains of secondary metasomatic 

clinopyroxene (plate 3Jb and 3.9c). This rim assemblage of phlogopite + 

clinopyroxene appears to be confined to amphibole-bearing xenoliths. It is 

considered that these rims are forming as a result of the breakdown of the 

amphibole during secondary metasomatism. This is discussed further in 

section 3.6.4.3. 

3.5.2. Primary Metasomatic Richterite 

Primary Metasomatic richterite has only been identified in one xenolith (J 11) 

from this suite, although its presence in other peridotite xenoliths has been 



reported from Jagersfontein (Erlank et a/ 1987). The richterite in question 

occurs in a coarse grained spinet dunite, (plate 3.7a), which has an average 

grain size of 6mm. The richterite is poikiloblastic and contains numerous grains 

of olivine, some up to 2mm, which are in optical continuity both with each 

other and other grains outside of the richterite. This suggests the richterite 

may be replacing olivine. Primary spinet is relatively abundant and occurs as 

inclusions both within the richterite and the host mineralogy. The spinet grains 

contained within the richterite notably lack alteration rims. Sulphides are also 

present, again both within the host mineralogy to the richterite and within the 

richterite itself. Secondary Metasomatic clinopyroxene and phtogopite are 

present around the richterite (plate 3.7a and section 36.4.3). 

3.5.3. Primary Metasomatic Phlogopite 

Primary Metasomatic phiogopite occurs in 8 xenoliths from the 

Jagersfontein suite (plates 3.8). All of the xenoliths in which it occurs are 

coarse medium-temperature (CMP) xenoliths. The phiogopite is, in general, in 

textural equilibrium with the primary mineral phases in the xenoliths. Support 

for a metasomatic origin for this phiogopite is seen in two xenoliths. 

In JJG1795 and JJG1720, (plate 3.8c, d) phiogopite occurs adjacent to 

coarse clinopyroxene grains and appears to be occuping an area previously 

occupied by the clinopyroxene. Furthermore in JJG1795 the phtogopite contains 

islands of clinopyroxene which are optical continuity with clinopyroxene around 

the margin of the phiogopite. In both cases the phtogopite contains 

symplectic-like intergrowths of Cr-spinet. Although coarse grains of spinet are 

present in the clinopyroxene, symptectic intergrowths are absent. The 

phtogopite-spinel symptectite is considered to be a product of the metasomatic 

reaction which emplaced the phlogopite (section 8.2.1.1 ), with the Cr-spinel 

being formed due to the Cr-rich nature of the clinopyroxene being replaced. 

The replacement of the clinopyroxene by the phiogopite has to be 

metasomatic, with chemical components being added to the xenoliths, 

particularly K20 (section 8.2.2.1), which is depleted in most coarse xenoliths 

(section 4.3.1.8). 

Since all primary metasomatic phtogopites have similar chemical 

charactoristics (section 5.3.3), it is presumed that all are of a similar 

metasomatic origin. 
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Primary metasomatic phlogopite is seen to occur with a variety of mineral 

assemblages including lherzolites and harzburgite with or without garnet and/or 

spinel. Notable is that CMP-xenoliths tend in general to be poorer in garnet 

than CLA-xenoliths, however, there is no evidence that phlogopite is replacing 

garnet and this trend may be apparent because CM- and CMP-xenoliths have 

not undergone any exsolution of garnet from pyroxenes. 

In thin section the phlogopite Consists of coarse grains with a similar grain 

size range to their host rock. No vein-like structures are seen in CMP-xenoliths. 

The phlogopite is only weakly pleochroic, although some grains are noted to 

have highly pleochroic rims (plate 3.8a). These rims are chemically distinct 

from the low pleochroic portion of the mica (see section 5.3.3.1), and have a 

very sharp junction with the rest of the mica. Furthermore, these highly 

pleochroic rims are seen to be best developed where grain boundaries between 

the host primary mineralogy intersect with those of the mica. It is suggested 

that these rims are being generated by secondary metasomatic effects on the 

primary metasomatic mica. The concentration of these rims adjacent to grain 

boundaries is also good evidence that chemical materials are infiltrating along 

grain boundaries. 

In some xenoliths primary metasomatic phlogopite is seen to contain 

numerous inclusions of calcite (plate 3.9a). These calcite inclusions are also 

considered to be of secondary metasomatic origin, with a formation 

contemporary with the highly pleochroic rims described above. 

3.5.4. Rutile and Ilmenite 

Rutile has been observed in only one xenolith, K7/318, where it occurs as a 

minor, (less than 1 modal%), relatively fine grained aggregate along the grain 

boundary of two orthopyroxene grains. It also appears to be partially included 

in these grains. The rutile is surrounded by an alteration rim of perovskite. 

llmenite also occurs in this xenolith although its origin is uncertain. The 

ilmenite is also surrounded by perovskite. 



Plate 3.7 

Primary metasomatic richterite. Dark inclusions are spinels and Fe-Ni-sulphides. The 

amphibole is breaking down along its margins to secondary metasomatic phiogopite and 

clinopyroxene. .117, CLA, PPL, Scale bar is 1mm 

Primary metasomatic edenite (top centre), surrounded by olivine grains. Minor secondary 

metasomatic mineralisation is present along the grain boundaries. .124, CLA, PPL, Scale bar is 

2mm 

Primary metasomatic edenite In the deformed low-temperature xenolith J17. The edenite 

contains neoblasts of clinopyroxene and its' emplacement is seen to postdate the 

deformation. J77, LILA, PPL, Scale bar is 1mm 

Primary metasomatic edenite (centre left) and primary metasomatic Ba-phlogopite (centre) in 

textural equilibrium. The edenite has a secondary metasomatic rim of phlogopite and 

clinopyroxene. JJG856, CIA (#Sa-ph/ogopie), PPL, Scale bar is 2mm 



14 

P 

- - 	 - 
- 

____ 	.•-:- _____ 	 • •'' "• - 

:_- 

-_  
-• 	r: -- 

01 



Plate 3.8 

Primary metasomatic phlogopite. The phlogopite is surrounded in part by a highly pleoct-iroic 

rim, which is considerably enriched in Fe and Ti. The presence of the rim appears to be 

controlled by grain boundaries within the host rock. K7/400d. CMI', PPL. Scale bar is 2mm 

Primary metasomatic phlogopite illustrating the high degree of textural equilibrium with the 

host rock. J3,  CMI', PPL, Scale bar is 2mm 

Primary metasomatic phlogopite replacing coarse clinopyroxene grains. Spinal is being 

produced from the Cr-rich clinopyroxene during the reaction. JJG1795, CMI', PPL, Scale bar 

is 2mm 

Primary metasomatic phlogopite replacing clinopyroxene. The clinopyroxene is present only as 

small Inclusions within the phlogopite, in optical continuity with each other as well as other 

clinopyroxene along the margins or the phlogopite (bottom left). Spinal is being produced 

during the reaction giving rise to a spinel-phlogopite symplectite. JJG1720, CMI', PPL, Scale 
bar is 0.5mm 
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3.6. SECONDARY METASOMATIC MINERALS 

Secondary metasomatic minerals include phlogopite, spinel, clinopyroxene, 

orthopyroxene, amphibole, calcite, serpentine and perovskite. On the basis of 

mineralogical associations, these minerals can essentially be divided into five 

groups-: 

Serpentine. 

Perovskite. 

Secondary metasomatic amphibole. 

Grain boundary assemblages. 

Kelyphitic assemblages 

3.6.1. Serpentine 

Serpentine is present throughout the whole peridotite suite. It occurs 

principally with olivine and orthopyroxene, in which it lines fractures and grain 

boundaries. The degree of serpentinisation varies considerably. Some xenoliths 

are relatively fresh with only a minor degree of serpentinisation, whilst in 

others the olivine and orthopyroxene have been nearly totally replaced with 

only minute relics of the original primary mineralogy left. The serpentine 

usually forms as a low birefringent fibrous phase, with the fibres perpendicular 

to the fracture walls, or grain boundary interface. In some badly altered 

xenoliths a further phase is seen in the serpentine forming long thin needles. 

These may be apatite crystals, which have been identified in peridotite 

xenoliths elsewhere. In some xenoliths considerable amounts of Fe-oxides and 

hydroxides are present along serpentinised grain boundaries. This is noted 

especially in deformed mosaic xenoliths. The timing of the serpentine alteration 

is uncertain other than it occurs after the xenoliths have been incorporated into 

the kimberlitic magma. This is suggested because serpentine occurs in both 

coarse and deformed xenoliths and is developed to the same extent in both 

groups. It is probably related to the volatile-rich stage of kimberlite 

magmatism. Some serpentinisation has almost certainly occurred after the 

emplacement of the kimberlite, by sub-aerial erosion and groundwater action. 



3.6.2. Perovskite 

Perovskite is a very minor constituent and occurs in only one xenolith 

(K7/318). In this CL-xenolith the perovskite forms an alteration rim around a 

rutile grain of primary metasomatic origin. Ilmenite, also occurring in this 

xenolith, is likewise mantled by perovskite. The perovskite is considered to be 

secondary metasomatic. No perovskite has been identified in kelyphitic rims. 

3.6.3. Secondary Metasomatic Amphibole 

Secondary metasomatic amphibole has been identified in only one xenolith, 

J51 a porphyroclastic garnet lherzolite (plate 3.9b). The amphibole, of pargasitic 

composition (section 5.4.3), occurs as an aggregate of small grains, (<0.5mm), 

with secondary metasomatic phlogopite and calcite. This assemblage occupies 

one of many areas of alteration in this xenolith and appears to be replacing 

clinopyroxene. Other areas of secondary metasomatic phlogopite and calcite 

are common in this xenolith which is considerably altered. 

3.6.4. The Grain Boundary Association 

The grain boundary association consists of the minerals phlogopite, spinel 

and clinopyroxene. The association is termed as such because the minerals 

occur principally along grain boundaries. The association is also seen to occur 

along fractures in some minerals as well as along major fractures within 

xenoliths. However, the principle mode of occurrence is along grain boundaries. 

Three distinct assemblages are noted, these are 

Phlogopite 

Phlogopite + Spinel 

Phlogopite + clinopyroxene 



so 
3.6.4.1. The assemblage phlogopite 

The first assemblage comprising phlogopite alone, is by far the most 

common occurrence of secondary metasomatic mineralisation and occurs in all 

of the seven xenolith groups described in section 2.4.3. The phlogopite usually 

forms as numerous tiny grains, up to 0.5mm in diameter, but usually less than 

0.1mm and is not in textural equilibrium with the host mineralogy (plate 3.10a, 

b, C). The grains are typically strongly pleochroic. This is in contrast to primary 

metasomatic phlogopites, which are largly weakly pleochroic, (excepting 

alteration rims). The amount of phlogopite present varies considerably from 

xenolith to xenolith. In some coarse xenoliths its occurrence is very widespread 

and it forms large thick rims up to .5mm thick around some of the minerals 

present. Its occurrence in DH-xenoliths is considerably less than in coarse 

xenoliths and in most DH-xenoliths it appears to be absent. When present in 

DH-xenoliths, secondary metasomatic phlogopite either lines the grain 

boundaries of orthopyroxene and clinopyroxene porphyroclasts or occurs within 

the olivine neoblast mosaic (plate 3.10c, d). Frequently, in the latter occurrence, 

the secondary metasomatic phlogopite is noted to contain olivine neoblasts as 

inclusions (plate 3.10c). This indicates that the emplacement of the secondary 

metasomatic phlogopite must have occurred after the development of the 

neoblastic structure. The reasons for the uneven distribution of phlogopite, 

both within individual xenoliths as well as between different xenoliths, are 

discussed in section 3.6.4.4. 

3.6.4.2. The assemblage phlogopite + spinel 

The assemblage phlogopite + spinel occurs only in CL- and CLA-xenoliths 

and only where large amounts of secondary metasomatic phlogopite are 

present along orthopyroxene grain boundaries (plate 3.11a). The spinel forms as 

minute grains contained within the phlogopite. The grains, which generally have 

a perfect octQJledral form, have a grain size in the region of 10-15 microns. As 

such they are too small for quantitative microprobe analyses. They tend to 

congregate along the centre of phlogopite veins between the host silicate 

minerals and are noted to occasionally be concentrated at triple junctions. The 

origin of this assemblage is further explored in section 3.6.4.4. The phlogopite 

is texturally the same as in xenoliths containing phlogopite alone, and 

frequently this assemblage grades into phlogopite alone. 
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3.6.43. The assemblage phlogopite + clinopyroxene 

The assemblage Phiogopite + clinopyroxene like the latter described 

assemblage occurs only in coarse low-temperature xenoliths (plate 3.7a, b). 

More particularly its presence appears to be restricted to primary metasomatic 

amphibole-bearing (CLA) xenoliths. Rarely clinopyroxene is seen to occur 

without the phlogopite, although in general the two are tied together. The 

assemblage consists of minute grains of randomly orientated clinopyroxene set 

within secondary metasomatic phlogopite which has similar morphological 

characteristics to the above mentioned occurrences although that the 

phlogopite tends to be finer grained. The assemblage is seen to occur 

principally along grain boundaries and more often is concentrated along grain 

boundaries of primary textured amphibole grains. The occurrence of 

clinopyroxene alone is generally confined to microfractures within the 

amphibole itself. The origin of this assemblage and the constraints on its mode 

of occurrence are discussed below. 

3.6.4.4. The mode of occurrence of grain boundary assemblages 

As previously noted the three grain boundary assemblages occur most 

commonly along silicate grain boundaries, and less frequently along fractures 

within mineral grains or along larger fractures within the xenoliths themselves. 

It is considered that the assemblages are forming due to a reaction between 

the primary silicate minerals and/or primary metasomatic minerals, and some 

fluid. The restricted occurrence of the assemblages along grain boundaries 

suggests that the secondary metasomatising agent is infiltrating the xenoliths 

along grain boundaries. As with the primary metasomatic minerals the 

formation of these minerals has to be metasomatic rather than isochemical 

because the minerals being formed contain certain chemical components (e.g. 

K20, H20), which are not present in sufficient quantities within the host 

silicates to permit isochemical change. 

Detailed examination of the peridotite xenoliths reveals differences in the 

minerals affected by secondary metasomatic action. With regard to the 

assemblage phlogopite, the minerals affected by metasomatism are mainly 

orthopyroxene and clinopyroxene and to a minor degree olivine. Hence within 

the xenoliths the secondary assemblages are best developed along the grain 

boundaries of pyroxenes. Clinopyroxene, where present, appears to be the first 



affected mineral, such that in many coarse rocks phlogopite alteration is 

developed around clinopyroxene grains (plate 3.11b). This is well shown in 

1135, where a clinopyroxene grain, which was originally in symplectic 

association with spinel, has now been totally replaced by secondary textured 

phlogopite (plate 3.3b). As previously mentioned secondary metasomatic 

minerals are not common in DH-xenoliths, however, if they are present and 

clinopyroxene is amongst the primary mineralogy, then clinopyroxene is the 

mineral being replaced. Clinopyroxene is however, a minor constituent of 

coarse low-temperature peridotite xenoliths, so phlogopite mineralisation is 

more often associated with orthopyroxene. The association is best developed 

along orthopyroxene-orthopyroxene grain boundary interfaces, followed by 

orthopyroxene-olivine grain boundaries. Orthopyroxene-garnet boundaries are 

equally well developed however, the association is made more complex by the 

involvement of kelyphitic alteration (section 3.6.5.2). However, it is frequently 

noted that phlogopite rims in the kelyphite association around garnets are best 

developed adjacent to orthopyroxene grains. The occurrence of phlogopite 

along olivine-olivine interfaces is uncommon and tends only to be developed in 

rocks containing abundant secondary metasomatic phlogopite. The high 

quantity of phlogopite probably indicates a large volume of fluid has moved 

through the xenolith. 

The question arises why secondary metasomatic phlogopite is better 

developed in coarse xenoliths than in deformed xenoliths. In deformed xenoliths 

the orthopyroxene and clinopyroxene porphyroclasts and neoblasts are usually 

totally surrounded by a mosaic of olivine neoblasts. As was previously 

mentioned secondary metasomatic phlogopite is best developed adjacent to 

orthopyroxene and clinopyroxene grains, and is rarely developed along 

olivine-olivine interfaces. This suggests that the movement of the metasomatic 

fluid is being restricted in deformed xenoliths by the abundant olivine-olivine 

grain boundaries which totally surround the pyroxene grains. However, some 

fluid is infiltrating through this network, since secondary metasomatic 

phlogopite is seen adjacent to some pyroxene grains and occasionally within 

the olivine mosaic areas. Secondary metasomatic phlogopite is also frequently 

developed around the kelyphitic rims in deformed xenoliths, testifying that 

secondary metasomatic fluids have indeed infiltrated the deformed xenoliths. 

The assemblage phlogopite + spinel appears to be confined to CL- and 

CLA-xenoliths. Within these xenoliths it is confined to orthopyroxene grain 



Plate 3.9 

Primary metasomatic phiogopite being replaced by a highly pleochroic Ti-Fe-rich rim filled 

with inclusions of secondary metasomatic calcite. K7/345, CMI', PPL, Scale bar is 0.25mm. 

Secondary metasomatic pargasite (centre left), with secondary metasomatic phiogopite and 

calcite. J51. OH, PPL, Scale bar Is 1mm 

C-  Secondary metasomatic phiogopite and clinopyroxene forming from the breakdown of edenite 

(right). J24, CLA, PPL, Scale bar is 0.25mm 

d- Secondary pre-metasomatic spinels forming by breakdown of high-Cr clinopyroxene. K7/229, 

CM, PPL, Scale bar is 2mm 
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Plate 3. 10 

Secondary metasornatic phiogopite in the grain boundary assemblage. Orthopyroxane (centre 

top and left) are the principle minerals being replaced Note the considerable finer grained 

nature of the phiogopite compared to the host primary mineralogy, J150, CL, PPL, Scale bar 
is 1mm 

Secondary metasomatic phiogopite In the grain boundary assemblage forming aggregates at 

primary mineral triple junctions. JiG 1757, CL, PPL, Scale bar is 0.5mm 

Secondary metasomatic phiogopite in the grain boundary assemblage, occurring around, and 

including within it, olivine neoblasts. J 1 /4, OH, PA, Scale bar is 0.25mm 

d- Secondary metasomatic phiogopite in the grain boundary assemblage occurring adjacent to 

orthopyroxene porphyrociests, which themselves are being replaced by the phiogopite. J9, 
OH, PPL, Scale bar Is 0.5mm 
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Plato 3.11 

Secondary metasomatic phlogopite and spinal aggregates in the grain boundary association. 

Orthopyroxenes to either side are rich in exsolution lamellae of spinal. J150, CL, PPL, Scale 
bar is 0.5mm 

Primary clinopyroxene being replaced by an aggregate of secondary metasomatic phlogopite 

and calcite. Spinal is also present from the initial breakdown of the clinopyroxene prior to the 

secondary metasomatism. K7/237, CM, PPL, Scale bar is 2mm 

C-  Kelyphitic alteration rim. The transparent patches to the right are garnet, which is being 

replaced by the stage I anhydrous kelyphitic products (Al-rich ortho- and clinopyroxene and 

spinal). This in turn is being replaced by the stage II hydrous kelyphitic products (phlogopite, 

calcite and Cr-Ti-spinal. The calcite is visible as lath shaped grains parallel to the phlogopite 

cleavage (centre right). JJG1761, CL, PPL. Scale bar is 0.25mm 

d- Kelyphitic alteration rim. Similar to 'c' except the calcite here is present as minute irregular 

shaped clear grains. PPL, Scale bar is 0.25mm 
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Plate 3.12 

Kelyphitic rim showing coarsening of spinel away from the garnet, with the coarsest grains 

enclosed within the phiogopite. J.IG 1755, OH, PPL, Scale bar is 0.25mm 

Kelyphitic rim showing fibrous structure adjacent to the garnet and coarsening of the 

kelyphite away from the garnet. Light areas within the coarse kelyphite are Al-rich pyroxenes. 

K7/257, CM, PPL, Scale bar is 0.25mm 

Kelyphitic rim with relatively coarse nature throughout. Note the near absence of the hydrous 

assemblage. J122, OH, PPL, Scale bar is 0.25mm 

c- Very narrow kelyphitic rim. Note that both anhydrous and hydrous assemblages are present. 

.131, OH, PPL, Scale bar is 0.25mm 
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boundaries. Many of the orthopyroxene grains in the xenoliths affected contain 

exsolution lamellae of spinel. It is suggested therefore that occurrence of the 

secondary metasomatic spinel is dependent on the occurrence of spinel 

exsolution lamellae in orthopyroxene. It seems probable that the secondary 

metasomatic spinel is forming due to mobilisation of spinel components from 

the exsolution tamellae on metasomatism, although as is noted in section 

5.4.4.1, some chemical change is occurring to the spinel during dissolution and 

re-growth. If this is correct then it offers an explanation for why this 

assemblage is confined to CLA- and CL-xenoliths, because it is only in CLA-

and CL-xenoliths that exsolution lamellae are present, no exsolution lamellae of 

spinel having been found in CM-, CMP-, CH- orDH-xenoliths. 

The assemblage Phlogopite + clinopyroxene appears to be confined to 

CLA-xenoliths, and is best developed alongside amphibole grains. It is 

suggested that on secondary metasomatisation the amphibole is breaking down 

to phlogopite and clinopyroxene. The reaction still has to be metasomatic since 

the straight forward breakdown of the amphibole would lead to the 

development of clinopyroxene and Na-phlogopite. As is shown in section 

5.4.4.3, the Na content of the phlogopites is quite low, all the phiogopites being 

K-rich. Hence K20, at least, has to be added to balance the reaction (section 

8.2.1.2). This also accounts for why this assemblage is not seen in any of the 

other xenoliths, since the occurrence of amphibole is restricted to 

low-temperature xenoliths. The metasomatic fluid has penetrated into the 

amphibole grains along fractures and cleavage planes such that in JJG866, this 

assemblage occurs within the amphibole as well as around it. 

3.6.5. Kelyphitic Rims 

Kelyphitic rims are the light to dark brown rims that occur around garnets 

from kimberlites, be they peridotitic garnets, megacryst garnets or garnets in 

eclogites. The kelyphite forms a shell around the garnets and is internally 

structured as roughly concentric zones. The kelyphite rim comprises the 

assemblage spinel + clinopyroxene + orthopyroxene + phlogopite + calcite [+ 

garnet]. 



* 
3.6.5.1. Previous research 

Most authors dealing with garnet-bearing xenoliths have noted the 

occurrence of kelyphitic rims around garnets (Garvie and Robinson, 1984, and 

references therein), although relatively few authors have proceeded to describe 

them in detail. 

Reid and Dawson (1972), in a study of xenoliths from Letseng Le Terra, 

described rims composed of the assemblage orthopyroxene + clinopyroxene + 

spinel. These were considered to be produced by the isochemical reaction of 

olivine with garnet, triggered by pressure release during ascent of the 

peridotite xenoliths in the kimberlitic magma. Phiogopite, where present, was 

considered to be metasomatically replacing the two pyroxene assemblage. The 

occurrence of deformed kelyphitic rims was also noted, suggesting that these 

rims, in particular, pre-dated some deformation event. 

Schandl and Clarke (1982), in a study of xenoliths from the Pipe 200 locality 

in N. Lesotho, noted a progressive 'kelyphitic' sequence whereby garnets were 

metasomatically altered to the assemblage clinopyroxene + phiogopite + spinel. 

This assemblage was quite coarse grained and to overprint the usual fine 

grained brown coloured kelyphitic rim. They considered the rims to form by the 

interaction of garnet with certain components from a water saturated magma, 

prior to incorporation of the xenoliths into the magma. Thus essentially 

suggesting that the rims had a mantle origin directly related to kimberlitic 

genesis. 

Hunter and Taylor (1982), described the occurrence of kelyphitic rims 

consisting of the assemblage orthopyroxene + clinopyroxene + spinel + glass. 

These were considered to form due to the interaction of a fluid with the 

garnets causing incongruent melting. Phiogopite, where present, was not 

considered to be an integral part of the melting process, but was suggested 

instead to indicate an increase in activity of K20 and Na20 within the spinel 

stability field. The reaction was suggested to occur as the xenoliths moved into 

the spinel lherzolite stability field. 

Garvie and Robinson (1982, 1984) described the occurrence of kelyphitic 

rims around garnets in heavy mineral concentrates from kimberlite. They 

considered these had been derived from peridotites and eclogites. They noted 
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the occurrence of two-pyroxene + spinel shells around the peridotitic garnets, 

and phlogopite rims around the eclogitic garnets. The former were considered 

to have developed as the peridotites moved from the garnet lherzolite stability 

field into the spinel lherzolite stability field at pressures and temperatures 

around 5 - lSKbar and 6500 - 1350°C. The phlogopite rims were considered to 

have formed in the lower crust by the action of volatiles and alkalis during the 

hydrous phase of kimberlite emplacement. 

3.6.5.2. Selected petrological descriptions 

Several well developed kelyphitic rims from garnet-bearing peridotites from 

the Jagersfontein kimberlite pipe shall now be described (plates 3.11b, c and 

3.12). 

K7/257 Coarse low-temperature Garnet Amphibole Lherzolite 

The Kelyphitic rim in this xenolith is formed of three distinct, roughly 

concentric zones (plate 3.12b). Directly adjacent to the garnet is a light brown 

rim whose components are optically irresolveable. These exhibit a fibrous 

structure with fibres radiating perpendicularly to the garnet-rock interface. This 

zone is seen in the majority of kelyphitic rims and in many xenoliths either 

comprises the whole or majority of the rim. In K7/257 this zone passes sharply 

in to a coarser zone in which individual mineral grains are generally optically 

unidentifiable. Electron-microprobe analyses of minerals from within this zone 

suggest it to be wholly comprised of Al-rich orthopyroxene, clinopyroxene and 

spinel. This zone is surrounded by an even coarser very narrow zone consisting 

of the assemblage Al-rich orthopyroxene + clinopyroxene + spine!. Outside this 

is an outermost zone of coarse grained phlogopite, spinel and calcite. The 

phlogopite lies with its cleavage parallel to the garnet-rock interface and is 

interspersed with the calcite. The spinels in this area are Cr-rich unlike those 

of the innermost zones. In many places this outermost rim is surrounded by 

minor amounts of chlorite and serpentine, which are forming by late stage 

alteration of the mica. The complete rim is less than 0.5mm thick. The portions 

of the rims (Al-rich spinel, orthopyroxene and clinopyroxene) are present to a 

similar extent around all the garnets in this xenolith. Only the phlogopite + 

Cr-spinel + calcite zone shows any conspicuous variation in the extent of its 

development. This zone appears to be controlled to some extent by the 

presence of grain boundaries and fractures. This suggests that the 



phlogopite+calcite+Cr-spinel zone is being generated by the infiltration of 

material along grain boundaries and fractures which then reacts with the 

anhydrous inner zone. Finally it should be noted that there is no break in the 

compositional range of the spinels across the rims, the spinels changing from 

Al-spinel to Cr-spinel in a continuous series between the two endmember 

compositions given. 

JJG 1755 Deformed Garnet Harzburgite 

Directly adjacent to the garnet is a thick brown optically irresolvable zone. 

This has a fibrous structure with fibres radiating perpendicular to the 

garnet-rock interface. This zone passes sharply into a lighter brown, coarser 

grained, although optically irresolvable, zone. These two zones are complete 

and surround the garnet concentrically. These are in turn surrounded by a third 

incomplete zone of coarse grained Al-rich spinel, orthopyroxene, and 

clinopyroxene. A fibrous radiating structure perpendicular to the garnet-rock 

interface is still evident. This zone, being incomplete, is surrounded and 

breached by a final zone of phlogopite, Cr-spinel and calcite. Textures suggest 

that this hydrous zone is replacing the anhydrous zone. The phlogopite is quite 

coarse and contains lath shaped calcite crystals. The spinels form a continuous 

series from Al-spinel, adjacent to the garnet, to Cr-spinel further away from 

the garnet. This kelyphitic rim is shown in plate 3.12a and schematically in 

figure 3.1. 

J147 Coarse low-temperature Garnet Lherzolite 

This xenolith essentially shows the same structural features as the two rims 

described above The anhydrous assemblage, Al-rich spinel + orthopyroxene + 

clinopyroxene divides into two zones. These in turn are surrounded by, and 

eaten into by, a phlogopite + calcite + Cr-spinel assemblage. The kelyphite in 

this xenolith surrounds small garnets and is too fine grained for quantitative 

analyses of the pyroxene minerals. This is typical of the 'average' kelyphitic rim, 

in that the anhydrous assemblage is too fine grained to analyse with the 

electron-microprobe. 

J122 Deformed Garnet Lherzolite 

Essentially the same overall structure is present in the kelyphitic rims in 

this xenolith. However, the fibrous zone adjacent to the garnet is extremely 
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Figure 3.1 - Schematic diagram of a kelyphitic rim. The majority of the rim is 
composed of the stage-I assemblage of a fine grained, occassionally 
fibrous, aggregate of spinel, Al-orthopyroxene and Al-clinopyroxene. 
This is surrounded by the stage-11 secondary metasomatic phlogopite 
and calcite. Spinels adjacent to the garnet are Al-rich, those away from 
the garnet, but still within the stage-[ products are Cr-rich. Those within 
the stage-It products are Cr-Ti-rich. Field of view is approximatly 

0.2mm. 



narrow and the majority of the rim is quite coarse grained. The outermost zone 

typically consists of a rim of phiogopite + calcite + Cr-spinel. The calcite here 

is present as small grains rather than as lath shaped crystals lying along the 

phiogopite cleavage. One of the kelyphitic rims has been cut by a late stage 

vein. Where the vein cuts through silicate minerals on either side of the rim it 

is full of serpentine, however, where it cuts through the anhydrous portion of 

the kelyphitic rim, it is filled with calcite. This is a late stage alteration effect, 

with the calcite being formed by breakdown of the clinopyroxene in the 

anhydrous portion of the kelyphitic rim. 

3.6.5.3. Initial discussion 

The following petrographic observations may be summarised-: 

Kelyphitic rims are seen to consist of essentially two 
assemblages. These are an anhydrous assemblage of 
Al-rich spinel, clinopyroxene and orthopyroxene and a 
hydrous assemblage of phiogopite + calcite + Cr-rich spinel. 
The anhydrous assemblage lies adjacent to the garnet and 
the hydrous assemblage forms the outermost zone. 

The inner assemblage is seen to occasionally consist of 
well defined zones, which are roughly concentric. Many of 
the rims are seen to be coarser furthest away from the 
garnet. This suggests that the anhydrous part of the rim 
grew with declining temperature (Garvie and Robinson 
1984). 

There is clear textural evidence for the replacement of the 
anhydrous assemblage by the hydrous assemblage. 

None of the kelyphitic rims are deformed (c.f. Lock and 
Dawson 1982) and their formation is considered to 
post-date any deformation event that has occurred in 
DH-xenoliths. Phlogopite on the exterior of some rims 
occasionally contains neoblasts of olivine, indicating it to 
have been emplaced after the formation of the neoblasts. 

There is no obvious textural relationship indicating that 
garnet has reacted with any other mineral phase to 
generate the anhydrous part of the kelyphite. (c.f. Lock and 
Dawson 1982 ). The hydrous assemblage is occasionally 
seen to be better developed at garnet-orthopyroxene 
interfaces, than at others. Some garnet inclusions in other 
silicates often totally lack a hydrous assemblage, although 
do possess the anhydrous rim. Some evidence of grain 
boundary control on the presence of the outermost zone is 
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evident. 

6. It is evident that kelyphitic rims occur in all garnet-bearing 
nodules regardless of their pressure and temperature 
characteristics. Furthermore in these xenoliths, with quite a 
diverse range of pressures and temperatures of 
equilibration, the rims are remarkably similar in texture and 
form, both in their anhydrous and hydrous zones. This 
suggests that the xenoliths from the different P-T regimes 
were brought together, presumably in the kimberlitic 
magma, prior to development of the kelyphitic rims. 

The overall suggestion is that kelyphitic rims have been formed by 

multi-stage events which occurred after the xenoliths, from different P-T areas, 

have been collected together. At least two stages are suggested. The first 

stage results in the formation of the anhydrous assemblage of two-pyroxenes 

+ spinel. This part of the rim is formed by several zones with a general 

coarsening away from the garnet, suggesting growth with decreasing 

temperature. The second stage results in the formation of the hydrous 

assemblage, phiogopite + calcite + Cr-spinel. This latter stage probably 

occurred in the lower crust during the volatile rich phase of kimberlite 

emplacement (Garvie and Robinson 1982, 1984). The hydrous assemblage 

post-dates the anhydrous assemblage and is seen to be replacing it. Further 

discussion on the origin of kelyphitic rims follows an account of mineral 

chemistry in chapter 5. 

37. OTHER MINERALS OF UNCERTAIN TEXTURAL ASSOCIATION 

The other minerals occurring in peridotite xenoliths from the Jagersfontein 

suite yet to be described in detail are ilmenite and the various sulphides. 

Textural relationships between these minerals and their host mineralogy are not 

clear. 

3.7.1. Sulphides 

Sulphide minerals occur in many of the Jagersfontein xenoliths. No 

extensive quantitative electron microprobe work has been undertaken on them, 

but qualitative analyses have indicated the presence of Ni + Fe + Cu sulphides. 

Rarely several different sulphides occur intergrown together in complex flame 
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textured intergrowths probably of pentlandite and pyrrhotite (see section 6.5.4). 

Many are surrounded by alteration rims of Fe-oxides and hydroxides. The 

sulphides usually form rounded inclusions in silicate minerals and along grain 

boundaries. The grains are typically less than 0.1mm in diameter. In the 

low-temperature coarse xenolith J11, coarse sulphide blebs are partly enclosed 

within olivine grains and primary metasomatic richterite grains. This indicates 

that the sulphide pre-dates the emplacement of the richterite and suggests 

further that the sulphide was part of the original primary mineralogy. Sulphide 

grains are also present in deformed xenoliths, for example in J118, a mosaic 

porphyroclastic xenolith, sulphides are seen both as inclusions within the 

porphyroclasts of olivine and orthopyroxene, and as aggregates along the 

olivine neoblast grain boundaries. Although these latter grains are now 

surrounded by serpentine they define the original hexagonal grain shape of the 

olivine neoblasts. It is possible that these grains have been derived from 

coarser sulphide grains by recrystallisation. Other sulphide grains however, do 

have a secondary appearance. No potassic sulphides have been noted in any of 

these xenoliths. 

3.7.2. llmenite 

Ilmenite occurs as a minor accessory phase in the Jagersfontein xenoliths 

and has only been clearly identified and analysed in 4 xenoliths. Texturally the 

ilmenite appears to be a secondary metasomatic mineral, although its relations 

with other secondary metasomatic minerals are uncertain. The emplacement of 

the ilmenite may be contemporaneous with serpentinisation. For example in J12 

(CLA) ilmenite occurs in a wide serpentine filled fracture along with various 

Fe-oxides and hydroxides; and similarly in JJG1761 (CL) the ilmenite occurs in 

a minor serpentine filled fracture. 

3.8. SUMMARY 

From the proceeding chapter it can be seen that peridotite xenoliths from 

the Jagersfontein kimberlite pipe can be essentially divided into three groups 

on the basis of mineral textures, and pressure and temperature estimates: 
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Deformed high-temperature (OH) xenoliths. These comprise 
xenoliths showing evidence of deformation and 
recrystallisation, and which have equilibration temperatures 
and pressures in the range >1050°C and >391(bars. No 
exsolution textures are present in these xenoliths. 

Coarse medium-temperature (CM, CMP) xenoliths. These 
comprise xenoliths that show no evidence of 
recrystallisation or deformation and which have equilibration 
temperatures and pressures in the range 900-1050°C and 
33-37Kbars. No exsolution textures are present in these 
xenoliths. 

Coarse low-temperature (CL CLA) xenoliths. These comprise 
xenoliths showing no evidence of recrystallisation or 
deformation and which have equilibration temperatures and 
pressures in the range <900°C and <36Kbars. Exsolution of 
garnet, spinel and pyroxene has occurred in the pyroxenes. 

Minerals occurring in these groups can be divided into three groups on the 

basis of texture: 

Primary mineral group. This comprises minerals present in 
the xenoliths prior to any modal metasomatic mineralisation. 
These minerals are olivine, orthopyroxene, c//flop yroxene 
and garnet in deformed high-temperature (DH) xenoliths, 
and these four minerals along with spinet in coarse 
medium- and low-temperature xenoliths (CM, CMP, CL, 
CLA). Rare graphite occurs in coarse low-temperature (CL) 
xenoliths. Some sulphides may also be part of the primary 
mineralogy. Orthopyroxenes and clinopyroxenes in 
low-temperature xenoliths show exsolution of spinel, garnet 
and pyroxene, which pre-date any modal metasomatic 
events now seen in the xenoliths (hence their inclusion with 
the primary mineralogy). 

2. Primary metasomatic mineral group. This comprises the 
minerals phiogopite, edenite, rfchterite and rutite Phiogopite 
is confined to coarse medium-temperature (CMP) xenoliths, 
where rare textures show it to be replacing clinopyroxene. 
Edenite is confined to low-temperature (CLA, DLA) xenoliths, 
where rare textures show it to be replacing orthopyroxene. 
Richterite, rutile and Ba-phlogopite are minor mineral 
phases and their occurence has been observed only in 
coarse low-temperature xenoliths. Although evidence for 
the development of primary metasomatic minerals from the 
primary mineralogy may be preserved, they often appear to 
be in textural equilibrium with the host primary mineralogy. 
A high degree of chemical equilibrium with the host primary 
mineralogy has also been achieved (section 5. ). Different 
episodes of primary metasomatic mineralisation can not be 



distinguished on the basis of texture. 

3. Secondary metasomatic mineral group. This comprises the 
minerals phiogopite, amphibole, spine!, ca/cite, serpentine, 
orthopyroxene, clinopyroxene and pero vskite These 
secondary metasomatic minerals are not in textural 
equilibrium with either the host primary mineralogy or the 
primary metasomatic mineralogy. Some of the minerals 
occur in a series of associations, which appear to be 
restricted to specific rock types. These associations are: 

A grain boundary association, comprising the 
minerals ph/ogopite, spinel and clinopyroxene 
Phlogopite is seen to be widespread throughout 
the suite and occurs in high-, medium- and 
low-temperature xenoliths regardless of their 
mineralogy, although it tends to be present most 
often in the presence of pyroxenes. Phlogopite 
and spinel appear to be restricted to coarse 
low-temperature (CL, CLA) xenoliths which 
contain orthopyroxenes with exsolution lamellae 
of spinel. Phiogopite and clinopyroxene appear 
to be restricted to coarse low-temperature (CLA) 
xenoliths which contain primary metasomatic 
amphibole. 

A 	kelphitic 	association, 	comprising 	two 
assemblages; an anhydrous assemblage of 
A/-rich orthopyroxene, clinopyroxene and spinet 
and a hydrous assemblage of phiogopite, calcite 
and Cr-spine! The latter assemblage appears to 
be replacing the former. This association occurs 
in high-, medium- and low-temperature 
garnet-bearing xenoliths. 

Pargasite has been noted in only one altered 
deformed high-temperature xenolith, where it 
occurs with secondary metasomatic calcite and 
phlogopite. 

Perovskite similarly has only been clearly 
identified 	in 	one 	xenolith, 	a 	coarse 
low-temperature xenolith, where it forms a rim 
around primary metasomatic rutile and ilmenite. 

Serpentine is 	present in all olivine and 
orthopyroxene bearing xenoliths to some degree. 

From these textural observations a possible series of temporally and 

spatially related events can be suggested (figure 3.2). 
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Figure 3.2 - 'Geological history' of peridotite xenoliths from the Jagersfontein 
kimberlite pipe, based on textural relationships. The primary 
metasomatism has been dated at around 0.6Ga; and the entrainment of 
the xenoliths into the kimberlite, secondary metasomatism and ascent to 
the surface at 9OMa (see chapter 7. ). 



Crystallisation of the primary mineralogy. 

Exsolution of spinel, pyroxene and garnet from pyroxenes in 
the low-temperature xenoliths. 

Primary 	metasomatism 	in 	the 	medium- 	and 
low-temperature xenoliths with the emplacement of 
phlogopite, edenite, richterite and rutile. 

Deformation and recrystallisation of the high-temperature 
xenoliths in responce to kimberlite magmatism. 

Deformed high-temperature and coarse medium- and 
low-temperature xenoliths brought together. Anhydrous 
assemblage forms around the garnets as the xenoliths 
ascend into the spinel lherzolite field. Some clinopyroxenes 
undergo breakdown, releasing Na and occasionally forming 
Cr-rich spinel in their rims. 

Secondary metasomatism occurs in all xenolith types due to 
the interaction of the xenoliths with fluids derived from the 
kimberlite. Emplacement of grain boundary assemblages and 
formation of hydrous assemblage in the kelyphitic rims. 

In the next two chapters the different stages of metasomatism will be 

distinguished and classified in terms of their bulkrock and mineral chemistry. 



CHAPTER 4 

JAGERSFONTEIN BULK CHEMISTRY 

4.1. INTRODUCTION 

This chapter documents and describes the bulk major and minor element 

chemistry of peridotite xenoliths from the Jagersfontein kimberlite pipe. Major 

and minor element analyses are presented in appendix 2. All analyses were 

collected by XRF-analyses. 

4.2. SECONDARY METASOMATIC MINERALISATION 

When discussing bulk major and minor element geochemistry of peridotite 

xenoliths from kimberlites, secondary metasomatic mineralisation and 

enrichment have to be taken into account (Harte 1983). This is especially true 

for the Jagersfontein suite, where several xenoliths with high bulk 1(20  and Rb 

contents are seen to show considerable secondary metasomatic mineralisation, 

with the growth of extensive secondary metasomatic phiogopite along grain 

boundaries. 

In order to discuss the bulk chemistry of the xenoliths prior to any 

secondary metasomatic interaction, that is before incorporation of the xenoliths 

within the kimberlite, then all xenoliths showing anything other than minor 

mineralisation have to be eliminated. 

In the absence of modal data on secondary metasomatic effects, then the 

elimination has been controlled by a rough correlation between K20, Rb content 

and the general abundance of secondary metasomatic mica. 

Figure 4.1 shows a plot of bulk K20 vs. Rb. Here Rb is seen to 

systematically increase with increasing 1(20 content. In general xenoliths with 

Rb>7.5 ppm and K20>0.15 Wt% are seen to contain a significant degree of 

secondary metasomatic mineralisation. 

Figure 4.2 shows a plot of Bulk Rb vs. Sr. On this plot the data fall into 

three groups: 
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Figure 4.1 - Bulk K20 vs. Rb for all xenoliths from the Jagersfontein pipe. Field 
b'b'-b contains samples with only minor secondary metasomatic 
alteration. Symbols are-: Crosses-CL; triangles-CIA; open squares-CM; 
closed squares-CMP; open circles-DH; closed circles-CH. 
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A group with low-Rb and low-Sr contents (7.5>Rb>O.l 
ppm; 55>Sr>4 ppm), defining a trend of increasing Rb with 
increasing Sr. 

A group with high-Rb contents, but with Sr contents only 
marginally higher than those in the previous group 
(38>Rb>7.5; 70>Sr>30). These define a seperate trend 
breaking away from the main group. 

A group with high-Sr contents but relatively small Rb 
contents (15>Rb>4; 177>Sr>78). 

Xenoliths within the first group contain only minor secondary metasomatic 

mineralisation. It is these xenoliths which are most likely to give an indication 

of the xenolith bulkrock chemistry prior to incorporation into the kimberlite. 

Those in the second group have a high degree of secondary metasomatic 

mineralisation and are useful for identifying the effect on bulk chemistry of 

secondary metasomatism. The third group contains a mixed collection of 

xenoliths with abundant primary metasomatic amphibole or primary 

clinopyroxene. Secondary metasomatic phiogopite is however, present in 

abundance in those xenoliths with Rb>7.5 ppm. 

Thus in the following description of bulk chemistry all xenoliths with either 

Rb>7.5 ppm or K20>0.15 Wt% have been eliminated. The effects of secondary 

metasomatic mineralisation are discussed in section 4.5. 

In the following discussion the xenoliths have been divided into seven 

groups on the basis of textural associations and pressure and temperature 

estimates (figure 2.2). 

Mg/(MgFFe) Is equivalent to 100 (wt%MgO/40.32) 

(wtSMgO/40.32)+(wt%FeO/7 1.85) 

and similarly for AI/(Al+Cr) and Ca/(Ca+Mg). 
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4.3. XENOLITHS SHOWING ONLY A MINOR DEGREE OF SECONDARY 

METASOMATIC MINERALISATION. 

4.3.1. Major Element Chemistry 

4.3.1.1. Mg/(Mg+Fe) 

Figure 4.3 illustrates the distribution of xenolith types relative to bulk 

Mg/(Mg+Fe). There is a strong separation of coarse xenoliths from deformed 

xenoliths, such that the coarse xenoliths tend towards Mg/(Mg+Fe)>92, and 

deformed xenoliths to Mg/(Mg+Fe)<92. Harte (1983) distinguished between 

Fe-rich and Mg-rich xenoliths on the basis of the Mg/(Mg+Fe) ratio in olivine. 

Xenoliths with Mg/(Mg+Fe)>91 were considered to be Mg-rich and those with 

Mg/(Mg+Fe)<91 to be Fe-rich. As shown in figure 4.4, the bulk Mg/(Mg+Fe) 

ratio is roughly equivalent to the olivine Mg/(Mg+Fe) ratio. Taking Hartes' (1983) 

ratio of 91, it is seen that all coarse xenoliths, both low- and 

medium-temperature types, (CL, CIA, CM, CMP) are Mg-rich (91.4-93.9). 

Deformed xenoliths (OH) fall across the boundary and have both Mg-rich and 

Fe-rich representatives (88.3-92.8). The majority of OH xenoliths are, however, 

Mg-rich. 

Within the coarse xenoliths, one CM-xenolith lies within the CL-xenolith 

range. CMP-xenoliths show no significant variation in Mg/(Mg+Fe) compared to 

their non-metasomatised equivalents. CLA-xenoliths show a considerably wider 

spread of Mg/(Mg+Fe) relative to CMP-xenoliths, and extend across the total 

range of CL xenoliths to slightly lower values. 

4.3.12. Titanium 

Within the DH-xenoliths, T102  shows a general increasing trend with 

decreasing Mg/(Mg+Fe), although the trend is poorly defined around 

Mg/(Mg+Fe) values of 91 to 92. Ti02  content varies from 0.01 to 0.22 Wt%. 

The CL-xenoliths show no regular distribution of TiO2  content. The content 

in all xenoliths, except for the clinopyroxenite JJG1789 (0.2 Wt%), is less than 

0.1 Wt%. 
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CLA-xenoliths display the same range in Ti02  values as the CL-xenoliths 

and likewise show no obvious trend with respect to Mg/(Mg+Fe) other than an 

apparent decrease with decreasing Mg/(Mg+Fe). 

CM- and CMP-xenoliths all contain less than 0.1 Wt% h02, with the 

CM-xenolith having a lower content (0.05 Wt%) than the CMP-xenoliths. 

It 	should 	be 	noted that 	the 	primary metasomatised 	xenoliths in 	the 

Jagersfontein 	suite 	show no 	evidence 	of the 	considerable 	degree of 	Ti02  

enrichment 	seen 	in 	the Matsoku 	modally metasomatised 	xenoliths (section 

6.3.1.3). 

4.3.1.3. Aluminium 

A1203  content of the DH-xenoliths shows a general trend of increasing 

content with decreasing Mg/(Mg+Fe), although the spread of data is quite 

considerable (0.1 to 4.5 Wt%). 

CL-xenoliths form a continuation of the decreasing A1203  trend defined by 

the DH-xenoliths. The A1203  content of the former ranes from 1.5 Wt% to less 

than 0.5 Wt% in Mg-rich xenoliths. 

CLA-xenoliths define a trend of increasing A1203  content with decreasing 

Mg/(Mg+Fe). Three of these xenoliths have A1203  contents greater than the 

majority of other xenoliths at the same Mg/(Mg+Fe) values. 

CMP-xenoliths show no significant variation from the CM-xenolith and all 

have A1203  contents less than 1 Wt%. They lie within the same area defined by 

the CL-xenoliths. The CMP-xenoliths define a weak trend of increasing A1203  

content with decreasing Mg/(Mg+Fe). 

4.3.1.4. Calcium 

DH-xenoliths show a general increase in CaO content with decreasing 

Mg/(Mg+Fe). The CaO content varies between 0.3 and 1.1% in the Mg-rich 

xenoliths, and up to 3.8 Wt% in the Fe-rich xenoliths. 

The CL-xenoliths generally have low CaO contents of <<1 Wt%, with the 

exception of one xenolith at 1.9 Wt% and the clinopyroxenite JJG 1789 at 22.6 
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Wt%. 

With the exception of the above two mentioned CaO-rich CL-xenoliths, 

CLA-xenoliths in general have higher CaO contents than equivalent Mg/(Mg+Fe) 

coarse or deformed xenoliths. They also show a regular trend of increasing 

CaO with decreasing Mg/(Mg+Fe). 

CMP-xenoliths show no significant variation from CM-xenoliths and all lie 

within the CL-xenolith ranges. 

43.1.5. Sodium 

The Na20 content in DH-xenoliths show no coherent trend with respect to 

Mg/(Mg+Fe). However, the maximum content of Na20 does increase with 

decreasing Mg/(Mg+Fe). Na20 content varies from 0.01 to 0.35 Wt%. 

CL-xenoliths likewise, show no regular trend. The Na20 content in all cases 

except the clinopyroxenite JJG1789 (1 Wt%), is less than 0.12 Wt% and lies 

within the same range as Mg-rich DH-xenoliths. 

With the exception of the most Mg-rich CLA-xenolith, all CLA-xenoliths 

have relatively high Na20 contents compared with xenoliths of equivalent 

Mg/(Mg+Fe). Na20 content ranges from 0.01 to 0.18 Wt% and shows no 

obvious trend with respect to Mg/(Mg+Fe). 

Two of the three CMP-xenoliths have Na20 contents higher than the 

CM-xenolith, which itself lies within the CL range. The CM and CMP xenoliths 

define a trend of rapid increase of Na20 with decreasing Mg/(Mg+Fe), although 

it is uncertain how significant this is. 

4.3.1.6. Potassium 

Because of the imposed cut-off limit of 0.15 Wt% to eliminate xenoliths 

with a high degree of secondary metasomatic mineralisation none of the 

xenoliths show any trend with respect to Mg/(Mg+Fe). K20 contents vary down 

to 0.01 Wt% in both DH and CL groups. The content in CLA-xenoliths averages 

around 0.1 Wt% in all xenoliths except for JJG1716 which contains a high 

abundance of edenite. 



CMP-xenoliths vary from 0.1 to 0.3 Wt% K20. These high K20 values have 

been let through the screening process because the primary metasomatic 

phiogopite accounts for the majority of the K20 content. They all contain 

greater contents of K20 than CM-xenoliths (0.05 Wt%). 

4.3.1.7. Chromium 

Because of the imposed cut-off limits, bulk Cr203  data is only available for 

DH- and CH-xenoliths. These show no trend with respect to Mg/(Mg+Fe) and 

occupy a fairly large range of Cr203  contents at any particular Mg/(Mg+Fe). The 

content varies from 0.25 to 0.57 Wt% Cr203. 

4.3.1.8. Bulk major elements: discussion 

In general it is seen that DH-xenoliths show a coherent trend of increasing 

Al, Ca, and to a lesser degree Na and Ti, with decreasing Mg/(Mg+Fe). 

Furthermore, although CL-xenoliths within themselves show little evidence of 

significant trends, it is apparent that, in general, they form the continuation of 

the trend defined by the DH-xenoliths to more Mg-rich compositions. The 

increases in CaO and A1203  correspond to a general increase in the 

clinopyroxene and garnet content within the xenoliths. 

CLA-xenoliths generally contain higher abundances of Al, Ca and Na than 

equivalent Mg/(Mg+Fe) CL-xenoliths. It is suggested that the Al, Ca and Na are 

contained within the primary metasomatic edenite, and indicate an enrichment 

of these elements on metasomatism. Such enrichment is supported by the 

primary metasomatic mass balance reactions discussed in section 8.2.1.1. The 

CMP-xenoliths show only minor variations relative to the CM-xenolith other 

than for Na and K. Na20 varies from values less than and 	up to twice, the 

CM-xenolith value. The K20 enrichment is coupled with the addition of the 

primary metasomatic phlogopite. 

4.3.2. Minor Element Chemistry 

Figure 4.5 and 4.6 show bulk incompatible elements and bulk compatible 

elements plotted against Mg/(Mg+Fe). In figure 4.5 all xenoliths with Rb>7.5 

ppm and/or K20>0.15 Wt% have been eliminated due to secondary 
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metasomatic mineralisation. All of the data available for the compatible 

elements has been plotted on figure 4.6. Eliminating those xenoliths with 

significant mineralisation removes all the CL-xenoliths except the two most 

Mg-rich xenoliths. 

4.3.2.1. Barium 

Ba data is not available for the wide spectrum of Jagersfontein xenoliths, it 

having only been analysed in the 'J' series xenoliths (section 2.2). Eliminating 

those xenoliths with a large degree of secondary metasomatic mineralisation 

leaves two CL-xenoliths, both of which have low Ba contents of 35 and 41 

ppm. The DH-xenoliths are, in general, well grouped and show a slight trend of 

increasing Ba content with decreasing Mg/(Mg+Fe). Ba content varies between 

28 and 70 ppm, with the CH-xenolith (J117) at 124 ppm. 

4.3.2.2. Rubidium 

No trends are evident for Rb due to the imposed cut-off limit of 7.5 ppm. 

However, the CL-xenoliths extend to considerably lower Rb contents (1 ppm) 

than the CLA-xenoliths (>5 ppm). Similarly, the CMP-xenoliths contain greater 

Rb contents (around 10 ppm) than CM-xenoliths (2 ppm). 

4.3.2.3. Strontium 

No trends with respect to Mg/(Mg+Fe) are evident for any of the groups 

represented . The CL and DH groups showing a considerable spread of data 

ranging from <10 ppm to 65 ppm in DH-xenoliths and up to 50 ppm in 

CL-xenoliths. CLA-xenoliths have significantly higher Sr contents than 

CL-xenoliths, ranging from 37 to 134 ppm. Similarly the CMP-xenoliths have a 

greater Sr content than CM-xenoliths at 50 to 60 ppm relative to 28 ppm. The 

CL-clinopyroxenite (JJG 1789) is extremely rich in Sr at 289 ppm. 



4.324. Zirconium 

Zr essentially repeats the picture shown by Sr. Here however, DH-xenoliths 

form a tighter grouping and show a general increase of Zr with decreasing 

Mg/(Mg+Fe). Zr content ranges from 2 to 	17 ppm. The CL-xenoliths show a 

scatter 	of 	data, 	ranging 	from 	3 	to 	12 	ppm and up to 	107 	ppm 	in 	the 

clinopyroxenite JJ01789. The CLA-xenoliths similarly show a fairly wide scatter 

from 5 to 13 ppm. The CM-xenolith contains 6 ppm Zr, which is considerably 

less than the CMP-xenoliths at around 14 ppm. 

4.3.2.5. Niobium 

Nb content in the DH-xenoliths ranges between 1 and 6 ppm. No trend with 

respect to Mg/(Mg+Fe) is evident. The CL-xenoliths show a wider spread of 

data ranging from 2 to 8 ppm, although again they show no definite trends. 

This latter range also includes the clinopyroxenite at 4 ppm. CLA-xenoliths are 

generally richer in Nb than CL-xenoliths, and values range from 4 to 16 ppm. 

Similarly the CMP-xenoliths are enriched in Nb at 8 to 10 ppm, relative to the 

CM-xenolith at 5 ppm. 

4.3.2.6. Incompatible elements: discussion 

Within the peridotite primary mineralogy (as defined in section 2.4.1.1), the 

incompatible elements Ba, Sr and Zr preferentially concentrate in clinopyroxene 

(Dawson 1980), either substituting for Ca or, in the case of Zr, substituting for 

Ti or Fe3 . This is well illustrated by the clinopyroxenite JJG 1789, which has 

considerable concentrations of Sr and Zr relative to all other xenoliths. Such 

clinopyroxene control probably accounts for much of the trend seen in the 

DH-xenoliths for Zr and possibly for the poorly defined trend of Sr. However, 

no trends are indicated for the CL-xenoliths. These have, in general, low 

clinopyroxene contents (hence the low CaO contents), but conversley have 

higher Sr contents than DH-xenoliths with similar CaO contents (figure 4.7 and 

4.9). 

Nb exchanges for Ti in silicate minerals (Weldpohl 1978). However, a rough 

inverse correlation between Ti and Nb is evident, such that xenoliths with high 

Ti contents have low Nb contents (DH-xenoliths), and xenoliths with low Ti 
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Figure 4.7 
- Bulk CaO vs. Sr for xenoliths with minor alteration. Symbols as in 

figure 4.1. 
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contents have higher Nb contents (CL-xenoliths) (figure 4.8 and 4.9). 

These observations suggest that CL-xenoliths are enriched in the 

incompatible minor elements relative to their major element chemistry and also 

relative to the more deeply derived DH-xenoliths. 

CL.A- and CMP-xenoliths are also both generally enriched in incompatible 

elements relative to their respective CL- and CM-xenolith groups. This 

suggests an influx of incompatible elements during primary metasomatism and 

the emplacement of the primary metasomatic phlogopite and amphibole. Such 

enrichment is also evident in the REE contents of garnets from CLA-xenoliths 

(section 7.7.3.1 ), relative to garnets from DH-xenoliths. 

4.3.2.7. Nickel 

Within the peridotite mineralogy, Ni is preferentially incorporated into olivine 

(Dawson 1980). Because of this, modal olivine content generally governs the 

amount of Ni present. Furthermore olivine content usually decreases with 

increasing bulk Mg/(Mg+Fe). These relationships are reflected in the general 

trend of decreasing Ni content with decreasing Mg/(Mg+Fe). However, the 

spread of data indicate that no simple relationship exists between Mg/(Mg+Fe) 

ratio and olivine content. 

The trend described above is best illustrated by DH-xenoliths principally 

because of the greater quantity of data. However, the two CL-xenoliths with 

only minor mineralisation follow the trend to more Mg-rich compositions 

defined by the DH-xenoliths. 

4.3.2.8. Zinc 

Within the DH-xenoliths, Zn content shows an extremely coherent increase 

with decreasing bulk Mg/(Mg+Fe). Such a trend is perhaps expected since Zn 

substitutes for Fe 2+  in silicate minerals (Weldpohl 1978). The two most Mg-rich 

CL-xenoliths follow a continuation of this trend to lower Zn contents. 

Concentrations are 29 and 35 ppm and 35 to 63 ppm in the Cl- and 

DH-xenolith groups respectively. 



4.3.2.9. Copper 

Cu content shows a general bimodal distribution in the DH-xenoliths with a 

break between the two groups at 5 ppm. Those xenoliths with high Cu contents 

(>5 ppm) are frequently seen to contain sulphide minerals 

(Chalcopyrite-pentlandite-pyrrhotite section 3.7.1). The group with lower Cu 

contents (<5 ppm) appear to be free of sulphide minerals. Both groups also 

suggest a trend of increasing Cu content with decreasing Mg/(Mg+Fe), possibly 

reflecting an incorporation of Cu into silicate minerals in the place of Fe. The 

two most Mg-rich CL-xenoliths are divided one into each of the two groups. 

Sulphides have not however, been noted in either xenolith. These two xenoliths 

form continuations of the trends shown by the DH-xenoliths to higher 

Mg/(Mg+Fe) and lower Cu values. 

4.3.2.10. Vanadium 

Vanadium is incorporated in clinopyroxene in the peridotite mineralogy 

(Dawson 1980), in the place of Cr (Weldpohl 1978), and would therefore be 

expected to show a general increase with increasing clinopyroxene content. 

DH-xenoliths show a general increase of V with decreasing Mg/(Mg+Fe), which 

follows the note that clinopyroxene generally increases with decreasing 

Mg/(Mg+Fe). The spread of data at low Mg/(Mg+Fe) could be attributed to 

either modal clinopyroxene variations, or to Cr variations within the 

clinopyroxene. V content varies from 26 to 46 ppm in Mg-rich DH-xenoliths, 

and 32 to 84 ppm in Fe-rich DH-xenoliths. 

4.3.2.11. Scandium 

In the peridotite assemblage, Sc is preferentially incorporated into garnets 

(Dawson 1980) in the place of Fe3  (Weldpohl 1978). Within the DH-xenoliths a 

general trend of increasing Sc content with decreasing Mg/(Mg+Fe) is evident, 

although the degree of scatter is quite large. Sc varies from 4 to 10 ppm in the 

Mg-rich DH-xenoliths and 4 to 15 ppm in the Fe-rich DH-xenoliths. Within the 

DH-xenoliths, Sc interestingly shows a direct relationship with V content. The 

two CL-xenoliths with only minor mineralisation, continue the trend to 

decreasing Sc with increasing Mg/(Mg+Fe), to Sc contents of 1 and 3 ppm. 



4.3.2.12. Compatible elements: discussion 

In general the 	compatible elements show relatively coherent variations 

with respect to Mg/(Mg+Fe), such that Zn, V and Sc all show an increasing 

content with decreasing Mg/(Mg+Fe). Ni on the otherhand shows the opposite 

trend with respect to Mg/(Mg+Fe), and decreases with decreasing Mg/(Mg+Fe). 

This is considered to reflect a generalised decrease in olivine content with 

decreasing Mg/(Mg+Fe). CL-xenoliths continue the above trends to more 

Mg-rich compositions, these trends being best defined in the DH-xenoliths. Cu 

variation appears to be controlled by Mg/(Mg+Fe), and the presence or absence 

of sulphides. A general division based on Cu content into xenoliths containing 

sulphide minerals and those free of sulphides is apparent, although contents of 

sulphides are generally quite small. Because of a lack of data, comparisons of 

compatible elements variations between primary metasomatised and 

non-metasomatised xenoliths can not be made. 

4.4. COMPARISON WITH OTHER KIMBERLITE DERIVED XENOLITH SUITES 

Bulk data for other xenolith suites from South Africa is very limited and 

data in any quantity only exists for three other pipes, the Pre-Cambrian Premier 

pipe (Danchin 1979), the Matsoku pipe, N. Lesotho (Cox et a/ 1973, Harte et al 

1987) and the Bultfontein pipe (Erlank et a! 1987). Major element analyses are 

available for all three pipes, minor element analyses for only the latter two 

localities, and only the Bultfontein xenolith suite has a consistent data set. 

Xenoliths from the latter two localities show evidence of primary 

metasomatism (see chapter 6 and Erlank et al 1987). The Jagersfontein data 

will be compared only with that from Bultfontein. 

The Bultfontein xenoliths are dominantly Mg-rich with compositions 

depleted in the major basaltic components, and are similar to the low- and 

medium-temperature xenoliths from Jagersfontein. Metasomatism however, 

appears to have been developed to a considerably greater extent in the 

Bultfontein xenoliths than at Jagersfontein (section 8.7). The results of such 

metasomatism are illustrated in figure 4.10 in minor element plots of the 

incompatible elements. A considerable difference in the scale and style of 

enrichment is quite evident. On all but one of these plots it is impossible to 

distinguish between the different groups of xenoliths from Jagersfontein, 
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Figure 4.10 
- Major and minor incompatable element plots comparing the range 

of xenolith compositions from Jagersfontein with those from Bultfontein. 
The Jagersfonte,n xenoliths are shown as the dotted area, except in (B) 
where the CLA-xenoliths are shown seperately as the stripped field. The 
area enclosed by the solid line are the Bultfontein PKP-xenoliths; dashed 
line are the Bultfontejn PP-xenoliths. The square is the average 
Bultfonteji, GPP; and the circle is the average Buitfontein GP-xenolith. 
The Buitfontein data is from Erlank at 3/(1987). 



especially the metasomatised and non-metasomatised groups. The Bultfontein 

xenoliths are extremely enriched in K20, Rb, Zr and Nb by a factor of up to a 

magnitude. Only Sr and Ba, which are concentrated in amphibole show any 

similarity between Bultfontein and Jagersfontein. 

K20 and Rb are considerably enriched at Buitfontein by the presence of 

extensive amounts of primary metasomatic phiogopite and K-richterite. Zr and 

Nb are concentrated in the opaque minerals present, for example the Cr-titanite 

minerals, Nb-Cr-rutjle and armalcolite. On the whole, the Jagersfontein CL, CM, 

CMP and DH xenoliths group around the Bultfontein garnet-peridotite and 

garnet-phiogopite-peridotite ranges. The latter two groups contain none of the 

exotic opaque minerals considered to represent the acme of metasomatism at 

Bultfontein. Minor element comparisons of the sequence of metasomatic 

evolution at Bultfontein with that at Jagersfontein indicates that the 

Jagersfontein xenoliths can only be compared to the least metasomatised 

xenoliths from Bultfontein. 

4.5. XENOLITHS WITH A HIGH DEGREE OF SECONDARY METASOMATIC 

MINERALISATION 

This section discusses the effects of secondary metasomatism on the bulk 

chemistry of the xenoliths, by comparing xenoliths with only minor amounts of 

secondary metasomatic mineralisation with xenoliths with a considerable 

degree of secondary metasomatic mineralisation. As was noted in section 4.2, 

in the absence of precise modal data the division between these groups has 

been made by a qualitative assessment of secondary metasomatic mica 

content and bulk Rb and K20 contents. The xenoliths described here are those 

containing greater than 7.5 ppm Rb and/or greater than 0.15 Wt% K20- 

4.5.1. Major Elements 

Major element contents for the total range of xenoliths are plotted against 

bulk Mg/(Mg+Fe) in figure 4.11. 



Cf I 

0.3, 

0.1 

0.3 

0.1, 

30 

0 
x 	1.0, 
0 

5.0, 

3.0. 

1.0 

0.5, 

0.3, 

0.2. 

0.1 

K70 	.;) 	
/ 0 0 

+ 

	

+ 	
000 

	

g4  + 	 4  
4o0 

0+ 	 %00 (P 0 	0 

No20 
+ 

£ 0 
0 

0 	 9 
+++ 	 £ 	0 

0 	 0 	+ 
0 

00 

+ 
00 

0 	0 

4 

coo 0 

CPD 	0 
 0 	00 0 

0 

4%( 
P 

0 

0 	0 

A1203 0 

0 
0 a 

12o 0  
00 

flg 	
WO 

.40,640 0 
0 

0 

0 0  

Cr203 	 0 	0 

+4 0 00 	0 cø' 00 0 
0 	0 

+ 
hO2  + 	.40 	Q0 0. 	00 

0+0000 
0 

94 93 92 91 90 89 88 

lOOMg/(Mg+Fe) 

Figure 4.11 - Bulk major elements vs. lOOMg/(Mg+Fe) for all xenoliths from the 
Jagersfontein suite. Symbols as in figure 4.1. 



4.5.1.1. Mg/(Mg+Fe) 

The extent of the effect of secondary metasomatic mineralisation on bulk 

Mg/(Mg+Fe) is uncertain. On the basis of secondary metasomatic mineral 

chemistry (section 5.2.6.2 and 5.5.2), especially that of phlogopite and 

high-Fe-Ti rims to spinels, the bulk Mg/(Mg+Fe) ratio would be expected to be 

lowered on secondary metasomatism. Although xenoliths showing very high 

degrees of secondary metasomatic mineralisation do range to lower 

Mg/(Mg+Fe) ratios, it is unclear how much of this can be attributed to 

secondary mineralisation. 

4.5.1.2. Titanium 

Within the DH-xenoliths, secondary metasomatism does not appear to have 

much effect on Ti02  content, probably because the degree of secondary 

metasomatism is relatively low in these xenoliths (section 3.6.4.4 ), but also 

because they generally have high initial h02  contents. In the CL-xenoliths, 

however, the Ti02  range is increased to greater than 0.1 Wt%, and a 

considerably greater number of xenoliths appear to have h02  contents of 

greater than 0.05 Wt%. This is also seen in the CLA-xenoliths and for 

CM-xenoliths with high degrees of secondary metasomatic mineralisation. 

This increase in Ti02  content is to be expected, since mineral chemistry 

shows that secondary metasomatic mineralisation is generally enriched in Ti02  

(section 5.2.6.2 and 5.4.4.3). 

4.5.1.3. Chromium 

Because of the scarcity of data, no trends concerning secondary 

metasomatic mineralisation can be made with regards to Cr203  content. CL-

and CLA-xenoliths with high degrees of mineralisation lie within the same 

range defined by DH-xenoliths in section 4.3.1.7. 
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4.5.1.4. Aluminium 

Within the CL-xenoliths, most of those with high degrees of secondary 

metasomatic mineralisation generally have higher A1203  contents than those 

without. Care has to be taken on interpretation of the high A1203  content of the 

CLA-xenoliths, since it has already been demonstrated (section 4.3.1.3) that 

CLA-xenoliths have high A1203  contents due to the presence of amphibole. As 

is shown in the mass balance equations in section 8.2.1.2, A1203  is introduced 

into the xenoliths on secondary metasomatism in all cases except that of the 

breakdown of amphibole to clinopyroxene and phlogopite. 

4.5.1.5. Calcium 

CaO content appears not to be significantly affected by secondary 

metasomatic mineralisation. The only major Ca-bearing secondary metasomatic 

mineral is calcite. Calcite is seen to be present in only minor amounts in a very 

few xenoliths and is usually utilising CaO already present in the xenoliths (for 

example replacing clinopyroxene). The high CaO contents in the CLA xenoliths 

is considered a result of primary metasomatic mineralisation (section 4.3.1.4). 

4.5.1.6. Sodium 

Na20 varies from 0.01 to 0.3 Wt% in xenoliths with secondary metasomatic 

mineralisation, so no clear trends can be defined. However, it is evident that 

the range of Na20 content is increased, especially in the CL xenoliths, which 

generally show a greater degree of mineralisation than DH-xenoliths. 

4.5.1.7. Potassium 

Since phlogopite is the dominant secondary metasomatic mineral present in 

the Jagersfontein xenoliths, it is not suprising to see that K20 contents vary 

considerably, especially in the coarse xenoliths. K20 content in these xenoliths 

attains values up to 0.3 Wt%. K20 content in the DH-xenoliths does not reach 

the same proportions because of the lower degree of mineralisation present. 
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4.5.1.8. Major elements: discussion 

In general secondary metasomatic effects on bulk chemistry are most 

apparent in the CL-xenoliths. Increases in Ti, Al, Na and Ca are evident on 

secondary metasomatism and are supported by mass balance reactions in 

section 8.2.1.2. Although these reactions also indicate that Fe is added, this 

cannot be convincingly demonstrated here, other than the note that 

CLA-xenoliths with abundant secondary metasomatic mineralisation extend to 

lower Mg/(Mg+Fe) ratios than those without. 

4.5.2. Minor Elements 

4.5.2.1. Barium 

Although data for Ba are sparse, it is evident that Ba content increases from 

around 50 ppm to up to 150 ppm in xenoliths with high degrees of 

mineralisation. The Ba is probably contained within the secondary metasomatic 

phlogopite (Dawson 1980). 

4.5.2.2. Rubidium 

As shown in figure 4.1.2, Rb content increases to a maximum of 38 ppm 

above the cut off limit of 7.5 ppm. It was noted in section 4.2. that Rb shows 

a coherent increase with K20 and secondary metasomatic phiogopite content. 

4.5.2.3. Strontium 

Sr is affected less 	b secondary metasomatism than is Rb (figure 	4.12 	), 

principally decause of the lack of any significant new mineral phases that can 

readily contain Sr. The abundance of Sr does, however, increase to around 90 

ppm, although in general is less than 70 ppm. One CLA-xenolith contains 177 

ppm Sr (and 13 ppm Rb). The Sr content here is considered to be a primary 

metasomatic feature. 
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4.5.2.4. Zirconium 

In CL-xenoliths with substantial mineralisation, Zr content increases to 29 

ppm. Although the majority of xenoliths contain less than 15 ppm, they are still 

enriched relative to xenoliths with only minor mineralisation. Zr substitutes for 

Ti in the peridotite mineralogy (Weldpohl 1978) and it is notable that xenoliths 

with anomalously high Ti contents have correspondingly high Zr contents. 

4.5.2.5. Niobium 

In the CL-xenoliths with high degrees of secondary metasomatic 

mineralisation, Nb content is seen to increase up to 11 ppm (from around 8 

ppm). Similarly in the DH-xenoliths the range increases to 11 ppm (from up to 

6 ppm). As noted in section 4.3.2.5, Nb is like Zr, and substitutes for Ti, hence 

xenoliths with a high degree of secondary metasomatic imposed Ti, also have a 

high Nb content. 

4.5.2.6. Incompatible elements: discussion 

In general it is seen that xenoliths with a high degree of secondary 

metasomatic mineralisation also have higher contents, or ranges of contents, of 

the incompatible elements compared to xenoliths with only minor degrees of 

mineralisation. This clearly demonstrates that on secondary metasomatism the 

xenoliths have been enriched in Rb, Zr, Nb , Ba and to a lesser extent Sr. 

Furthermore, this demonstrates that the secondary metasomatic agent, believed 

to be derived from the kimberlite (section 2.4.1.4 , 8.4 ), had a high 

incompatible element content. 

4.5.2.7. Compatible elements: discussion 

As illustrated in figure 4.6 , compatible elements do not show any 

significant variation between xenoliths with high degrees of secondary 

metasomatic mineralisation and those without. 

Considerations of Zn, V and Sc shows xenoliths with abundant secondary 

metasomatic mineralisation lie within the same fields for their respective 
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Mg/(Mg+Fe) ratios as xenoliths with little mineralisation. 

For Cu the xenoliths subdivide into two groups corresponding with the two 

groups defined by xenoliths with low degrees of secondary metasomatic 

mineralisation. This suggests that the sulphide minerals may not necesseraly be 

secondary metasomatic addition (section 3.7.1) 

Several of the CL-xenoliths with high-degrees of secondary metasomatic 

mineralisation have marginally lower Ni contents than the trend defined by all 

other xenoliths. The significance of this is uncertain. If Ni content is not 

affected by secondary metasomatic processes then it suggests that coarse 

xenoliths may have lower Ni contents than DH-xenoliths at equivalent 

Mg/(Mg+Fe) ratios. 

Hence, with the possible exception of Ni, it is seen that secondary 

metasomatism appears to have little significant effect on compatible element 

concentrations. 

4.6. SUMMARY 

Peridotite xenoliths from Jagersfontein have been described in terms of 

their bulk major and minor element chemistry. A qualitative assessment of 

secondary metasomatic mineralisation within the xenoliths has determined 

approximate chemical criteria to distinguish between xenoliths with a high 

degree of secondary metasomatic influence and those without. The chemical 

constraints have been placed at 7.5 ppm Rb and/or 0.15 Wt% K20. 

Within the xenoliths with a low degree of secondary metasomatic 

mineralisation (Rb<7.5 ppm, K20<0.15 Wt%), the following are seen: 

For the major elements, DH-xenoliths show a general coherent increase in 

Ti02, A1203, CaO and, to a lesser degree, Na20, with decreasing Mg/(Mg+Fe). 

The trends thus defined are continued to higher Mg/(Mg+Fe) ratios by CL- and 

CM-xenoliths. CLA-xenoliths show a general higher content of CaO, A1203., 

Na20 and K20 relative to CL-xenoliths suggesting the addition of these 

elements on primary metasomatism. All of these elements could be present in 

the primary metasomatic amphibole. CMP-xenoliths display increases in K20, 

and to a considerably lesser degree increases in Na20, CaO, Ti02  and A1203  

relative to CM-xenoliths. This indicates at least a major enrichment in K20 on 



primary metasomatism. 

DH-xenoliths cover a wide range of Mg/(Mg+Fe) ratios from Mg-rich to 

Fe-rich compositions. CM- and CMP-xenoliths lie within a tight Mg-rich field 

between 93.0 and 93.5. CL- and CLA-xenoliths are also Mg-rich but cover a 

considerably wider Mg/(Mg+Fe) ratio, and range to much lower values, than 

CM- and CMP-xenoliths. 

For the minor incompatible elements, trends within the groups are obscured 

due to the scatter of data. CMP- and CLA-xenoliths are generally enriched in 

incompatible elements relative to their non-metasomatised equivalents. Low-

and medium-temperature xenoliths are enriched in incompatible elements 

relative to their major element chemistry, and also to the DH-xenoliths. This 

suggests that the upper lithospheric mantle has been enriched in incompatible 

elements. 

The minor compatible elements show coherent regular trends with respect 

to Mg/(Mg+Fe). Sc, V. Zn and Cu all increase with decreasing Mg/(Mg+Fe). Cu 

content is further controlled by the presence of sulphides. Ni shows a general 

decrease with decreasing Mg/(Mg+Fe), attributed to a general decrease in 

modal olivine content with decreasing Mg/(Mg+Fe) ratio. There are no 

distinguishing differences between CL- and DH-xenoliths. CL-xenoliths continue 

the trend of decreasing compatible element concentrations with increasing 

Mg/(Mg+Fe) ratio, to more Mg-rich compositions. 

Secondary metasomatism is shown to increase the contents of K20, A1203, 

Na20 and h02, principally in the CL-xenoliths which show the greatest degree 

of secondary metasomatic mineralisation. CaO and Cr203  contents appear not 

to be affected. The incompatible elements Ba, Rb, Zr, Nb and, to a lesser extent 

Sr, have been enriched in xenoliths with higher degrees of secondary 

metasomatic mineralisation. compatible elements appear to be inert to 

secondary metasomatic influences. 
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CHAPTER 5 

MINERAL CHEMISTRY 

5.1. INTRODUCTION 

The main aim of this chapter is to characterize and differentiate between 

the different minerals present, the different rock types in which the minerals 

occur and the different metasomatic events that have affected some of these 

xenoliths. Each of the mineral types, primary, primary metasomatic and 

secondary metasomatic will be described following the same ordering used in 

chapter 3. 

No attempt will be made to precisely determine metasomatic reactions and 

the compositions of the metasomatic agents. This will be discussed along with 

similar reactions for the metasomatic events in the Matsoku xenoliths in 

chapter 8. 

All 	the electron 	microprobe 	analyses reported 	in 	this thesis 	were 

undertaken at 	the 	University 	of 	Edinburgh on 	a 	Cambridge Mk.5 	electron 

microprobe. Calculated 	error 	margins 	and detection 	limits are 	given 	in 

appendix 6. 

5.2. PRIMARY MINERALOGY 

The Primary mineralogy consists of olivine and orthopyroxene with 

subordinate amounts of garnet, clinopyroxene and, in the coarse xenoliths, 

spinel (section 3.2.1). 

5.2.1. Olivine 

Olivine forms the major primary silicate mineral in the majority of xenoliths 

from the Jagersfontein kimberlite pipe. However, variations in olivine chemistry 

are principally limited to exchange between Fe and Mg. Ni, where analysed is 

present in amounts of less than 0.5wt % oxide. A1203, CaO and MnO are also 

present, although the amounts are very minor and generally close to the 

detection limit of the routine electron microprobe method used (see appendix 

6). Considering the abundance of olivine in the mantle, however, these 



amounts are probably significant on a mantle scale. 

The ranges for olivine Mg/(Mg+Fe) are shown in figure 5.1. CL-xenoliths 

range from 91.6 to 94.3, DH-xenoliths from 88.7 to 92.1, with 2 further xenoliths 

at 86.2 and 84.5. CLA-xenoliths from 90.7 to 93.1 and CMP-xenoliths from 90.2 

to 93.23. As illustrated in figure 4.4, this is basically a reitteration of the bulk 

rock Mg/(Mg+Fe). Hence, taking Hartes (1983) value of Mg/(Mg+Fe) = 91 to 

divide between Fe-rich and Mg-rich xenoliths, shows that the majority of 

low-temperature xenoliths are Mg-rich, the DH-xenoliths have both Fe-rich and 

Mg-rich representatives, and CMP-xenoliths dominantly have Mg-rich values. 

CLA-xenoliths are for the most part Mg-rich, although Fe-rich representatives 

are present. Considerable overlap of all the groups is indicated. 

Nine of the xenoliths contain olivine grains which are zoned with respect to 

Mg/(Mg+Fe), these are described in section 5.2.5. All other olivines are 

homogeneous in composition. 

5.22. Orthopvroxene 

Orthopyroxene is the second most abundant mineral in the majority of the 

xenoliths. Its mineral chemistry, like that of olivine is relatively restricted, the 

dominant variation being between Mg and Fe. However, A1203, Cr203, Ti02, 

Na20 and CaO are all present in significant quantities, although and usually less 

than 1 Wt%. 

Mg/(Mg+Fe) ranges for the various xenolith groups are: CL- 92.0 to 95.0; 

CM- 93.0 to 94.9; DH- 86.8 to 93.1; CIA- 91.8 to 94.5; and CMP- 94.0 to 94.5. 

Mg/(Mg+Fe),p.  closely reflects Mg/(Mg+Fe)01jj0  (figure 5.2). 

Ti02  content shows considerable overlap between all five groups. Ranges 

are shown in figure 5.2. The restricted range of Ti02  in the metasomatised 

xenoliths in particular should be noted, as it falls within the range of most 

CL-xenoliths and illustrates a lack of Ti02  enrichment on primary 

metasomatism. Amongst the CL-xenoliths, garnet-free xenoliths are seen to 

have lower orthopyroxene Ti02  contents then garnet-bearing xenoliths, 

DH-xenoliths show a similar, although not as clear, trend. 

Sodium content of pyroxenes in some lherzolites suites is noted to 

corrolate with temperature changes (Hervig and Smith, 1980), such that with 
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increasing temperature Na20 content increases. It has been suggested that the 

distribution of Na20 between co-existing orthopyroxene and clinopyroxene may 

be useful as a geothermometer. This can not be clearly be demonstrated with 

the present data set for Jagersfontein. Na20 content in the suite is shown in 

figure 5.2. All xenoliths show considerable overlap, with the DH-xenoliths 

having a marginally higher Na20 content. CLA-xenoliths show a very restricted 

range of Na20 content, CMP-xenoliths relative to the CLA-xenoliths have 

orthopyroxenes relatively enriched in Na20. JJG866 the primary metasomatic 

amphibole and Ba-phiogopite bearing xenolith, has a low Na20 content (0.05 

Wt%). This shows a greater similarity with CLA-xenoliths than with the 

CMP-xenoliths. The same is illustrated by Mg/(Mg+Fe) ratio, CaO and Cr203  

contents. On the basis of orthopyroxene chemistry alone, it is suggested that 

this xenolith belongs to the CLA-xenoliths. 

Calcium content of the orthopyroxene is controlled to a degree by 

temperature (for example, Wells 1977). CL-xenoliths are dominated by low CaO 

contents, generally <0.4 Wt% and the DH-xenoliths are generally higher (>0.6 

Wt%). This reflects the difference in temperature. CLA-xenoliths have a very 

restricted CaO content of 0.16 to 0.23 Wt%. CMP-xenoliths, illustrating their 

higher temperature enviroment have a higher range than CLA-xenoliths, at 0.24 

to 0.3 Wt%, with one xenolith at 0.83 Wt%. 

Chromium distribution is illustrated in figure 5.2. Overall DH-xenoliths tend 

to have Cr-poor orthopyroxenes relative to low-temperature xenoliths. 

Garnet-free xenoliths show a consistently higher orthopyroxene Cr2O3  content 

then garnet-bearing xenoliths. CLA-xenoliths typically show a restricted range 

and have a low Cr203  content. CMP-xenoliths have Cr-rich orthopyroxenes, 

reflecting the lack of exsotution features (section 2.4.1.5) in these 

orthopyroxenes. 

Aluminium content in orthopyroxene varies widely throughout the suite. 

CL-xenoliths have the highest A1203  content and show the widest range of 

distribution. Harte (1982) noted that the A1203  content of orthopyroxene in 

coarse garnet-bearing (Low-temperature) xenoliths was restricted to around 

0.65 Wt%. This range has been extended in the present suite up to 0.84 Wt% 

(1.6 Wt%), although it is still considerably less than the range in garnet free 

xenoliths (0.64 to 3.34 Wt%). All CLA- and CMP-xenoliths have low-A1203  

orthopyroxenes, with values not exceeding 0.85 Wt%. Considerable overlap is 
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indicated for all the groups. 

The content of all these oxides in orthopyroxene, except for Cr203  and high 

A1203  contents, is seen to generally increase with decreasing Mg/(Mg+Fe). This 

reflects very closely the bulk chemistry variations (section 4.3.1). 

5.2.3. Clinopyroxene 

Of all the primary mineral phases in the Jagersfontein suite, clinopyroxene 

shows the greatest variations in chemistry. CaO, FeO, A1203, Cr203  and Na20 

are all present in quantities greater than 1 Wt% and show considerable 

variation between the different xenolith groups described. The ranges for 

several chemical parameters are illustrated in figure 5.3. It should be noted 

that it is most clearly on the basis of clinopyroxene chemistry that the different 

groups of xenoliths can be recognised. 

Clinopyroxene Mg/(Mg+Fe) variations are largely a reflection of the bulk 

Mg/(Mg+Fe), however, any straight forward relationship, as shown for olivine 

(section 5.2.1) and orthopyroxene (section 5.2.2) is complicated by temperature 

and pressure effects. (c.f. distribution of Mg and Fe between coexisting 

clinopyroxene and garnet, Ellis and Green 1979). The relationship works such 

that the Mg/(Mg+Fe) of low-temperature xenoliths is considerably lower than it 

should be compared to the high-temperature xenoliths. The 

medium-temperature xenoliths, as expected lie between these 2 groups. 

However, overlap between all the temperature groups is evident. 

In clinopyroxenes, CaO content and hence Ca/(Ca+Mg) ratio, vary with 

temperature, this variation with coexisting orthopyroxene, being the basis of 2 

pyroxene thermometry (for example Wells 1977). On the basis of Ca/(Ca+Mg) 

ratio the suite divides clearly into 3 groups corresponding to low-, medium-

and high-temperature groups. (section 2.4.2.2 and figures 2.4 and 2.5). The 

primary metasomatic CLA- and CMP-xenoliths lie respectively against their 

low- and medium-temperature groups. Harte (1983) noted the common 

occurrance of a gap or break in the Ca/(Ca+Mg) ratio of clinopyroxene, giving a 

general separation between "hot" and "cold" xenoliths, with values of around 40 

to 43 delimiting the break. No break is present in the Jagersfontein xenoliths at 

these values (and temperatures). The only break that does occur being at 47 to 

48.5, between the low- and medium-temperature groups. This gap is 
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considered to be due more to samples having not yet been found with these 

values, than of any petrological significance. 

Sodium content in clinopyroxene varies as a function of temperature and 

the Na20 content of orthopyroxene (Hervig et a/ 1979 and section 5.2.2). 

However, no clear relationship is noted between the 3 temperature groups and 

all groups show considerable overlap (figure 5.3). Garnet-free CL-xenoliths are 

the exception in that they all contain less than 1.2 Wt% Na20. They show no 

overlap with any of the other groups, which all contain greater then 1.2 Wt%. 

However, on the same basis of garnet content, no differentiation can be made 

between garnet-bearing and garnet-free DH-xenoliths. Na20 content for the 

greater part varies systamatically with total clinopyroxene A1203  + Cr203  

content, indicating substitution of jadite (Na-Al) and ureyite (Na-Cr) into the 

diopside structure. 

A1203  and Cr203  trends in the suite are complex and no simple interchange 

of Al for Cr, or visa versa, is indicated for any of the groups other than the 

DH-xenoliths. Several points may be noted: 

All xenoliths in the low-temperature and the majority of high-temperature 

groups have A1203:Cr203  >1 and lie together in a group defining a rough trend 

of increasing Al with increasing Cr content. CLA-xenoliths are tightly grouped 

close to a line of 1:1. Medium temperature xenoliths, however, have A1203:Cr203  

<1 and define a rough trend of coupled substitution, with total A1203  + Cr203  

ranging from 2.1 to 7.2 Wt%. All other xenoliths contain less than 4 Wt% A1203 

+ Cr203. Na20 content is seen to increase regularly with increasing Cr203  + 

A1203  content in all groups. 

AI/(Al+Cr) ratios confirm the irregularity of Al and Cr trends. Some 

separation between medium- and low-temperature groups is indicated with 

AI/(Al+Cr) at 24.5 to 60 and 60 to 75 respectively, DH-xenoliths range from 52 

to 92. The high total A1203  + Cr203  content of the medium-temperature 

groups is reflected petrographically, when on metasomatism, they break down 

to form spinel as well as phlogopite. This occurs during both primary (section 

8.2.1.1) and secondary metasomatism (section 8.2.1.2). 

Ranges for h02  content are given in figure 5.3 and figure 5.4 where they 

are plotted against Mg/(Mg+Fe). Ti02  content is seen to increase irregularly 

with decreasing Mg/(Mg+Fe). Following this general trend it is noted that 
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DH-xenoliths range up to the highest Ti02  contents followed by 

medium-temperature xenoliths with the low-temperature xenoliths ranging to 

the lowest h02  contents. The absence of overlap between low- and 

high-temperature groups is conspicuous. Several authors, for example Harte 

(1983) and references therein, have suggested that high-temperature xenoliths 

have been metasomatically enriched in Ti (and Fe) due to the close association 

of these xenoliths with a magma body. This can be effectively demonstrated 

here, in that DH-xenoliths with equivalent Na20, A1203  and Cr203  contents in 

their clinopyroxenes have anomalously high Fe and Ti contents relative to low-

and medium-temperature xenoliths. It should be noted that clinopyroxenes in 

CIA- and CMP-xenoliths show no enrichment of Ti02  compared to the modally 

metasomatised Matsoku xenoliths (see section 6.4.1.1). 

Mg/(Mg+Fe)cp.  vs Al/(AI+Cr)cp.  is plotted in figure 5.5. High-temperature 

xenoliths define a general trend of increasing Al/(Al+Cr) with decreasing 

Mg/(Mg+Fe). This trend is seen to continue into, and through the 

medium-temperature group without any displacement with increasing 

Mg/(Mg+Fe). Low-temperature xenoliths, which follow on from 

medium-temperature xenoliths in terms of increasing Mg/(Mg+Fe) do not 

continue the Al/(Al+Cr) trend, but are relatively displaced to higher Al/(Al+Cr) 

values. This is considered to reflect the fact that it is only in the 

low-temperature xenoliths that exsolution features are seen and that the Cr203  

necessary to lower the Al/(Al+Cr) ratio has been expelled from the pyroxene 

structure to form spinel. In the medium-temperature xenoliths, temperatures 

may have been high enough to prevent subsolidus exsolution of spinel (and 

garnet) from the pyroxene. 

5.2.3.1. Pre-exsolution compositions of low-temperature clinopyroxenes. 

From the last section and section 3.2.2 it is noted that clinopyroxenes (and 

orthopyroxenes) frequently contain exsolution lamellae of pyroxene, spinel and 

garnet; and that much of the spinel and garnet seen in these xenoliths is 

considered not to have formed from some original crystallisation event, but to 

have been formed by subsolidus exsolution from higher temperature mineral 

phases on cooling. This section briefly considers the remixing of exsolved 

phases back into their host mineral to give an indication of pre-exsolution 

compositions and the temperatures that they may have existed at. 



Mixing calculations and equilibration temperatures have been undertaken 

with the Fortran 77 program METAMIN (appendix 7). The DLA-xenolith J17 was 

considered suitable for study due to the clear textural associations present (see 

section 3.4.1). In this xenolith clinopyroxene porphyroclasts contain exsolved 

lamellae of garnet (plate 3.4d). A series of compositions can be generated by 

mixing varying proportions of garnet back into the clinopyroxene. The validity 

of pressure calculations is questionable since ultimatly all the garnet would be 

absorbed back in to the clinopyroxene leaving no garnet to equilibrate with 

orthopyroxene. Also the composition of the garnet and orthopyroxene would 

probably change with increasing temperature and pressure. Since, however, 

pressure varies as a function of T in this system, then the pressures do 

perhaps give an indication of relative pressure. As figure 5.6 illustrates, 

Pressure and temperature estimates place this xenolith evolving from the 

high-temperature to low-temperature xenolith groups. 

Taking a maximum of 20% garnet and remixing it with 80% clinopyroxene 

gives a calculated 2-pyroxene temperature of 1042°C (44Kbars) placing the 

xenolith amongst the high-temperature xenoliths. It should however, be 

remembered that the orthopyroxene itself contains exsolution lamellae of 

Cr-spinel and clinopyroxene. The spinel component has a negligible effect on 

pressure and temperature (3°C decrease and 21(bars increase per 1% spinel). 

Since the amount of spinel present is minor (< 2 modal%) then its pressure 

and temperature effects are considered insignificant. Adding the clinopyroxene 

component back into the orthopyroxene effectivly raises the calculated 

temperature, but again contents of clinopyroxene lamellae are small. 

From the petrography and mineral chemistry an evolutionary history can be 

suggested for this xenolith. It may well have originally been a high- or 

medium-temperature type of xenolith which with decreasing temperature has 

exsolved garnet, spinel and pyroxenes from what was essentially a two 

pyroxene rock. Deformation and recrystallisation has accompanied and/or 

followed exsolution with constant chemical re-equilibration and a considerable 

degree of grain growth. The xenolith has been affected by a primary modal 

metasomatic event (c.f. CLA-xenoliths) emplacing edenite whilst in a 

low-pressure and temperature regime. 
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5.2.4. Garnet 

Garnet is present in a high proportion of xenoliths from the Jagersfontein 

kimberlite pipe and is present in all the seven groups defined in section 2.4.3. 

Since garnet has a very variable chemistry then it is considered to be a 

possible tracer mineral with regards to distinguishing between the different 

groups and perhaps also distinguishing between primary metasomatised and 

non-metasomatised xenoliths. 

In line with this suggestion it is seen that all CLA-xenolith garnets have 

similar compositions with the exception of Mg-Fe variations. The Cr203  

content of CLA-xenoliths garnets, (figure 5.7) varies between 2.1 and 3.1 Wt%. 

In an attempt to determine the extent to which CLA-xenoliths have been 

derived from CL-xenoliths, the CL-xenolith garnets have been divided into 2 

groups depending on Cr203  content, with 3.5 Wt% Cr203  being the dividing 

mark. The 2 groups are referred to as CL<35  and CL>35. This clear division can 

only been applied to garnet chemistry. 

The ranges of Cr203  content and Al/(Al+Cr) ratios are given in figure 5.8. All 

CL<35-xenolith garnets lie within the range of the CLA-xenolith garnets with 

no lower Cr203  values being present. CM-xenoliths have a similar range of 

garnet Cr203  content to CL>35-xenoliths (5.2 to 8.5 and 4.8 to 12.3 respectivly). 

Only one garnet-bearing CMP-xenolith has been noted in the present suite, this 

garnet has an anomalously low Cr2O3  content (0.98 Wt%). No CM-xenolith 

garnets of comparable Cr203  content are present in the present suite. 

DH-xenoliths span a wide range of garnet Cr203  contents (0.9 to 10.1 Wt%) 

covering the range of all other xenolith groups. 

Al/(Al+Cr) ratios essentially reflect Cr203  variations due to sympathetic 

variation of A13  and Cr 3+.  CLA-xenoliths retain their limited range of 

composition which coincides with the CL<35  range. Both have values of greater 

than 91 in contrast to CM- and CL>3 5-xenolith garnets which have values less 

than 86. The CMP-xenolith remains anomalous at 97. DH-xenolith garnets, again 

cover the range of all the other groups. Al and Cr zoning is noted in only one 

garnet (JJG 1792), where Cr203  content is seen to vary from 5.7 to 6.1 Wt% 

from core to margin respectivly. This zoning is further discussed in section 

5.2.5. 
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CaO content of the different groups is shown in figure 5.8 and is plotted 

against Cr203  in figure 5.7. The latter figure convincingly demonstrates the 

coupled substitution of Cr3  and Ca2  (uvarovite molecule) in the garnet 
structure. It is noted that CL<35-xenoljth garnets have the same CaO content 

as CLA-xenolith garnets and in figure 5.7 plot roughly together around 5 Wt% 

CaO. CaO in CL>3 5-xenolith garnets vary from 2.3 to 7.3 Wt% and show a 

more generalised coupled substitution. It should be noted that CIA- and 

CL<35-xenolith garnets lie off the trend defined by CL>35  garnets and are 

displaced to higher CaO values (by up to 1 Wt%) than would be expected for 

their respective Cr203  contents. The CaO content of DH-xenolith garnets 

overlaps all of the other groups, although again it is noted that CIA- and 

CL<35-xeno1ith garnets are displaced to higher CaO contents for their Cr203  

content relative to the DH-xenoliths. The same displacement applies to the 

CMP-xenolith garnet which has a considerably greater CaO content than would 

be 	suggested from its Cr203  content. 	JJG 1792, a CM-xenolith, has 

anomalously high CaO garnets (7.4 core to 7.9 rim). 

Mg/(Mg+Fe) ranges are given in figure 5.8, where it is notable that the 

division between low-Cr and high-Cr garnets is still valid, with there being no 

overlap between the 2 groups in terms of Mg/(Mg+Fe). The CL<35-xenolith 

garnets range (80.1-82.1) overlaps that of the CLA-xenoliths, which themseff 

extend to considerably lower values (78.1 to 82.0). J13, a CMP-xenolith has an 

extremely high Mg/(Mg+Fe) of 87.5. A large grossular component (Ca-Al) 

component is considered to be present in this xenolith, accounting also for the 

high Ca/Cr and Al/(AI+Cr) ratios noted above. 

Garnet Mg/(Mg+Fe) deviates from a straight forward relationship with bulk 

Mg/(Mg+Fe) due to a temperature controlled exchange equilibria with olivine 

(O'Neill and Wood,1979); and clinopyroxene (Ellis and Green, 1979). However, 

within each of the temperature groups there is a straight forward relationship 

with bulk Mg/(Mg+Fe). 

As illustrated in figure 5.8 and 5.9, Ti02  concentrations show considerable 
variation. The majority of CL>3 5-xenolith and all CIA- and CL<35-xenolith 
garnets contain less than or equal to 0.1 Wt%. Two CL>3 5-xenolith garnets 
have high Ti02  contents of 0.35 (JJG1781) and 0.56 (J146). CM-garnets show 

considerable variation from 0.05 to 1.57, although the range comprises only 

three xenoliths. The CMP-xenolith (J13) has an anomalously high garnet Ti02 
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content of 1.68 Wt%. DH-xenoliths define a roughly Continuous field from 0.0 to 

1.13 Wt%, although the majority of xenoliths contain less than 0.2 Wt%. Figure 

5.9 illustrates that there is little corrolation between present Mg/(Mg+Fe) and 

1102 Content, the plot however, does illustrate that DH-xenolith garnets are 

considerably enriched in h02  relative to garnets from the lower temperature 

xenoliths with similar Mg/(Mg+Fe). Garnet Ti02  relative to olivine Mg/(Mg+Fe) 

reveals a trend of increasing 1102 content with decreasing olivine Mg/(Mg+Fe) 

which approximates bulk Mg/(Mg+Fe)) amongst DH-xenoliths with the majority 

of low-temperature xenoliths being grouped together at less than 0.1 Wt% in a 

continuation of the trend defined by the DH-group. 

5.2.5. Primary Silicate Mineralogy: Zoning 

Chemical zoning is present in several primary silicate minerals in peridotite 

xenoliths from the Jagersfontein suite. Discussion with regards to mineral 

zoning will, in this section, be confined to the silicate mineralogy. Zoning in 

spinels is discussed in section 5.2.6. 

5.2.5.1. Low-temperature xenoliths 

Five low-temperature xenoliths show evidence of mineral zoning. Four of 

these are CL-xenoliths (JJG1757, JJG1761, JJG1781, K7/387) and one is a 

CLA-xenolith (J10). On the basis of Mg/(Mg+Fe) ratios between the silicate 

phases, core-rim equilibrium relationships have been determined for the zoned 

minerals and the other primary silicate mineral phases. These are: 

G OLrim 	GOU 0 e 	- Goc0rem 	- GTc0I_n1m Mg/Fe 	 Mg/Fe - 	 Mg/Fe - 	 Mg/Fe 

This general equilibrium condition accounts for all but one of the 

low-temperature xenoliths. In the CLA-xenolith, the amphibole is in equilibrium 

with all mineral phases except for the olivine rim. 

In JJG1761 the equilibrium are such that 

rOLrim 	= 	OPXrim 	 OLcore 	= 	OPXcore 	= 
'-' Mg/Fe 	'- Mg/Fe T 	 Mg/Fe 	 Mg/Fe 

GGNTC0 em 
Mg/Fe 

With the exception of this xenolith, zoning is confined to olivine rims, with 
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the rims being Out of equilibrium with the rest of the primary mineralogy. In 

JJG1761 the orthopyroxene is also zoned, with the orthopyroxene rims being in 

equilibrium with the olivine rims. These rims are Out of equilibrium with the 

rest of the assemblage. In all cases zoning in the olivine appears to be limited 

to Mg and Fe variations, with the rims enriched in Fe relative to the cores. 

Likewise in JJG1761 the orthopyroxene has Fe-richer rims relative to cores. 

These rims also tend to be richer in Ca, Al, Na and Ti, although to a much 

lesser degree. 

5.2.5.2. Medium-temperature xenoliths 

Four medium temperature xenoliths show evidence of mineral zoning. Three 

are CM xenoliths (K7/229, K7/237, JJG1792) and one is a CMP-xenolith 

(JJG 1723) Equilibria are as follows: 

Lrim 	
- Go rim 	 - JJG1723 -: 	 Mg/Fe I 	 Mg/Fe 	

c0r 
- 	 Mg/Fe - 

GcPxcore- rpm 
Mg/Fe 

K7/237 -: 	 OLcore 
	 G0PXc0 nim 	Gcco1erim 

	

Mg/Fe 	 Mg/Fe - 
- 	

Mg/Fe - 
- 

	 Mg/Fe 

OLrim 	 OLcore K7/229 -: 	 ' 
Mg/Fe ' G 	Mg/Fe 

In JJG 1792 the situation is more complex: 

C OLrim 	GOPXr1m 	- GGNT rim 
Mg/Fe 

- 

- 	 Mg/Fe - 	 Mg/Fe 

~ 
- GGNTCOre 	 cPXcore 

Mg/Fe 	 Mg/Fe 	
- 

Mg/Fe - C 	Mg/Fe 

In all four cases olivine zoning is restricted to Mg and Fe variations, with 

rims being Fe-rich. In JJG 1792, the orthopyroxene has rims rich in Fe, Ca, Al 

and Ti; and the garnet has rims rich in Fe, Cr, Ca and Ti. Variations in all these 

elements are however, minor (<0.5 Wt% oxide), with the exceptioh of Fe. The 

zoning is illustrated in figure 5.15. 

5.2.5.3. High-temperature Xenoliths 

Only one xenolith (J18 - transitional porphyroclastic) shows any evidence of 

mineral zoning within the authors suite. However, a more detailed study of 
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high-temperature xenoliths (Hops et al 1987) has revealed several other 

examples of Fe, Al, Ti and Ca enrichment in olivine and orthopyroxene. This 

xenolith shows only a minor amount of recrystallisation with olivine 

recrystallising along grain boundaries and at triple junctions. A gradation is 

seen in olivine chemistry from olivine neoblast to the rims of divine 

porphyroclasts and to their cores, with the sequence becoming Fe-poorer. 

Orthopyroxene is not recrystallised and zoning is confined to core-rim 

differences with the rims being richer in Fe, Al, Ti and Ca. Olivine and 

orthopyroxene porphyroclast cores are in equilibrium; and orthopyroxene 

porphyroclast rims are in equilibrium with the olivine neoblasts. Olivine 

porphyroclast rims fall inbetween the 2 extremes. This can be summarised as: 

GOLneobIast 	= G0 porphyroclast rim 
Mg/Fe 	 Mg/Fe 

GOIP0rP1Y0CaSt core 	= G0PXP0rphVr05t core 	= GGNTc0 m Mg/Fe 	 Mg/Fe 	 Mg/Fe 

5.2.5.4. Discussion 

It is evident from the above descriptions that we are essentially dealing 

with a single type of zoning. This zoning is characterised by: 

Fe-rich rims to olivine grains. 

Fe, Ti, Al, Na and Ca-rich rims to orthopyroxene grains, 
where zoned. 

3. Fe, Cr, Ca, Ti-rich rims to garnet, where zoned. 

Harte (1982) suggested that Fe-enrichment (with minor Ca and 

Al-enrichment) seen in one xenolith from this suite was due to metasomatism 

of the xenolith in contact with a melt. Since all these xenoliths show essentially 

the same enrichment features, then it is considered that the same enrichment 

process is applicable to all of them. 

Using published diffusion data for minerals and taking into account the 

extent to which zoning is present and the temperatures of the xenoliths, it 

should be possible to determine a minimum age for the zoning. 
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It is probable that the zoning seen in these xenoliths is not ancient 

otherwise zoning would also be expected to be present in the garnets also 

(garnet Mg - Fe diffusion being slower than olivine). A rapid change in 

equilibrium conditions followed by rapid quenching would however, mean that 

time would not be sufficient to develope zoning in the garnet and any minor 

zoning that was present would probably be lost on kelyphatisation by removal 

of the outer most portions of the garnet rim. Temperature problems are even 

more grave for the low-temperature xenoliths, since their equilibration 

temperatures are close to diffusion blocking temperatures for all the minerals 

present (Harte 1982). 

However, the orthopyroxene enrichment suggests that the zoning is not a 

feature caused by pressure and temperature changes, but rather by 

metasomatism. In this respect they are similar to some orthopyroxenes from 

the wallrocks to pyroxene-rich sheets from the Matsoku suite (see section 

6.4.1), which also show enrichment in these elements due to an 

infiltration-diffusion event. (section 6.6.4 and Harte et at 1987). Minor zoning, 

especially Ti enrichment of orthopyroxene rims has also been detected in 

peridotite xenoliths from The Thumb minette (Smith, Ehrenberg 1984), along 

with strongly zoned garnets. A late stage origin for the zoning is supported by 

J10, where the primary metasomatic mineralisation is in equilibrium with all 

primary minerals except the olivine rims. 

From diffusion dataand using the simple relationship of x=vi5i coupled with 

the equilibration temperatures recorded in the xenoliths, the age of the 

enrichment event may be tentativly calculated. 

For J18, the DH-xenolith, diffusion rates operative at the suggested 

equilibration temperatures indicate that the zoning present in this xenolith must 

be relatively recent to actual eruption and quenching of the xenoliths, 

otherwise total re-equilibration would have occurred and no zoning would be 

present. Re-equilibration has probably occurred in the majority of DH-xenoliths 

accounting for the general tack of zoning. It is further suggested that the 

zoning has been caused by the interaction of the xenolith with the kimberlitic 

magma, which has enriched the xenolith in Fe, Ti and Al, Na, Ca to a lesser 

degree. Rapid quenching at lower temperatures has prevented total 

equilibration occurring. 

For the low-temperature xenoliths, at the opposite extreme, temperatures of 
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equilibration are much lower (<9000C). At these temperatures diffusion will be 

much slower and Fe-Mg equilibration will occur over a distance of 1mm in 

around 10,000 years (figure 5.20). Antywshkov and Sobolev (1984) suggested 

that kimberlites may ascend from depths of around 150km in less than 4hours. 

In this is so, and at the equilibration temperatures suggested, Fe-Mg diffusion 

in olivine would occur over a distance of around 4microns. This distance is 

probably greater considering the higher temperature (1200 to 1300 °C, 
Artyushkov et al 1985) of the metasomatising agent aithought to be derived 

from the kimberlite (section 8.4). The small scale of any zoning developed by 

late stage interaction with the kimberlite probably explains why zoning is not a 

wide scale phenomena in these xenoliths, since in the majority of xenoliths 

with low temperatures of equilibration original grain boundaries have been 

removed by secondary metasomatjsm at the expense of phiogopite and 

serpentine. The enrichment of the rims to some primary silicate minerals is 

considered to have occurred during kimberlite emplacement and is thought to 

be cosanguenous with the enrichment of Ti and Fe in the rims of primary 

spinels (section 6.2.6.2) and primary metasomatic phlogopites (section 5.3.3.1). 

5.2.6. Spinel 

Spinel is the only primary anhydrous oxide phase present in the 

Jagersfontein xenolith suite. Primary spinel is present only in low-temperature 

and medium-temperature xenoliths. No high-temperature xenoliths contain 
spinel. 

Spinel compositions are shown in figures 5.10 to 5.15. Secondary spinels 

from kelyphitic rims are shown in these plots, they are discussed elsewhere 

(section 5.4.6.3). 

On the basis of mineral chemistry, primary spinels have been divided into 

two sub-groups dependent on the h02  content. Spinels with T1 2  contents of 

less than or equal to 0.1 Wt% are considered to represent primary spinel 

compositions and spinels containing greater than 1 Wt% Ti02  are considered to 

show compositions with alteration attributed to a secondary metasomatic 

influence (Haggerty, 1979). It should be noted that this grouping commonly 

separates cores (low-Ti) from rims (high-Ti). Low-Ti spinels shall be discussed 

first as they are most likely to represent spinel compositions in the mantle 

prior to any kimberlitic activity. 
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In section 5.2.7 it is noted that primary anhydrous silicate mineral 

compositions are on the whole homogeneous in any one xenolith. This is 

applicable also to spinels, such that exsolution lamellae of spinel have similar 

compositions as low-Ti primary textured grains in the xenolith. The same is 

also applicable for symplectic spinels. 

Compared to garnet and clinopyroxene chemical variations in spinel are 

considerable simpler and are essentially confined to two sites, an octahedral 

site which is in general occupied by the tri-valent cations A13  and Cr3 ; and a 
tetrahedral site occupied essentially by the di-valent cations Fe2+  and Mg2+ 

 

Outwith these 4 elements only Ti4+  and Mn2+ 
 are present in any quantity. The 

former varies from 0.0 to 9.41 Wt% and the latter is always present in amounts 

less than 1 Wt%. Mn2  substitutes into the tetrahedral site, and Ti4  into the 
octahedral site. Fe3  is also present in many of the spinels, occuping the 

octahedral site. Its presence has only been determined from stoichiometric 

calculations using computer software developed by C. Ford and others at 

Edinburgh. No direct analyses of Fe3  has been undertaken. Fe203 content is 

usually less than 7 Wt%. All cation plots and cation ratios used in this section 

on spinel have taken calculated Fe3  as being present. 

526.1 Low-li spinels 

These spinels are considered to most likely represent mantle spinel 

compositions unaffected by secondary metasomatic alteration effects in 

association with kimberlitic activity. 

Octohedral Site 

Al-Cr variations 

Figure 5.10 shows a plot of A13  vs Cr3 . On the basis of 32 oxygens the 

total cation content of the spinels should sum to 16 cations. Low-TI spinels lie 

along or close to the maximum. Departure to lower values being due to the 

presence of Ti4  and Fe3', which also occupy the octahedral site. All primary 
spinels lie between 7 and 14 Cr 3+ 

cations with the majority, especially those 
from garnet lherzolites, between 10 and 13 Cr3  cations. As such they lie within 

the range of other primary spinels in peridotite xenoliths from kimberlites 

(Haggerty 1979) and are considered to be chromites. No primary Al-rich spinels 
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are present. 

3+ Fe and Ti 

TI 4+ 
(by definition) is limited to 0.2 cations and shows no obvious 

corrolation with Fe3 . However, when all spinels are taken into account they are 

seen to comprise the Fe3  poor end of a trend of increasing Fe3  with Ti4 . All 

except 2 low-Ti primary spinet grains have Fe3  between 0.3 and 0.9 cations. 

J11 (CLA-xenolith richterite-bearing) contains 1.33 cations and a symplectite in 

JJG1740 contains 2.0 cations of Fe3 . Excluding these latter 2 analyses it can 

be seen that low-Ti spinet are confined to the base of the spinet prism (Figure 

5.11) and will only contain very minor amounts of magnetite, ulvospinel and 

magnesioferrite. 

Tetrahedral Site 

Fe-Mg variations 

In normal spinels the tetrahedral site consists of 8 cations per 32 oxygens. 

Fe 2+  and Mg 2+ 
 should occupy the site to a total of 8 cations. This is illustrated 

in figure 5.12, where low-Ti spinels are seen to lie along a line of 

sum-of-cations equals 8. The spinels contain between 3.7 and 5.9 Mg 2+  cations 

with a concentration between 4.7 and 5.5 cations. One distinct feature of this 

plot is that spinels from CLA-xenoliths break away from the main group and 

extend alone, up to more Fe-rich compositions. 

In terms of Fe-Mg variations it should be noted that spinet compositions 

reflect co-existing garnet compositions (see below) indicating that the mineral 

phases are in chemical equilibrium. Their is no significant inverse spinet 

component present. 

lntra-xenolith variations 

The degree of equilibration achieved between different spinet morphologies 

shall now be considered. It should be remembered that discussions are limited 

to low-temperature xenoliths alone. In J27 and J52 (both CLA-xenoliths) 

exsolution lamellae of spinet in orthopyroxene are seen to be in chemical 

equilibrium with spinel grains elsewhere in the xenoliths. Similarly in J6 (CL) 

coarse grains of spinel are in chemical equilibrium with a symplectic 

intergrowth with clinopyroxene. In J135 very minor core-rim zoning is noted, 
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however, the rim shows mild enrichment in Ti02  (0.14 Wt% increase) 

suggesting that this variation is a secondary metasomatic effect. 

From this it is perhaps tempting to suggest that in general all primary 

anhydrous low-Ti spinels are in chemical equilibrium irrespective of textural 

association within any one xenolith. However, in JJG1740, a spinel Iherzolite, 

spinel occurs in three different morphological and textural situations. These 

are coarse textured grains, symplectic intergrowths and inclusions in 

orthopyroxene. A regular chemical trend is noted with the spinel in the 

symplectite being the most Cr-Fe-rich, to the inclusion in orthopyroxene, which 

forms the most Al-Mg-rich spinel. All other analyses fall on a regular trend 

between these two end points, suggesting a substitution of Cr+Fe for Al+Mg. It 

is suggested that this xenolith may have equilibrated at such low temperatures 

that equilibration of the spinels has not occurred due to blocking of diffusion. 

The symplectic is most similar in terms of composition to other spinels in this 

suite. The inclusion in orthopyroxene on the other hand, appears to be 

reflecting local bulk conditions imposed by the orthopyroxene (high Al/(Al+Cr)). 

Other than this anomalous occurrance, primary spinel have achieved a high 

degree of chemical equilibrium. 

In terms of Al/(Al-i-Cr) and Fe/(Fe+Mg) ratios, spinel compositions reflect 

bulk peridotite compositions and, other than in JJG 1740 discussed above, 

spinel compositions show rough linear trends with the primary silicate mineral 

chemistry, indicating that low-Ti spinels are in equilibrium with the primary 

mineralogy. 

5.2.6.2. High-Ti spinels 

High-Ti spinels are defined as primary spinels containing greater than 1.0 

Wt% Ti02. They are considered to be primary spinels that have been enriched 

in Ti and other elements during secondary metasomatism. These spinels 

frequently form as rims to low-Ti spinels (section 3.2.1.1) and occasionally 

whole grains are seen to be enriched in Ti02. The spinels are typically 

surrounded by secondary metasomatic phiogopite which itself is Ti02-rich 
(section 5.4.4.3). 

Octahedral Site 
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Al-Cr and Fe3 -Ti4  variations 

Al-Cr variations are shown in figure 5.10. High-Ti spinels deviate from Al-Cr 

stoichiometry and reach a maximum of only 14.6 cations. A minimum of 7 

cations is achieved by one particularly Ti-rich spinet (9.41 Wt% h02), although 

all other spinels have a total of greater than 11 cations. This departure from 

the octohedral control line is due to the substitution of Fe3  and Ti4  in to the 

octohedral site. As shown in figure 5.13, Ti4  increases regularly with Fe3  

content. On taking Fe 3+  and Ti.4+  
into account the cation total rises to 16 

cations. High-Ti spinels occur generally in a low Cr-region below low-Ti 

3+ .4+ 	 3+ spinels, thus essentially making them Fe and Ti 	rich at the expense of Cr 

This is an important consideration when it is remembered that many of the 

high-Ti analyses are from rims to low-Ti grains and indicates an enrichment of 

Fe and Ti at the expense of Cr on secondary metasomatism. This is further 

illustrated in the spinel prism (fig 5.14) where high-Ti spinels occupy the same 

area along the base of the spinel; prism but are elevated above the low-Ti 

group. 

Tetrahedral Site 

Fe-Mg variations 

Fe-Mg variations are shown in figure 5.12. Unlike the tow-Ti spinels, high-Ti 

spinels do not lie along the Fe+Mg=8 cation tie-line and all deviate to higher 

values up to a maximum of 9.7 cations. This indicates a departure from normal 

spinet cationic distribution and invokes an inverse spinel component (Haggerty 

1979) due to the presence of Ti4t This further indicates the presence of 

significant amounts of ulvospinel (Fe 2 TiO4) along with magnetite (Fe 2 Fe3 2O4) 

or magnesioferrite (MgFe3 2O4). The displacement in figure 5.12 is more of a 

vertical displacement from low-Ti spinels, invoking only an increase in Fe 2+  and 

not Mg2 , substantiating the presence of the ulvospinel component. 

Relationship with anhydrous silicates 

As indicated above high-Ti spinels are essentially enriched in Ti and Fe 

relative to low-Ti spinels, as such they were probably originally in equilibrium 

with the primary silicate minerals, as indicated for low-Ti spinels (section 

5.2.6.1); but have been moved by varying degrees to higher Al/(Al+Cr) 

(decreased Cr) and lower Mg/(Mg+Fe) (increased Fe) ratios than their low-Ti 
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counterparts. High Ti-rims and grains are not in equilibrium with the primary 

silicate mineralogy. This enrichment in Ti and Fe is considered to be 

cosanguinous with the rare Fe (and Ti, Al, Ca, Na) enrichment in some primary 

silicate minerals (section 5.2.5.4), formation of Ti-rich rims to primary 

metasomatic phlogopites (section 5.3.3.1) and the emplacement of secondary 

metasomatic minerals, which are also Ti-rich (section 5.4). 

5.2.7. Summary Of Primary Silicate Mineral Chemistry 

Several further points outwith the descriptions of the mineral chemistry in 

the proceedings sections are noted. These points are in general applicable to 

all 4 of the primary silicate minerals. 

With 	very few 	exceptions 	(section 	5.2.5) 	mineral 
compositions within each xenolith are homogeneous with 
no core-rim zoning developed to a significant degree above 
error margins imposed by the analytical methods (appendix 
6). It should however, be noted that some clinopyroxenes, 
especially in the medium- and high-temperature groups are 
frequently zoned from core to rims. These rims are 
inevitably fretted and occasionally show considerable 
alteration with the formation of phlogopite and serpentine. 
This zoning is considered to be a late stage alteration effect 
associated with kimberlite magmatism and secondary 
metasomatic effects. 

No compositional zoning has been observed between the 
same mineral phases in any one xenolith, i.e. each mineral 
phase is chemically homogeneous with respect to all other 
grains of the same mineral. This applies also to exsolved 
phases, for example in J134 and J17, garnet exsolution 
lamellae are of the same composition as other garnet grains 
within the respective xenoliths, and similarly their pyroxene 
hosts (orthopyroxene and clinopyroxene respectivly) show 
no compositional variation. This also applies to 
orthopyroxene clinopyroxene and spinel lamellae and their 
host phases. It should be emphasised that this 
compositional homogeneity only applies to the primary 
silicate mineralogy in that distinct chemical differences are 
present between primary mineral chemistry and secondary 
metasomatic mineralogy. (section 5.5.2). 

In general the primary silicate minerals within any one 
xenolith are in chemical equilibrium with each other. This is 
best illustrated within each group because pressure and 
temperature variations between each group change the 
conditions of equilibrium. Such a degree of equilibrium 
indicates that the xenoliths must have been held at their 
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respective pressures and temperatures for a long enough 
time interval to allow their respective chemistry to 
equilibrate. For the DH-xenoliths such a time interval would 
be short due to their high temperatures (1050 to 12500C), 
the time interval would be in accord with, and allow, their 
pressure and temperature conditions to change rapidly in 
association with a rising diapir of kimberlitic magma. 
Similarly medium-temperature xenoliths would equilibrate 
fairly rapidly. Low-T xenoliths, however, would need to be 
held at their equilibration temperature for a considerable 
period of time to allow equilibration to occur, for example 
Ca-Mg would take over iGy to equilibrate over a distance 
of 1mm in clinopyroxene held at a temperature of 900°C 
(Figure 5.20 and Harte and Freer 1982). Trivalent cations 
may have taken considerably longer (Harte et at 1982) to 
equilibrate. This indicates that low-temperature xenoliths 
must have been held at such pressures and temperatures 
for a considerable length of time to allow the degree of 
equilibrium to be achieved. It should, however, be 
remembered that the temperatures of equilibration are close 
to the blocking temperatures for diffusion of most of the 
cations (Harte et al 1982) and that the temperatures now 
seen are probably 'fossil' temperatures. 

The three temperature groups have been shown to have 
distinct chemical parameters. This also applies, although to 
a much lesser degree, between metasomatised and 
non-metasomatised xenoliths. (Mostly CLA-xenoliths for 
which better data are present). 

From the similarities shown by garnet chemistry, it is 
suggested that the CLA-xenoliths may have been derived 
from peridotitic material similar to the CL<35-xenoliths. 

5.3. PRIMARY METASOMATIC MINERALOGY 

In section 2.4.1.3 the primary metasomatic mineralogy of the Jagersfontein 

suite was defined as consisting of phlogopite and edenite with rare rutile, 

Ba-phlogopite and richterite. It was also noted that edenite, richterite, 

Ba-phlogopite and rutile were confined to low-temperature xenoliths, where as 

phlogopite was confined to medium-temperature xenoliths. No primary 

metasomatic mineralogy is present in the high-temperature xeroIiths. The 

chemistry of each of these mineral groups will now be discussed along with a 

discussion of the state of equilibrium with their host mineralogy. 
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5.3.1. Primary Metasomatic Edenite 

Primary metasomatic edenite has been analysed in twelve xenoliths from 

the Jagersfontein suite presently under study, although its presence has been 

noted in three other xenoliths. The edenite forms a tight compositional group 

and is classified as edenite and edenitic hornblende following the classification 

method of Leake (1978), the majority falling within the edenitic hornblende field 

(figures 5.16 and 5.17). All compositions lie within the general formula range of: 

IV Al'6.5-7.1 	'" 	0.9-1.5 

C- 	 Al"03...06  Cr02_03 	M940_45  
Fe001 -0.3 

B- 	 Fe0 1-03 Cal .2-1.7 	Na0 1-06 

A- 	 Na0 6-09 K0002 

It is interesting to note that within the CLA-xenoliths with widely varying 

proportions of primary minerals that all the amphiboles fall within a very 

narrow compositional field. This observation forms part of the declaration of 

the metasomatic origin of these amphiboles (section 3.5.1). In that they all 

have very similar compositions to the amphibole in J134 which shows definite 

evidence of replacement textures (plate 3.2c) with the amphibole replacing 

orthopyroxene. Because of the similarity in composition a similar origin is 

suggested for all the amphiboles. 

The minor elements, Ti, Mn and Ni are all present in amounts less than 0.35 

Wt%. In the DLA-xenolith (J17) Ni and Ti are more abundant (0.94 and 0.47 Wt% 

respectivly) and Mn is lower (0.03 Wt%). Ranges for the other edenites in 

CLA-xenoliths are Ti02  0.01 to 0.2, MnO 0.6 to 0.7, and NiO 0.3 to 0.36 Wt%. 

(0.001 to 0.022, 0.007 to 0.008, and 0.34 to 0.42 cations respectivly). Amongst 

the CLA-xenoliths no obvious variation of these three elements is noted with 

respect to major element trends. However, taking the DLA-xenolith into account 

also suggests that Ti and Ni in the edenite may be increasing with increasing 

bulk Mg/(Mg+Fe). On the whole concentrations of these three elements are 

extremely limited reflecting the lack of variability in major element chemistry. 
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5.3.1.1. Extent of chemical equilibration with the primary mineralogy 

As was discussed in section 5.18, a high degree of textural equilibrium has 

been achieved between the primary metasomatic edenite and the host primary 

mineralogy in all xenoliths with the exception of J134. This section 

complements that discussion and describes the state of chemical equilibrium 

that has been achieved between the same phases. 

Figure 5.18 shows a projection from olivine into the CMAS pyramid along 

the plane CS-MS-A onto which the four xenoliths containing the five phase 

assemblage olivine + orthopyroxene + clinopyroxene + garnet + edenite, have 

been plotted. Tie-lines between the three phases garnet, clinopyroxene and 

edenite are seen to be sub-parellel suggesting a high degree of chemical 

equilibration has been achieved. This is further illustrated in figure 5.19 with 

respect to Fe/Mg ratios in coexisting edenite, garnet and clinopyroxene. 

The degree of chemical equilibrium achieved also gives an indication of the 

age of the metasomatism, since the greater the time span following the 

emplacement of the amphibole, the greater will be the degree of equilibrium 

achieved. Considering the degree of chemical equilibration indicated for these 

xenoliths and the ambient temperatures that these xenoliths appear to have 

equilibrated at, then from diffusion data (Harte et al 1982) (figure 5.20), it is 

suggested that metasomatism must pre-date the incorporation of the xenoliths 

into the kimberlite by at least lOOMy, and by possibly a greater period if all 

available diffusion coefficients are considered (for example Elphick, Ganguly and 

Loomis 1981). it should however, be remembered that these xenoliths may have 

been at high temperatures at the time of metasomatism (although cool enough 

to have allowed exsolution to Occur) and have since re-equilibrated to lower 

temperatures and also that diffusion may have been considerably aided by the 

presence of volatiles. 

The age of the metasomatism will be discussed further in chapter 7 in the 

context of Rb-Sr and Sm-Nd isotope systematics. 

5.3.2. Primary Metasomatic Richterite 

Primary metasomatic richterite has been observed in only one xenolith from 

the Jagersfontein suite (Jil). This xenolith is a richterite spinel dunite and 
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appears to be free of orthopyroxene. The richterite is extremely abundent and 

may have replaced orthopyroxene, thus accounting for its absence. The 

amphibole is classified as a richterite after Leake (1978), (figures 5.16 and 5.17). 

The formula of the richterite is: 

-r 
 I 	 I755 Al  IV " 	0.45 

C 	 AlV1025 Cr010 	M9450 	Fe015  

B 	 Fe013  Ca038 	Na094  

A 	 Na035  K013  

It differs from the edenites (section 5.3.1), essentially in that it contains 

more Na in the B-site at the expense of Ca, and more Si in the T-site in place 

of AIIV.  Thus the exchange: 

[Na B  Si4 T] = [L.
..- 2+a B Al3*TJ 

This is illustrated in figure 5.21 where the edenites themselves show this 

substitution, although to a lesser extent. 

The richterite has achieved a hige degree of textural equilibrium with the 

host mineralogy (section 3.5.2) and, drawing parallels with the edenites, is 

probably also in chemical equilibrium. It is considered that the richterite is not 

a secondary metasomatic amphibole, like the pargasite in J51 (section 3.6.3), 

primarily because of its coarseness and high degree of textural equilibrium, but 

also because primary textured spinel grains contained within one of the 

richterite grains shows no evidence of the typical Ti-Fe enrichment (section 

5.2.6.2 and 5.4.6.3) generally associated with secondary metasomatic effects. 

5.32. Primary Metasomatic Phlogopite 

Primary metasomatic phlogopite occurs in eight xenoliths from the 

Jagersfontein suite. Four of these xenoliths are definitely classified as 

medium-temperature xenoliths on the basis of clinopyroxene chemistry. A 
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further three are of uncertain affinities either because they lack clinopyroxene 

or contain only badly altered clinopyroxene. These three are however, on the 

basis of general mineral chemistry, considered to belong to the CMP-group. 

One further xenolith JJG866 contains both primary metasomatic phlogopite and 

primary metasomatic amphibole that.are both in textural equilibrium with each 

other as well as the host major mineralogy. The phlogopite in this xenolith also 

contained 3.8 Wt% BaO. However, the general mineral chemistry and textural 

associations of this xenolith suggests that it belongs to the CLA-xenolith 

group. This xenolith is discussed separately in section 5.3.5. 

The chemistry of primary metasomatic phlogopites is distinct from that of 

secondary metasomatic phlogopites. this is a feature common to most 

kimberlite pipes (Carswell 1975, Delaney et a/ 1980 and Harte et al 1987). A 

discussion of the chemistry of the different mica types is given in section 5.5. 

The primary metasomatic phlogopites correspond to a general formula 

range of: 

Z-site 	 [SI6AI2] 
Si582_598  

Al1 .94-2.18 

Y-site 	 [M96] 
Al000..008  
TI0034..0096  
Cr0030.01 24 
Mg529..562  
Fe028..044  
M 

X-site 	 [K2] 

K1.76-2.00 
Na0036_01 62 

As such these phlogopites fall relatively close to the ideal phlogopite 

structure with only significant changes in the V-site. No significant flourine 

was detected in any of these phlogopites above the detection limit of the 

electron microprobe (<0.05 Wt%). Barium content is also low in all phlogopites 

(<0.2 Wt%) (excluding JJG866). 

Mg/(Mg+Fe) of the primary metasomatic phlogopites reflect the bulk rock 
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and primary mineral variations. Mg/(Mg+Fe) varies from 92.7 to 95.3. Al/(AJ+Cr) 

varies from 94.3 to 98.5, reflecting the low Cr203  content of the phlogopites. 

State of chemical equilibrium 

It was noted in section 3.5.3, that primary metasomatic phlogopite exhibits 

a high degree of textural equilibrium with the host peridotite minerals. A high 

degree of chemical equilibrium is also seen to have been achieved. This is 

illustrated in an A-F-M plot (figure 5.22), of co-existing primary metasomatic 

phlogopites and primary clinopyroxenes. This is also demonstrated by the 

Mg/Fe ratios of coexisting primary clinopyroxene and primary metasomatic 

phlogopite (figure 5.23). 

In the discussion on the state of equilibration between primary metasomatic 

amphibole and co-existing mineralogy, it was suggested that the emplacement 

of the amphibole must have predated incorporation of the xenoliths into the 

kimberlite by at least lOOMy to allow for the degree of equilibrium established 

(section 5.3.1). The same argument may also be applied to primary metasomatic 

phlogopite-bearing xenoliths (CMP), in that a considerable period of time must 

have elapsed following primary metasomatism. This time interval, however, 

need not be as great as that for amphibole-bearing xenoliths due to the much 

higher temperatures of equilibration presently shown by the CMP-xenoliths The 

presence of volatiles, which would aid diffusion, should also be taken into 

account. 

5.3.3.1. The occurrance of high pleochroic rims to primary metasomatic 

phlogopite 

Several of the primary metasomatic phlogopites in the Jagersfontein suite 

show the presence of disjointed highly pleochroic rims (plate 3.8a). These rims 

are typically richer in Ti and Cr relative to the rest of the phlogopite and show 

chemical features similar to secondary metasomatic phlogopites (see figure 

5.27). These rims are considered to be a late stage alteration effect on the 

primary metasomatic phlogopite occurring after entrainment of the xenoliths 

within the kimberlite and probably during the growth of secondary metasomatic 

phlogopites in these and other xenoliths. The frequent occurrance of this 

enrichment adjacent to grain boundaries in the host mineralogy, which 

themselves may contain secondary alteration products, gives a strong 
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indication of such a relationship; and is a further testament to the infiltration of 

secondary metasomatic fluids along grain boundaries. 

Chemical gradients between the primary phiogopite and these alteration 

rims are extremely sharp with no evidence of chemical zoning up to 5microns 

either side of the boundary. Such a sharp junction would be expected if the rim 

were a late stage event contemporaneous with kirnberlite magmatism, which 

would leave a very short time interval (possibly as little as 4hours, Artyushkov, 

1984) prior to freezing of diffusion at lower temperatures of emplacement. 

5.3.4. Primary Metasomatic Rutile 

Rutile has been identified in only one xenolith from the Jagersfontein suite 

(K7/318). It was noted in section 3.5.4 that the amount present is very minor 

(<0.5% modal) and is not seen in hand specimen at all. The primary mineralogy 

in this xenolith is, on the otherhand, extremely Ti02  poor. (Garnet <0.001 Wt%, 

Clinopyroxene <0.03 Wt%, orthopyroxene <0.01 Wt%). 

In terms of mineral chemistry this xenolith falls within the range of typical 

CL-xenoliths and has a Cr203  content in its garnets of less then 3.5 Wt%. 

Pressure and temperature estimates support the classification of this xenolith. 

The rutile itself contains extensive impurities; 6.68 Wt% FeO; 3.26 Wt% 

Cr203  and 2.64 Wt% MgO. the accuracy of this analyses is uncertain due to two 

possible sources of contamination: 

Exsolution lamellae. Fine lamellae of Al-rich spinel are 
occasionally found in rutiles from kimberlites (Haggerty 
1979 and Harte et a! 1987), and although not optically 
recognised here may have been included in the analyses. 

Alteration products. The rutile is surrounded by a rim of 
perovskite of probable late secondary origin (section 3.6.2 
and 5.4.2). The rutile grains themselves are very small and 
perovskite may have contaminated the analyses. 

The presence of rutile indicates that high concentrations of Ti02  must have 

been occasionally present in the metasomatic agent. 
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5.3.5. Primary Metasomatic Ba-Phlogopite 

Primary metasomatic Ba-phlogopite has been identified in only one xenolith 

in the Jagersfontein suite under study. This phlogopite is distinct from all other 

primary metasomatic phlogopite it that it contains 3.8 Wt% BaO. 

All other primary metasomatic phlogopites contain less than 0.2 Wt% 

BaO. Outwith the BaO content, this phlogopite is similar to all other primary 

metasomatic phlogopites certainly in terms of Mg/(Mg+Fe), Al/(Al+Cr), Ti02  and 
Cr203. However, ALly is considerably higher in this phlogopite and Si and K are 

much lower. Ba2  substitutes into the X-site, in place of K due to similar ionic 
3+ 	

i 	 4+ size. Al 	substitutes into the tetrahedral site replacing Si 	and hence 

balancing the charge. The essential relationship can be summarise as: 

[Ba2 xAl3 1 = [KxSi4 z] 

This same exchange was suggested by Gasper and Wyllie (1982) for 

high-BaO phlogopite in carbonatites. 

Secondary metasomatic phlogopite is also present in this xenolith and 

exhibits a typical secondary metasomatic chemistry (High-Fe,Ti,Cr) (section 

5.5.2). It has a BaO content of <0.1 Wt%. 

Olivine and orthopyroxene are the only other primary mineral phases 

present in this xenolith, neither of which contain even a trace of BaO. Likewise 

the primary metasomatic amphibole contains only trace amounts of BaO. 

Smith, Hervig, Achermand and Dawson (1979) published high quality K/Ba 

data for micas in peridotites. They derived a K/Rb range of 14 to 319 for 

primary metasomatic phlogopites with a mean of 136. The primary 

metasomatic Ba-phlogopite in JJG866 has a KJBa ratio of 3.44, considerably 

lower than their ranges. 

The presence of this mica indicates the presence of Ba-rich metasomatising 

fluids as well as low-Ba fluids. 

This amphibole-Ba-phlogopite harzburgite does, however, present a 

problem. So far there has been a distinct division into two primary 
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metasomatic groups a low-temperature amphibole-bearing group and a 

medium-temperature phlogopite-bearing group. At first glance this xenolith 

appears to breach that separation. Unfortionatly P-I data can not be calculated 

for this xenolith due to mineralogical constraints. However, the orthopyroxene 

in the xenolith does contain exsolution lamellae of spinel and clinopyroxene 

(too thin for quantitative analyses) suggesting affinity with the low-temperature 

group (section 2.4.3). Likewise the amphibole is similar to all other primary 

metasomatic amphiboles whereas the phiogopite is not similar to primary 

metasomatic phlogopites because of its high BaO content. Orthopyroxene 

chemistry (section 5.2.2) also suggests that this xenolith should belong to the 

amphibole bearing (CLA-xenoliths) group, with the Ba-phlogopite being an 

anomalous, although important, constituent. 

5.4. SECONDARY METASOMATIC MINERALS 

In section 2.4.1.4 secondary metasomatic minerals were noted to consist of 

phlogopite, spinel, pargasite, clinopyroxene, orthopyroxene, serpentine and 

perovskite. It was also shown that on the basis of textures, these minerals 

could be classed into various associations. In this section the same ordering 

and classification as used in section 3.6 is used here. 

5.4.1. Serpentine 

No analyses of serpentine and associated minerals (section 3.6.1) has been 

undertaken in this study. 

5.4.2. Perovskite 

Perovskite has been identified forming an alteration rim around primary 

metasomatic rutile in K7/318. In this perovskite (analyses in appendix 1) only 

Na20 and FeO are present as impurities to any significant degree. These are 

probably substituting for CaO (Deer et a! 1966, p422). The presence of 

perovskite with its high CaO content indicates the presence of CaO rich 

component in the secondary metasomatic fluid. This fluid is considered to be 

related to the kimberlite, which itself is rich in CaO (10.21 Wt%, Dawson 1980) 
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5.4.3. Secondary Metasomatic Pargasite 

Secondary metasomatic amphibole has been identified in only one xenolith 

to data (J51 DH-xenolith). The amphibole is classified as a pargasite (Leake 

1978 classification scheme) and has the formula [0=231 of 

Is.1Al
V  

612 1.88 

VI Al 	0.651 
I.' 	 IA 10158 	r0059  

M93555  Fe0446  

B 	 Fe0268  Ca1 647 	Na0085 

A 	 Na0733  K0198  

Compared to the primary metasomatic edenites, it is richer in Al, Fe, and Ti; 

and poorer in Cr, Mg and Si. Ti02  in particular is enriched at 1.55 Wt% (c.f. 

<0.2 Wt% for edenites) This illustrates yet again the coupled Ti-Fe enrichment 

of secondary metasomatic activity. 

5.4.4. The Grain Boundary Association 

This association consists of three assemblages, as described in section 

3.6.4. These are phlogopite; phlogopite+spinel and phlogopite+clinopyroxene. 

The latter two assemblages occur in specific rock types, with phlogopite alone 

being present as a grain boundary mineral throughout the whole suite. It 

should be remembered throughout this section that these secondary 

metasomatic effects represent local equilibria events only and have not 

equilibrated with bulkrock chemistry. 

No discreet chemical distinction has been noted for the different phlogopite 

associations and, within the data set available, considerable overlap is noted 

between the groups. As such they are all considered to have originated from 

the same metasomatic event. Because of the this mica compositions will not 

be discussed separately but under a general heading of secondary phlogopite 

(section 5.4.4.3). 



5.4.4.1. Secondary metasomatic spinel 

Secondary metasomatic spinels are defined as minute spinel grains included 

in secondary metasomatic phlogopite along grain boundaries (section 3.6.42). 

Spinels associated with the products of kelyphatisation will not be discussed 

here (see section 5.4.6.3). This also excludes primary spinels that have 

undergone secondary metasomatic reactions (see section 5.2.6.2). 

These secondary metasomatic grain boundary spinels are confined to CLA-

and CL-xenoliths that contain spinel exsolution lamellae in orthopyroxene. 

Unfortunately, because of their small size (<16microns2) these secondary 

metasomatic spinels are impossible to analyse quantitatively. However, 

qualitative analyses have indicated that they are essentially Al-rich spinels. 

The restricted occurrance of these spinel grains to low-temperature 

exsolution bearing xenoliths (section 3.6.4.4) suggests that they may be being 

produced by the reaction of lamellae bearing orthopyroxenes with the 

metasomatic agent. Spinel reforms in the replacing phlogopite as Al-spinel. 

This perhaps reflects the Al-rich nature of the secondary metasomatic agent 

(section 8.2.2.1) rather than growth of spinel under lower pressure and 

temperature conditions. 

The presence of Al-spinels in xenoliths that also contain primary mineralogy 

Cr-spinel indicates the disequilibrium conditions under which the secondary 

spinels have grown, and that no re-equilibrium occurred after emplacement of 

these spinels prior to freezing of the equilibria. 

5.4.4.2. Secondary metasomatic clinopyroxene 

Secondary metasomatic clinopyroxene appears to be confined to 

CLA-xenoliths. It has been identified as a minor component in many primary 

metasomatic amphibole-bearing (CLA, DIA) xenoliths. Generally it occurs in 

association with secondary metasomatic phlogopite in and around the 

amphibole (section 3.6.4.2). As with the spinels described above, these 

clinopyroxenes are in general difficult to analyse due to their small size. 

However, analyses of secondary clinopyroxenes have been collected from four 

xenoliths, Jil, J30, JJG866 and JJG1790. Only one of these xenoliths contains 



primary clinopyroxene against which intra-rock variations can be assessed. 

In J30, the secondary metasomatic clinopyroxene is richer in Ti, Fe and Mg, 

and poorer in Na, Ca, Cr and Al than the primary clinopyroxene. The 

Mg/(Mg+Fe), Al/(Al+Cr) and Ca/(Ca+Mg) ratios are all lower (90, 62, 44 

respectively, c.f. 93, 65, 50 respectively) than in the primary clinopyroxene. The 

Ti-Fe enriched nature is typical of secondary metasomatic influence in these 

peridotites. This enrichment is also emphasised in the other three xenoliths, all 

of which have h02  contents in the secondary clinopyroxene much higher than 

the general range for clinopyroxene in low-temperature xenoliths (figure 4.24 

and 4.25). As a whole the secondary metasomatic clinopyroxenes show a 

considerable degree of chemical variation, which when it is considered that the 

amphibole in these xenoliths has very similar compositions suggests that the 

metasomatic agent may have varied considerably in composition. This shows 

again the extremely localized nature of secondary metasomatic reactions. 

Because of these localized equilibria, the Ca/(Ca+Mg) ratio of these 

clinopyroxenes is not considered to reflect equilibrium temperature conditions. 

It is suggested that the secondary metasomatic clinopyroxene is being 

produced from the breakdown of primary metasomatic amphibole to phiogopite 

and clinopyroxene. This in its most simplest form requires only the addition of 

K and the removal of Na. A more detailed reaction is given in section 8.2.1.1. 

5.4.4.3. Secondary metasomatic phiogopite 

Secondary metasomatic phlogopite is the only secondary metasomatic 

mineral phase other than serpentine to be present throughout the whole suite 

as a grain boundary mineral. The implications of this widespread occurrance in 

all rock types, regardless of their pressure and temperature estimates is 

discussed in section 8.4. 

It was noted in section 5.4.4 that no significant chemical differences or 

groupings are discernible for phlogopites in the various grain boundary 

associations. Similarly no significant chemical differences or groupings are 

noted for phiogopites from different pressure and temperature regimes or 

petrographic associations. These two observations add considerable support to 

the suggestion that grain boundary phiogopite and its associated minerals are 

a late stage product that have formed following entrainment of all the different 
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Figure 5.24 
- lOOMg/(Mg+Fe) vs. 100AI/(Ai+Cr) for secondary clinopyroxene 

Circles are clinopyroxenes from kelyphitic rims; squares are secondary 
metasomatic clinopyroxenes in the grain boundary association. Ranges 
for primary clinopyroxenes are from figure 5.4. 

Q 
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1 O0Mg/(Mg+F) 

Figure 5.25 - lOOMg/(Mg+Fe) vs Wt% Ti02  for secondary clinopyroxenes 
Symbols as in figure 5.24. Ranges for primary clinopyroxenes are from 
figure 5.5. 
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xenolith types in the kimberlite. 

The formula range for the secondary metasomatic grain boundary 

phlogopites can be summarise as: 

Z-site 	 [Si5AIJ 

Si 44-5.84 
Al 188-264 

Y-site 	 IM 61 
0-0.28 

Ti01 4-0.48 
Cr006_025  
Mg466_568  
Fe032_062  
Mn0 _001  

X-site 	 [K2] 

K1.52-2.00 
Na004501 92 

No significant flourine content was recognised above the detectability and 

error margins of the electron microprobe (see appendix 6). Barium was 

analysed for in several of the phlogopites and was found to be consistently 

less than 0.2 Wt% BaO, even the secondary metasomatic mica occurring in 

JJG866, the Ba-phlogopite-bearing xenolith, only contains 0.1 Wt% 

BaO. Mg/(Mg+Fe) ratios of these phlogopites are relatively low compared to 

primary metasomatic phlogopites: 89.95 to 92.58 (c.f. 92.7 to 95.3). They are 

also richer in Ti02, illustrating again the Fe-Ti-rich nature of secondary 

metasomatism. A detailed account of comparative phlogopite chemistry is 

given in section 5.5. 

Secondary metasomatic phlogopites in the grain boundary association are 

frequently noted to be zoned. The zoning, however, is neither simple nor 

consistent and as such, reflects the localized nature of secondary metasomatic 

reactions and the degree of disequilibrium present, both within individual mica 

grains and between different mica grains. With regards to accurate analyses of 

micas that show zoning, the occurrance of volatile loss from the mica under 

the electron microprobe beam presents a problem. Grains are generally too 

small to allow for moving the beam to a fresh area during the analysis. 

Because of volatile loss there is frequently quite a discrepancy between the 
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totals of micas. Frequently also the discrepancy is greater in the core-rim 

analyses totals than are the differences in the zoning. Hence zoning particularly 

with regards to phiogopites has to be regard with a degree of circumspect. 

Dispite these problems, however, a persistently repeated occurrance is that 

of some exchange involving Al, Mg, Si, Ti, Fe and to a lesser extent Cr between 

cores and rims. K also shows some variation, but is subject to loss by 

volatilisation during the analyses. No systematic variations are observed. For 

example some micas have Ti-Al-rich rims with Si-Mg-Fe-rich cores, whilst 

others show the reverse and have Ti-poor rims. 

In general it is considered that the variations can be summarise in three 

exchange reactions-: 

SiMg = AI Cr 
Mg = Fe 

2SiMg = 2Al"Ti 

These three exchange reactions are suffice to describe most of the 

chemical zoning present in secondary metasomatic micas. 

Fe 3+  has not been calculated for phlogopites, however, it is occasionally 

noted that total Si and Al are insufficient to fill the tetrahedral site, suggesting 

that Fe 3+  may be present, filling the vacancy. 

5.4.5. Secondary Textured Spinels In Association With Secondary metasomatic 

Phiogopite And Primary Clinopyroxene 

This association occurs principally in the medium-temperature xenoliths and 

consists of fine grained spinels around, and frequently within, clinopyroxene 

grains of primary nature showing a degree of secondary metasomatic 

alteration. Unlike the fine grained spinels previously described (section 5.4.4.1), 

these as well as being coarser grained are Cr-rich as opposed to Al-rich. They 

are considered to be forming due to the breakdown of clinopyroxene during 

metasomatism. As was described in section 5.2.3, many of the primary 

mineralogy clinopyroxenes in medium-temperature xenoliths have low 

Al/(AI+Cr) ratios and have high total Al + Cr contents. On the breakdown of the 
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clinopyroxene it seems probable that Cr-spinel is being produced as a product 

taking in the excess liberated Cr. Phlogopite is not always present, but 

serpentine and other associated alteration products always are. The spinels are 

Ti-Fe-rich relative to primary spinels and thus illustrate the typical feature of 

secondary metasomatic action. 

In section 3.5.3, it was noted that in two CMP-xenoliths JJG1723 and 

JJG1795, primary metasomatic phlogopite is replacing primary mineralogy 

clinopyroxene with the production of spinel. This is presently seen in the form 

of a symplectic intergrowth with the primary metasomatic phlogopite (plate 

3.8c,d). The reaction here is considered to essentially be the same although it 

should be noted that the spinels are not Fe-Ti-rich, distinguishing them from 

secondary metasomatic spinels. These reactions are discussed further in 

sections 8.2.2.1 and 8.2.2.2. 

The chemical composition of these spinels does not differ markedly from 

general primary mineralogy spinel compositions other than higher 

Ti-Fe-enrichment. In section 5.4.6.3 spinels in the outermost portions of 

kelyphitic rims are noted to show the same feature and it is suggested that in 

their case, partial equilibrium is occurring allowing the spinels to equilibrate to 

bulk rock compositions. The same may be occurring here in that the spinels 

themselves are not produced as a late stage metasomatic mineral phase in the 

same context as the phlogopite, but are occurring possibly by decompressional 

breakdown whilst in the kimberlite (along with kelyphitic breakdown). The mode 

and time of formation is probably contemporaneous with the breakdown in 

clinopyroxene rims seen in some high (and low) temperature xenoliths; and the 

formation of kelyphitic rims around garnets. 

5.4.6. The Kelyphite Association 

Kelyphitic rims were petrographically described in section 3.6.5. 

Mineralogically the kelyphite is seen to consist of two assemblages (section 

3.6.5.3), an inner anhydrous assemblage of spinel + clinopyroxene + 

orthopyroxene; and an hydrous assemblage of phlogopite + spinel + calcite. In 

this section we shall investigate the mineral chemistry of these phases and 

develop further the discussion given in section 3.6.5.3 on the origin of 

kelyphitic rims. 
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Mineral phases in the kelyphitic rims are generally very fine grained and, 

with the exception of phlogopite and spinet which occasionally forms coarser 

grains, are generally difficult to quantitatively analyse. However, some of the 

finer grained portions of the kelyphitic rims have been successfully analysed. 

The chemistry of these mineral phases shall now be described. 

5.4.6.1. Clinopyroxene 

Clinopyroxene has been quantitavQ1 analysed in kelyphitic rims from three 

xenoliths, one CIA- and two DH-xenoliths. It has been further qualitatively 

identified in another three xenoliths (one each of CL CM, DH) giving a clear 

indication of clinopyroxene in six out of eight of the rims selected for study. 

The quantitative analyses are given in table 5.1 and are plotted in figures 

5.24 and 5.25. As a group there is considerable difference between all four 

analyses despite two of them being from the same xenolith. Element 

concentrations and ratios all lie within the total clinopyroxene range, with the 

exception of the A1203  content, which anomolously high (3.37 to 9.48 Wt%). 

Only one of the xenoliths contains primary mineralogy clinopyroxene, 

against which the kelyphitic clinopyroxene can be compared, this is K7/257 a 

CLA-xenolith. Mg, Mn, Fe and Al are all higher in the kelyphitic clinopyroxene; 

and conversely Si, Cr, Ca, and Na are lower. Hence Ca/(Ca+Mg) and Mg/(Mg+Fe) 

ratios are tower and AI/(Al+Cr) ratio is higher in the kelyphitic clinopyroxene. 

To some degree these values reflect a gradient between the garnet and 

primary clinopyroxene (hostrock). The possibility of chemical gradients in 

kelyphitic rims is further explored in section 5.4.6.3. 

Like the secondary metasomatic clinopyroxenes discussed in section 5.4.4.2, 

the Ca/(Ca+Mg) ratio of these clinopyroxenes is not considered to reflect any 

temperature controlled equilibria, but rather localized chemical equilibria. Such 

localized conditions of equilibrium are illustrated by the two clinopyroxenes 

from JJ01755 (table 5.1). 

5.4.6.2. Orthopyroxene 

Four analyses of orthopyroxene have been collected from kelyphitic rims 

(table 5.2). Of these one has a low total and another appears to be 
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TABLE 5.1 

c*JNOPYROXNES 91 KELYP"rrICRIMS 

k7/257 k7/387 JJG1755a JJG1755b 
S102  5528 49.01 5334 53.45 
102 0.04 0.80 0.22 0.37 
Al20 337 948 5.01 5.51 
Cr203  0.37 0.80 1.75 2.23 
FeO 592 3.82 3.90 2.84 
MnO 0.83 0.18 0.30 0.17 
MgO 17.91 14.82 1793 15.75 
CaO 1712 18.80 16.44 1805 
Na20 0.52 
----------------------------------------------------- 

1.54 1.76 204 

Total 101.36 
----------------------------------------------------- 

99.25 100.65 10041 

M/FM 84.35 87.36 89.20 90.81 
AJAC 83.88 94.69 81.20 71.19 
Ca/Ca+Mg 40.70 47.70 39.73 45.17 

OftIHOPYROXENES IN KELYPH(TIC RIMS 

K7/257 J47 J26 JJG1755 
Si02  50.86 48.30 46.39 46.57 
1102 0.05 0.44 0.40 0.13 
AL203  10.60 10.43 13.00 8.76 
Cr203  1.47 1.26 2.34 2.16 
FeO 8.95 728 5.87 6.12 
MnO 0.49 0.31 0.26 0.33 
MgO 25.77 28.28 22.30 28.93 
CaO 1.53 1.67 ? 7.07 1.97 
Na2O 0.08 0.14 0.18 0.10 

Total 99.79 

--------------------------------------------------------- 

--------------------------------------------------------- 
98.11 97.81 95.08 

M/FM 83.69 87.38 37.13 89.38 

TA&E 5.3 

CALCITE IN kELyp*imc RIMS 

K7/387 JJG1755 
S102  0.05 0.00 
Ti02  0.03 0.00 
A1203  0.07 0.05 
Cr203  0.05 0.00 
FeO 013 0.12 
MgO 0.00 0.14 
CaO 5353 52.37 
Na2O 0.09 0.00 

Total 
-------------------------------- 

54.01 52.68 
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contaminated by clinopyroxene. Dispite this all of the orthopyroxenes show 

essentially the same chemical features. They have low Mg/(Mg+Fe) ratios (83.7 

to 89.4), which lie intermediate between that of garnet and the bulk rock. 

Relative to primary mineralogy orthopyroxene they are all deficient in Si and 

Mg and are richer in Ti, Al, Cr, Fe, Mn, Na and Ca. A1203  shows the highest 

increase, ranging from 8.76 to 13.00 Wt% (c.f. max of 3.34 Wt% in primary 

orthopyroxenes). Again the analyses appear to lie along some sort of chemical 

gradient between the garnet and the host rock. 

5.4.6.3. Spinel 

Spinel in the kelyphitic association is the easiest mineral to analyse 

because of its occasional coarse nature and its high reflectivity. 

A series of traverses were made on spinels accross kelyphitic rims in two 

xenoliths (JJG1761 and JJG178O), traversing perpendicular to the 

garnet-kelyphite interface to the kelyphite-peridotite interface. These analyses 

(appendix 2) and others from kelyphitic rims in further xenoliths analysed at 

random show several points. These are: 

Spinels analysed directly next to the garnet-kelyphite 
interface have Al/(AI+Cr) and Mg/(Mg+Fe) ratios that reflect 
those of the garnet. Hence spinels adjacent to garnets are 
aluminous figure 5.26. 

Spinels directly adjacent to the garnet have low T102  
contents. In this low-Ti respect they are similar to primary 
mineralogy spinels that have not undergone secondary 
metasomatism. (section 5.2.6.1). 

With increasing distance from the garnet-kelyphite interface 
towards the kelyphite-peridotite interface the AI/(AI+Cr) 
ratio decreases, so that spinels in the outer most portion of 
the kelyphitic rim are Cr-spinels and have Cr and Al 
contents similar to primary spinels. Mg/(Mg+Fe) likewise 
also decreases to more normal values. 

With increasing distance from the garnet Ti02  content 
increases. Spinels surrounded totally 	by the brown 
fibrous anhydrous portion of the kelyphitic assemblage 
retain low-Ti contents of less than 1 Wt% However, spinels 
in the hydrous portion of the kelyphitic rim, surrounded by 
secondary metasomatic phlogopite show a dramatic 
increase in T102  content with values up to 4.15 Wt%. 
Calculated Fe203  content also increases (figure 5.13). In this 
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respect spinels outwith the anhydrous portion of the 
kelyphitic rim are more akin to primary mineralogy spinels 
that have undergone secondary metasomatic enrichment in 
Fe and Ti (section 5.2.6.2). 

These four points which are summarised in the sketch section in figure 3.1, 

are considered important to any discussion on the genesis of kelyphitic rims. 

Such origins are discussed in section 5.4.6.6. 

5.46.4. Phiogopite 

In section 3.6.5.3 it was noted that kelyphitic rims could be divided into 

anhydrous and hydrous rims. The hydrous portion of the rim is that furthest 

away 	from 	the 	garnet, 	comprising 	the 	assemblage 

phlogopite+calcite+spinel,with phlogopite being the most abundant mineral. 

The general range of mineral formula can be summarised as: 

Z-site 	 [Si6AI2] 
Si .44-5.96 
Al 2.04-256 

Y-site 	 [M 6] 
Al 0.0-0.34 

Ti0 09-044 
Cr009...036  
Mg408_438  

Fe042058  
Mn0 0020 026 

X-site 	 [K2] 
Na0 04-1 .64 
K164_194  

Mg/(Mg+Fe) ranges from 89.67 to 91.58; and Al/(Al+Cr) from 88.4 to 96.2. In 

all chemical parameters, the phlogopites show considerable overlap with other 

secondary metasomatic phlogopites. To a greater extent they are 

indistinguishable from them, other than a repeated trend of lower Al/(Al+Cr) 

values in the kelyphitic associated phlogopites (c.f. 90.6 to 96.5 in grain 

boundary associated phlogopites, section 5.4.4.3). 



A 
A 	 —A 

90 	 A 

- 	A---A- 	 LA 

Jis . 	
A 

e 
A-A 

80 	
A 

4 	 -A 8 
. 75 A— 	 A 

A 
65 A 

A 

20 	 40 	 60 	 eO 	100 

1 OOAW) K  inw 

Figure 5.26 - Spinet compositions. Al/(Al+Ct)spinej vs. Al/(Al+Cr)garnet. Circles-
low-Ti primary spinels; filled triangles- Low-Ti kelyphitic spinels; open 
triangles- high-Ti kelyphitic spinels. Tielines join coexisting spinels in 
kelyphitic rims together, arrow indicates increasing distance from garnet. 



Because of similarities in mineral chemistry the kelyphite associated 

phlogopites are considered to originate from the same metasomatic agent as 

the grain boundary associated phlogopites. This is supported by petrographic 

evidence where there is no textural difference between kelyphitic and grain 

boundary phlogopites. 

Like the grain boundary phlogopites, there is occasionally insuffice total Al 

3+ and Si to fill the tetrahedral site suggesting the presence of Fe . Ti contents 

are also high. Flourine content is minor (<0.1 Wt%) and because of wide error 

margins was not routinely analysed for. 

The phlogopite in the kelyphitic association is frequently zoned. Zoning 

appears to be more systematic than that in the grain boundary phlogopites, 

possibly because of consistent sampling of the products from the same 

localized reaction. Although it should be remembered that some of the 

phlogopite can be petrographically shown to belong to reactions associated 

with the surrounding primary mineralogy. However, only phlogopites directly 

adjacent to the kelyphite are being considered here. Phlogopites closest to the 

kelyphite are generally richer in Al and Cr, and poorer in Mg. No regular 

systematic variation of Mg/(Mg+Fe) or Al/(Al+Cr) is indicated. Phlogopite 

adjacent to the kelyphite is also poor is Si, suggesting a relationship of: 

[Al'Cr] = [SiMg] 

These secondary kelyphite associated phlogopites are compared with other 

types in section 5.5.2. 

5.4.6.5. Calcite 

Calcite is noted petrographically in the hydrous portion of many kelyphitic 

rims (section 3.6.5.2). However, grain sizes are very small, and calcite commonly 

forms very narrow lath shap ed crystals along the cleavage of kelyphitic 

associated phlogopite grains. 

From the eight xenoliths studied, only two calcite analyses were 

successfully obtained. These are given in table 5.3. They lie fairly close to pure 

calcite with only minor traces of other oxides, mostly FeO, being present to any 
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degree as an impurity. 

The presence of calcite in these rims is important as it indicates the 

presence of CO2  in the secondary metasomatic agent. 

5.4.6.6. Discussion 

From section 3.6.5.3, it is seen that kelyphitic rims can be petrographically 

divided into 2 distinct mineralogical zones. 

A 2 stage formation of kelyphitic rims is proposed here with initially the 

garnet breaking down, under essentially isochemical conditions, to spinet and 

two pyroxenes; followed by a metasomatic stage with the two pyroxenes being 

replaced by phlogopite and calcite. Kelyphatisation is essentially summarised as 

follows: 

Xenoliths disrupted from walls of kimberlite conduit in the 
mantle at shallow depths and mixed with those derived. On 
ascending, the xenoliths leave the garnet peridotite stability 
field and enter the spinet peridotite field. 

Garnet breaks down to Al-orthopyroxene, Al-clinopyroxene 
and Al spinet. Outer portions of the kelyphite coarsen. This 
stage is dominantly isochemical although some Na20 has to 
be added (possibly produced from simultaineous breakdown 
of clinopyroxene else where in the xenoliths, [section 
3.6.5.3]). 

At the same time, spinels in the outer most portions of the 
kelyphitic rim equilibrate to bulk rock compositions 
producing Cr-spinel and generating a Cr-Al gradient 
throughout the kelyphitic rim. This gradient is demonstrated 
essentially by spinet compositions, but is also suggested b 
the silicate minerals (section 5.4.6.1 and 5.4.6.2). 

Metasomatic fluids infiltrate the xenolith along grain 
boundaries, producing grain boundary assemblages in many 
xenoliths and, more often, react with the 2 pyroxene 
assemblage in the garnet kelyphite. The pyroxenes are 
replaced by phlogopite and to a lesser degree calcite. The 
spinels in the outer part of the anhydrous rim are, on being 
surrounded by secondary metasomatic phlogopite, enriched 
in Ti and Fe, (analogous to the Fe-Ti-enrichment of primary 
spinels, section 5.2.6.2). Some garnets have the 
two-pyroxene rim totally replaced, others appear to lack the 
secondary 	metasomatic 	stage 	(and 	associated 
Fe-Ti-enrichment), possibly due to armouring of the garnets 



by olivine. 

It would seem probable that events 7 and '3' (comprising the stage I 

reaction), were still occurring during event '4' (stage II). In some xenoliths the 

phlogopite .s breaking down to chlorite. 

Although the stage II reaction is considered to be essentially isochemical, 

the need to add Na20 should be noted. This necessity has also been noted by 

other workers who also advocate isochemical changes (Lock and Dawson, 1980, 

Reid and Dawson, 1972). Ehrenberg (1982) suggested that Na20 may be 

provided by the breakdown of clinopyroxene. It should be noted that 

clinopyroxene in these xenoliths commonly show alteration rims (sections 5.2.7 

and 3.2.1.1) and that some of these clinopyroxenes appear to have lost a large 

proportion of Na20 from their rims. Kelyphatisation would form an ideal sink for 

this liberated Na20. 

The reactions involved in kelyphite formation are described in section 

8.2.1.2. 

5.5. COMPARATIVE CHEMISTRY OF PHLOGOPITES 

The mineral chemistry of primary metasomatic and secondary metasomatic 

phlogopites are described in sections 5.3.3, 5.4.4.3 and 5.4.6.4. In this section 

we shall consider the chemical differences between the different mica groups. 

5.5.1. Previous Research 

In the mid 1970s it was realised that phlogopite in peridotite xenoliths could 

be divided into two distinct petrographic groups: a primary textured and a 

secondary textured group. Carswell (1975) published a study in which a 

distinction was made petrographically and chemically between primary and 

secondary generations of phlogopite. Boyd and Nixon (1978) made a similar 

distinction between 'mantle-derived' and 'late-stage' phlogopites from xenoliths 

in the Kimberley pipes. This work was considerably advanced by Delaney, 

Smith, Carswell and Dawson (1980) in part 2 of their study of micas from 

kimberlites and xenoliths. From their work and later work on the Matsoku 
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xenoliths (section 6.5.3 and references therein), it has become apparent that 

there are distinct chemical differences as well as petrographic differences 

between primary and secondary textured micas. This section deals only with 

the chemical differences, petrographic differences are discussed in sections 

3.5.3 and 3.6.4.1. 

If phlogopites from a whole range of localities are compared , then 

distinctions between primary and secondary generations are impaired, however, 

when pipes are treated as individuals the distinctions become much clearer. 

The distinctions in all these papers mentioned can be summarise as below: 

Primary textured micas (hereon referred to as primary metasomatic micas), 

have low Ti and Cr; and lower Fe Contents than secondary textured micas 

(secondary metasomatic micas), and high Mg and Si contents. Secondary 

metasomatic micas show the reverse. This distinctions are best illustrated in 

plots of Ti02  and Al/(Al+Cr) against Mg/(Mg+Fe). 

These parameters are plotted in figures 5.27a and b for phlogopites from 

Jagersfontein. These are compared with phlogopites from other kimberlite 

pipes in figures 5.28a and b. 

5.5.2. Chemical Variations In Phlogopites From .Jagersfontein 

Phlogopites from Jagersfontein are plotted in figures 5.27. Primary 

metasomatic and secondary metasomatic phlogopites fall into two distinct 

groups. Primary metasomatic phlogopites are charactorised by low contents of 

Ti02  (<1.13 Wt%) and low Cr203  contents, reflected by high Al/(AI+Cr) ratios, 

and high Mg/(Mg+Fe) ratios reflecting both low Fe contents and high MgO 

contents. 

Secondary metasomatic phlogopites show the reverse trends and have high 

Ti02  contents (0.9 to 4.1Wt %), lower Al/(Al+Cr) ratios reflecting a higher Cr203  

content and lower Mg/(Mg+Fe) ratios. As noted in section 5.4.4.3, some 

secondary phlogopites also probably contain Fe3  in the tetrahedral site. 

Primary phlogopites appear to be Fe3  free. 

Although these oxides and ratios are convenient for differentiating between 

the different groups, other chemical differences, although not as striking, are 
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from the Jagersfontein peridotites. Circles are primary metasomatic; 
triangles are secondary metasomatic phiogopites in the grain boundary 
association; diamonds are secondary metasomatic phlogopites from 
kelyphitic rims; squares are alteration rims to primary metasomatic 
phiogopites; stars are phiogopites from the Jagersfontein kimberlite. 
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Table 5.4 

Element Primary verses secondary Grain boundary verses kelyphite 

SI4  

------------------------------------------------------------------------

Much lower in secondary Same ranges 
micas, with little 
overlap 

Al generally lower than primary similar range 
secondary micas extend to 
lower values 

AIVI lower in primary micas similar range 

Ti much lower in primary micas similar range 
little overlap 

Cr 3+ lower in primary micas higher content in kelyphite 

Mg 2+ 
 higher in primary micas Generally lower in kelyphite 

Fe 2+ 
	 lower in primary micas 

some overlap 

Mn 2+ 
	 No significant differences 

kelyphite tend to be higher 

no significant difference 
secondary tend towards 
lower values 

Na 	 similar ranges, some 
kelyphites are Na-richer 

but with considerable overlap 

similar ranges 

higher in kelyphite 

similar ranges 

kelyphite tend to higher 
values 



M. 
also present. These are summarised in table 5.4. In section 5.4.6.6 it was 

considered that grain boundary and kelyphitic micas reflect different localized 

reactions involving essentially the same metasomatic agent. Differences 

between them can probably be attributed to the chemistry of the mineral phase 

being replaced. This is shown with kelyphitic phlogopites. These are generally 

richer in Cr, Al and Mn than other micas probably due to them being derived 

from a source itself rich in such elements. 

The equilibria between primary and secondary phiogopites can essentially 

be summarised as: 

[SiMg] = [Al'Cr] 
[Mg] = [Fe] 

[2SiMg] = [2AIIVT1] 

The three equilibria describe the essential differences between primary and 

secondary metasomatic micas with primary metasomatic micas being to the 

left. 

From the composition of the mica types and the mineral phases that they 

are seen to be replacing it is possible to calculate replacement reactions and 

suggest possible constraints for the compositions of the metasomatic agents. 

This is further investigated in section 8.2.1.2. 

5.6. SUMMARY 

In summery it can be seen that the petrographic distinctions discussed in 

chapter 4 are considerably substantiated by mineral chemistry. The major 

points can be summarise as follows: 

1. Primary silicate mineral chemistry is seen to be different for 
the 3 temperature groups. This is particularly well illustrated 
by garnet and clinopyroxene chemistry. Chemical equilibrium 
has been achieved in the majority of xenoliths. Any mineral 
zoning present can be attributed to late stage metasomatic 
effects associated with the kimberlite ascension and 
eruption. 
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Primary metasomatic minerals differ little in chemistry 
between the species present and are all (excluding the 
rutile) relatively Ti-poor. Primary metasomatic edenite and 
phlogopite are shown to be in a high degree of chemical 
equilibrium with their host major mineralogy. No zoning is 
present in any of the primary metasomatic mineral phases. 
It is considered that around lOOMy must have elapsed from 
emplacement of the metasomatic minerals to eruption of 
the kimberlite, to allow the high degree of equilibration to 
be achieved. The presence of these minerals indicates an 
infiltration into the rock of a fluid rich in K, Al, Na, Fe, (Ti), 
(Ca) and H20. More precise chemical parameters are given 
in section 8.2.1.2. 

Secondary metasomatic minerals are distinguishable in 
terms of mineral chemistry from the primary metasomatic 
and primary mineralogies. All secondary metasomatic 
minerals are enriched in Fe and Ti. The minerals are not in 
chemical equilibrium with the host mineralogy. All 
secondary metasomatic micas are considered to have a 
common origin, with chemical variations in them reflecting 
localized reactions and equilibria. Zoning is common in 
secondary metasomatic micas illustrating their high degree 
of disequilibrium. 

Mineral chemistry supports a 2 stage formation of kelyphitic 
rims, with an essentially isochemical first stage producing 
an anhydrous assemblage which is being replaced by a 
hydrous second stage event. The latter being related to 
secondary metasomatic mineralisation. Both stages are 
considered to be occurring after incorporation of all xenolith 
types in the ascending kimberlite. Local equilibria between 
garnet-kelyphite and garnet-bulk rock (shown by spinel) are 
seen to have been established prior to the hydrous stage. 

Secondary metasomatic enrichment, dominently of Ti and 
Fe, is evident in the rims of primary spinels, the rims of 
primary metasomatic phiogopites, Cr-rich spinels in the 
stage I products of kelyphatisation, and rarely in the rims of 
primary silicate minerals. 

In the next chapter, xenoliths from the Matsoku pipe, Lesotho will be 

described, drawing much on information derived from previous research as well 

as from the authors own work. These results will be compared and constrasted 

with the data from Jagersfontein, which forms the bulk of this thesis, in 

chapter 8. 



CHAPTER 6 

PERIDOTITE XENOLITHS FROM THE MATSOKU KIMBERLITE PIPE 

6.1. INTRODUCTION 

The Matsoku kimberlite pipe was discovered during an extensive exploration 

program by Col. J. Scott (Scott No 21 pipe) between 1955 and 1963. It was 

subsequently noted by Nixon, Knorring and Rooke (1963), Meaton (1966) and 

Dawson (1968). In 1968 a joint expedition from the Universities of Edinburgh 

and Cape Town visited the pipe to collect ultramafic xenoliths (LBM 1-54). The 

pipe was visited again in 1972 by Gurney and others (LBM 55-80), and in 1973 

following the Ist  international Kimberlite Conference in Cape Town (Samples up 

to LBM 172). 

6.1.1. Location And Description 

Mathias and Rickwood (1969) and Cox, Gurney and Harte (1973) provide 

details of the location and appearance of the Matsoku pipe. 

The location of the pipe is given as 290  05' S : 240  44' 30" S in an area of 

northern Lesotho rich in kimberlites, between the Lipitsaneng and Matsoku 

rivers. The outcrop height is around 2840 metres. The shape of the pipe is 

described as being roughly oval 90m by 35m and is intruded into Drakenburg 

lavas. The long axis of the pipe strikes N-S. The pipe is noted for a high 

volume, size and variety of xenoliths, ranging from locally derived material to 

deep crustal material and ultra-mafic xenoliths. The average xenolithic content 

of the pipe is given as 20-30%, although in places is up to 50%. The pipe is 

diamond bearing (Meaton 1966), although despite considerable pitting, is not 

worked for its diamond content. Like the Jagersfontein pipe, the Matsoku pipe 

lies towards the margins of the Transvaal Craton. Its location is shown in figure 

1.1. 



6.1.2. Previous Research 

A considerable amount of petrographical and geochemical data had already 

been collected and published prior to the author commencing work on the 

garnet-peridotite xenoliths from Matsoku. The previous research is summarised 

below. 

Mathias et a/(1969) published an initial study of the xenoliths collected in 

1968, giving details of modal mineral contents of the xenoliths and some 

chemical parameters for minerals derived by X-ray diffraction analyses. The 

occurrence of rutile and Fe-oxides were noted in several of the xenoliths. 

Phlogopite, noted in LBM 22 was considered to be secondary. 

This work was considerably extended by Cox, Gurney and Harte (1973), 

Harte, Cox and Gurney (1975), and Gurney, Harte and Cox (1975), who, in 

addition to petrographic features, reported bulkrock and mineral chemistry for 

many of the xenoliths. The following account summarises the findings of these 

three papers. 

On the basis of texture the xenoliths were divided into 3 groups: 

A group of coarse grained xenoliths. Some of these 
xenoliths showed minor recrystallisation, dominantly of 
olivine, along grain boundaries. Others showed banding 
caused by variations in the modal mineralogy. On the basis 
of petrographic and chemical features this banding was 
considered to be cumulitic. 

A group of flaser xenoliths. These were considered to show 
an extension of the deformation and recrystallisation 
features seen in the coarse xenoliths. They presented a 
foliated structure defined by bands of recrystaltisation 
interspersed with coarser grains. Banding of a similar nature 
to that seen in the coarse xenoliths was also evident in 
some xenoliths, and was occasionally seen to be cut across 
by the foliated structure. 

A group of even-textured xenoliths. These were 
characterised by a more uniform grain size (<3mm) than in 
the other groups. Strain was rarely present in the 
mineralogy, although occasionally preferred orientation of 
tabular crystals was evident. A second phase of 
recrystallisation was present in some of the xenoliths. 
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A cycle of solid state deformation, recrystallisation and grain growth was 

suggested for the evolution of these three xenolith types. It was concluded that 

this process preceeded kimberlite eruption, although it was difficult to decide 

whether it was linked to widespread mantle deformation, or to localised 

deformation perhaps in association with igneous (possibly kimberlitic) activity. 

The mineralogy of the xenoliths was divided into three groups-: 

A primary mineralogy consisting of the subsolidus products 
of equilibration from an original igneous event. 

A primary metasomatic mineralogy of ilmenite, rutile, 
phlogopite and various sulphides (IRPS-mineralogy of Harte 
et 8/(1987)), with equilibrium textural relationships with the 
primary mineralogy. This mineralogy was considered to 
pre-date the kimberlite eruption. 

A late secondary mineralogy (secondary metasomatic). This 
mineralogy was considered to be associated with the 
incorporation of the xenoliths into the kimberlite magma 
during eruption. This mineralogy was not discussed further. 

The major textural features of xenoliths showing primary metasomatic 

mineralisation were summised as-: 

A finer grain size in association with the primary 
metasomatic mineralogy. 

The presence of clear and cloudy orthopyroxenes, with no 
significant chemical variations between the two types, 
(narrow beam electron microprobe analyses). 

The presence of spongy garnets. 

The presence of "pools" of tiny crystals of pyroxene and 
garnet. 

The recrystallisation in these xenoliths, producing the finer grain size, was 

considered to have occured as a consequence of the metasomatism. 

In terms of bulkrock chemistry; Al, Fe, Ca, Na, Mn and Ti were all seen to 

increase regularly with decreasing Mg/(Mg+Fe). Non-banded coarse xenoliths 

were noted to have Mg-rich compositions. Metasomatised xenoliths were seen 
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to be enriched in Ti. 

Mineral chemistry showed that a considerable degree of chemical 

equilibration had occurred leading to regular sympathetic variations between 

Mg/(Mg+Fe) and Cr, Ti, Na and Ni between the xenoliths. All of the minerals 

were seen to be homogenous in composition, except for some coarse garnets 

which had Cr-rich cores. The high-Ti content of some minerals was suggested 

to be related to primary metasomatic activity. 

Pressure and temperature estimates derived from mineral chemistry, 

suggested that all of the xenoliths were derived from a restricted volume of 

the upper mantle. 

Finally it was suggested that some igneous event, perhaps related to the 

Karoo magmatism, had formed the banded cumulate rocks; and that subsequent 

metamorphism, and in some cases metasomatism, had taken place. The latter 

two process were considered to possibly have a close time relationship with 

kimberlite magmatism, and that metasomatism may have occurred as a result 

of the infiltration of material derived from a magma generating kimberlite at 

depth. Metasomatism was considered to be the last event to have affected the 

xenoliths prior to their incorporation into the kimberlite and subsequent 

eruption. 

Harte and Gurney (1975), Harte, Cox and Gurney (1977) and Harte, 

Winterburn and Gurney (1987) published work on the extended suite of 

xenoliths up to LBM 172. All three of these papers were biased towards 

metasomatic and intrusive magmatic phenomena present in the Matsoku 

xenoliths. Primary metasomatism had previously been noted by Harte et al 

(1975), however, the presence of intrusive magmatic features had only 

previously been hinted at (Harte Cox and Gurney, 1975). In LBM 38 it was 

suggested that an igneous contact between a clinopyroxene-poor and a 

clinopyroxene-rich rock was present and that the clinopyroxene-rich portion 

had undergone metasomatism. In the extended collection, such intrusive 

magmatic features have become considerably more apparent. 

Since Harte et a! (1987) summarises much of the previous research 

presented in Harte at a! (1975) and Harte et a! (1977), then summaries of the 

papers shall not be presented here. In addition to summarising the previous 

work undertaken on the Matsoku xenoliths, Harte at a! (1987) also include some 
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of the authors own work as well as a more detailed consideration of data 

previously collected. This work shall be summarised, with additions from the 

authors own research undertaken on the xenoliths after submission of this 

paper. 

One of the important points to remember when discussing the magmatic, 

metasomatic and enrichment phenomena in the Matsoku xenoliths is that 

pressures and temperatures calculated from mineral chemistry, indicate that the 

Matsoku xenoliths have been derived from a relativly small volume of the upper 

mantle (Temperature= 975°C+50 and Pressure= 35kbars4-3), and that extensive 

chemical and textural equilibriation has occurred at these pressures and 

temperatures. 

6.2. PETROGRAPHY 

On the basis of the presence, absence or type of magmatic and 

metasomatic features, the xenoliths can be petrographically divided into four 

groups. 

Non -meta somatised and intrusion free xenoliths. 

Pyroxene-rich sheet-bearing xenoliths. 

Modally metasomatised xenoliths (IRPS-bearing) 

Garnet-rich vein-bearing xenoliths 

6.2.1. Non-Metasomatised And Intrusion Free Xenoliths 

This group contains coarse grained xenoliths (plate 6.1a,b), porphyroclastic 

xenoliths (plate 6.1c) (previously refered to as 'flaser'), xenoliths intermediate 

between these 2 groups, and granuloblastic xenoliths (previously refered to as 

'even textured'). Within the group coarse textured xenoliths are dominant, 

Harte et aI(1987). 

The mineralogy of the xenoliths is dominated by olivine and orthopyroxene 

with minor amounts of garnet and clinopyroxene. In this respect they are 

similar to many other xenolith suites. The coarse grained xenoliths are defined 

as common coarse peridotite, they have modal proportions of: Olivine 45 - 75 
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%, Orthopyroxene 20 - 50 %, Clinopyroxene 0 - 7.5%, and Garnet 0 - 11 %, 

Harte et a/(1987). 

6.2.2. Pyroxene-Rich Sheet-Bearing Xenoliths 

Pyroxene-rich sheet bearing xenoliths (plate 6.2) are considered to 

represent an igneous intrusive event within the mantle, (Harte et at 1975; Harte 

et at 1987). The origin of the pyroxene-rich sheets and the possible 

relationships to the primary metasomatic phenomena and garnet-rich veins, are 

discussed in sections 6.9 and 8.6.2.4. As a foundation to this further work by 

the author, a detailed summary of the petrography of the pyroxene-rich sheets 

is presented. This summary draws mainly on the work of Harte et a/(1975) and 

Harte et a/ (1987). 

Pyroxene-rich sheet bearing xenoliths are xenoliths which show a 

discontinuity in texture and modes, and where typically a band of pyroxene-rich 

material is present within coarse peridotite and the fine grained nature is seen 

not to be associated with deformation. These pyroxene-rich layers are 

considered to represent the crystallised products of an incursion of melt into 

solid rock. The pyroxene-rich intrusion has sharp contacts with the wallrock 

which itself typically has modal proportions similar to common coarse 

peridotite. Texturally the wallrock is also similar to common coarse peridotite. 

The grains in the wallrock are usually equant although are occasionally seen to 

be tabular. The pyroxene-rich sheet may cut across the common orientation of 

the tabular grains. A slight amount of recrystallisation and some indication of 

deformation may also be present in the wallrock, although not enough to merit 

the wallrock being classified as porphyroclastic. On a grainsize scale the 

contact between the wallrock and the pyroxene-rich sheet may appear irregular 

and it may be difficult to distinguish the exact location of the boundary on a 

grain scale, if only relatively fine grains are present in the wallrock. 

Occasionally coarse garnets have been truncated (plate 6.2b) or modified to a 

poikoblastic nature where they would have originally projected into the 

pyroxene-rich sheet from the wallrock. 

The pyroxene-rich sheets themselves range from 1 to 16cm in thickness 

and are generally parallel sided, although rare apo 	do occur. IRPS-minerals 

may also be present in the pyroxene-rich sheets (plate 6.3d). 
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Olivine and orthopyroxene in the pyroxene-rich sheet margins are generally 

fine grained, although towards the interiors of pyroxene-rich sheets the grain 

size may increase up to 2 to 3mm. Orthopyroxene grains in the interiors are 

often cloudy (plate 6.4d) due to the inclusion within them of minute lamellae of 

clinopyroxene, ilmenite, rare phiogopite and possibly Al-Cr-spinel. This 

clouding is vary variable and occasionally gives a zoned appearance to the 

orthopyroxenes. Some of the cloudy grains may look interstitial to other grains. 

Clinopyroxene rarely shows cloudy grains and more often forms granuloblastic 

grains. 

Garnet usually forms rounded to irregular shaped grains which, when 

scarse, take on a more dispersed habit. The garnets show considerable 

kelyphitic replacement. They often form as small aggregates 0.2 to 2.0mm in 

size, with other silicates. A transitionary sequence is seen from coarser garnets 

to poikioblastic garnets and pools (plate 6.4c). 

The thicker pyroxene-rich sheets typically have clinopyroxene-rich margins 

1.2 to 3.5 cm thick, which on average contain: Clinopyroxene 35-60%, 

Orthopyroxene 20-40%, Garnet and Olivine 5-25%. This margin passes rapidly, 

although transitionally into an orthopyroxene dominated interior (40-80% 

orthopyroxene). Clinopyroxene-rich margins are not however, universal. In LBM 

171 the whole pyroxene-rich sheet is clinopyroxene-rich and, at the other 

extreme LBM 88 has no clinopyroxene-rich portion at all and the whole 

pyroxene-rich sheet is like the orthopyroxene-rich interior of many other 

pyroxene-rich sheets. 

Patches, lenticles, foliae or seams (0.5 by 4mm) of clinopyroxene and/or 

garnet and/or olivine often occur within the pyroxene-rich sheets generally 

parallel to the margins of the pyroxene-rich sheets. Occasionally seams of 

garnet are concentrated along the pyroxene-rich sheet margins adjacent to the 

walirock. One xenolith (LBM 99) shows a seam rich in garnet cross cutting a 

pyroxene-rich sheet. Similar textured seams of garnet with subordinate 

clinopyroxene also occur in some coarse common coarse peridotite xenoliths, 

these are described further in section 6.2.4. LBM 90 is notable in containing a 

thick layer (2.5cm) rich in olivine which has a modal composition similar to 

common coarse peridotite. The origin of these pyroxene-rich sheets and their 

genetic relation with the modal metasomatic phenomena are described in 

sections 8.5 and 8.6. 
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6.2.3. Modal Metasomatic Xenoliths And The IRPS-Suite Of Minerals 

The IRPS-suite of minerals consists of the minerals ilmenite, rutile, 

phlogopite and various sulphides (Harte et al 1975, Harte and Gurney 1975). 

Their occurrence ranges from discrete veins (LBM 22, 101) to concentrated 

zones and veinlets (LBM 108, 114) to occasional disseminated grains spread 

apparently randomly throughout a rock. IRPS-minerals, dominently ilmenite, also 

occur within pyroxene-rich sheets (section 6.2.2.3). 

6.2.3.1. Concentrated zones 

Concentrated zones of IRPS-minerals may be either ilmenite dominated 

(LBM 108) or phlogopite and rutile dominated (LBM 114, plate 6.4c). In 

association with the IRPS-minerals the hostrock silicates become locally finer 

grained and generally more orthopyroxene rich. Occasionally veinlets or 

stringers rich in orthopyroxene, garnet and IRPS-minerals also occur. Coarse 

orthopyroxenes in the surrounding hostrock are frequently cloudy (c.f. cloudy 

orthopyroxenes in pyroxene-rich sheets); and frequently large common coarse 

peridotite-type garnets in the hostrock develop poikioblastic rims (c.f. common 

coarse peridotite garnets occurring in the garnet vein situation, and projecting 

garnets from wallrocks into pyroxene-rich sheets) or are occasionally totally 

converted to a poikioblastic nature (LBM 108). 

In general the original common coarse peridotite, now the hostrock, is 

showing various stages of transformation to a finer grained rock containing 2 - 

10% of IRPS-minerals. With the finer grained nature, the ratio of orthopyroxene 

to olivine increases and clinopyroxene and garnet frequently become 

concentrated around the IRPS-mineralogy. Hence it can be summarised that 

emplacement of the IRPS-suite involves much modification of the original 

coarse peridotite in terms of both mineral proportions and texture (and 

chemistry, see sections 6.3.1.3 and 6.4.1). These features suggest that the agent 

responsible for the metasomatism was a silicate melt. 

6.23.2. Discrete IRPS-zones 

These comprise veins rich in IRPS-minerals cutting across common 

peridotite. In one xenolith the silicates in the vein are seen to have modal 

proportions close to that of common coarse peridotites and the vein itself cuts 
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across a common coarse peridotite. The mineral compositions throughout the 

xenolith are very similar and it is suggested that material infilling the veins was 

formed from a mixture of infiltrating melt and original common coarse 

peridotite. 

In porphyroclastic xenoliths, veins both follow the deformed fabric (LBM 

110), and cut across the fabric (LBM 22). The latter xenolith also shows 

randomly dispersed phlogopite grains in the hostrock. 

6.2.3.3. Association of IRPS-minerals with intrusive pyroxene-rich sheets 

IRPS-minerals often occur within pyroxene-rich sheets. Their concentration 

varies from <0.1 modal% (LBM 88, 90, 171) up to 22 modal% (IBM 89). The 

dominant mineral present is always ilmenite, although occasionally local 

concentrations of phlogopite (up to 3 modal%) are present. The IRPS-minerals 

are generally dispersed throughout the pyroxene-rich sheet, although are 

occasionally noted to be concentrated along pyroxene-rich sheet margins. 

In general the IRPS-minerals are confined to within the pyroxene-rich sheet; 

this emphasises even further the contact between the pyroxene-rich sheets 

and the wallrock. In LBM 129 however, IRPS-minerals are seen in the wallrock 

directly adjacent to the pyroxene-rich sheet (plate 6.2d), the pyroxene-rich 

sheet itself contains 16 modal% IRPS-minerals. The occurrence of 

IRPS-minerals outside of the pyroxene-rich sheet suggests that material may 

be moving out of the pyroxene-rich sheets by infiltration. This point is 

pertinent to the discussion on wallrock enrichment in section 6.9.4. 

There is no evidence of textural change associated with the occurrence of 

IRPS-minerals in the pyroxene-rich sheets. This suggests that the minerals are 

probably part of the products of crystallisation of the pyroxene-rich sheets. 

The petrography of the IRPS-minerals along with their mineral chemistry is 

discussed further in section 6.5. 
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6.2.4. Xenoliths Containing Garnet-Rich Veins 

In the Matsoku suite several xenoliths are noted that contain veins rich in 

garnet. These veins have been previously noted by Cox et al (1973), Harte et 8/ 

(1975, 1977, 1987), although no comprehensive study has previously been 

undertaken on them. This section and the complementary chemistry section 

(section 6.4.2) are intended to fill that gap. 

Two xenoliths have been selected for detailed study, these are LBM 122 and 

68. The detailed petrography of LBM 122 will be presented first. This in general 

summarises many of the features seen in xenoliths containing garnet-rich 

veins, the petrography of LBM 68 will then be briefly noted. 

IBM 122 

This xenolith appears to have originally been a typical common coarse 

peridotite, which now contains a vein rich in garnet, some 6mm thick cutting 

across the sample. In hand specimen the vein appears to be a planar sheet-like 

body cutting through the whole sample. The vein splits into 2 veins, 2mm and 

4mm thick, half way across the sample (see figure 6.1), the smaller vein 

running roughly at an angle of 300  to the larger vein. 

The coarse rock away from the garnet-rich veins consists of dominantly 

coarse grained olivine and orthopyroxene, with an average grain size of 2mm. 

Olivines are large and clear and are generally free of inclusions. Orthopyroxene 

grains are likewise coarse and away from the garnet-rich vein are clear. 

However, closer to the vein the orthopyroxenes become cloudy and are filled 

with minor inclusions of ilmenite and clinopyroxene. Directly adjacent to the 

vein the orthopyroxene is full of numerous rounded inclusions of clinopyroxene 

and also lamellae of ilmenite. 

Small (<0.4mm) grains of clinopyroxene are abundant throughout the 

xenolith, generally alone, but occasionally joined up in trails of grains. 

Around the garnet-rich vein, grain size is seen to be considerably reduced 

to around <0.2mm. Such fine grained areas form a continuity between 

discontinuities in the garnet vein. These fine grained areas are generally richer 

in clinopyroxene than other areas of the rock. Small structures akin to 'pools' 

are also noted. 
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Figure 61 
- Tracing of LBM122 showing position of the garnet-rich vein. 

Drawn from hand specimen Insert at 2* scale is from thin-section 
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Two distinct morphologies of garnet are present. In the common coarse 

peridotite areas the garnets are typically coarse grained (2-3mm) and are 

considered to be the original common coarse peridotite garnets. These garnets 

are altering to a poikioblastic nature in their margins (c.f. LBM 108, Harte et al 

1987) and are seen to be full of inclusions of pyroxenes, olivine and ilmenite. 

The sponginess is considered to be a phenomena related to the emplacement 

of the garnet-rich veins. Parts of the spongy rims are surrounded by 

finer-grained areas of pyroxenes and olivine. Secondary metasomatic 

phlogopite, and kelyphite derived spinels are also present. 

The garnets within the veins are considerably finer grained (<1mm) and are 

in general very spongy and messy being mantled by much kelyphitic material. 

These garnets also contain numerous inclusions of silicates, mostly 

clinopyroxene but also orthopyroxene and olivine. Ilmenite is also abundant 

and is dominantly restricted to the vein area. 

Although the vein is not a solid stringer of garnet, the fine spongy garnets 

can be joined together by zones of recrystallisation (and kelyphitic alteration 

material). Some other areas of recrystallisation are also noted in the xenolith 

which do not appear to be related to the garnet vein and may represent the 

onset of recrystallisation to a porphyroclastic nature. 

LBM 68 

Cutting through this xenolith is a vein or stringer rich in garnet. Either side 

of the stringer the rock appears to be typical common coarse peridotite with 

an average grainsize of 2-3mm. Tiny grains of clinopyroxene are present along 

grain boundaries and occasionally form as inclusions in the other silicate 

minerals present. Some orthopyroxenes (up to 2.5cm away from the garnet-rich 

vein) are cloudy and contain abundant lamellae of ilmenite and clinopyroxene. 

Garnets in the common coarse peridotite area have developed typical spongy 

rims. Fine grained areas of recrystallisation are also present some of which 

contain minor amounts of ilmenite. 

The garnet-rich vein is also rich in subordinate amounts of clinopyroxene, 

orthopyroxene and ilmenite. The grainsize of the vein is around 0.2mm and 

much recrystalisation is apparent. 

Overall the textures in LBM 68 and 122 suggest that some agent, probably a 



Plate 6.1 

Coarse Fe-rich peridotite. Abundant clinopyroxene (dark grains) has a well defined cleavage. 

Garnets have typical kelyphitic rims, though phiogopite is absent. In general, compared to the 

Jagersfontein xenoliths, secondary alteration is poorly developed. L8M12, Fe-rich peridotite, 

PPL, Scale bar is 5mm. 

Coarse Mg-rich peridotite. Olivine is notably more abundent than in plate 6.1a, Alteration is 

poorly developed. LBMF 1, Mg-rich peridotite, PPL, Scale bar is 5mm. 

Porphyroclastic-granoblastite A large porphyroclast of orthopyroxene (centre) contains 

exsolution lamellae of garnet, spinel and clinopyroxene, parallel to the (001) cleavage 

direction. This is surrounded by a granoblastic mosaic of olivine, orthopyroxene and 

clinopyroxene, with finer grained spinal and garnet. LBM13, Deformed Mg-rich peridotite, 

PPL, Scale bar Is 5mm. 

Clinopyroxene and phiogopite aggregate in LBM41. The phiogopite is of a primary metasomatic 

origin, though the rest of the xenolith lacks features common to other metasomatised 

xenoliths In the Matsoku suite such as cloudy orthopyroxenes and 'pool' like features. 

LBM4 1, Modally mefasomaf/sec/ xenolith, PPL. Scale bar is 5mm. 
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Plate 8.2 

Xenolith containing pyroxene-rich sheet. The pyroxene-rich sheet lies to the centre of the 

picture, the margin being marked by a string of garnets. The sheet is finer grained than the 

walirock and contains cloudy orthopyroxenes and small garnets. The sheet Is poor in 

IRPS-minerals. LBM17/, pyroene-rich sheet bearing xenolith, PPL, Scale bar is 5mm. 

Xenolith containing pyroxene-rich sheet. The sheet lies to the bottom left of the picture. The 

coarse garnet (centre) lies along the margin of the sheet and has in part been truncated by 

the sheet. This garnet is the garnet described in the garnet zoning section (section 6.4.1.3). 

The sheet notably contains finer grained garnets and is poor in IRPS-minerals. L8M88, 

pvroxene-rich sheet bearing xenolith, PPL, Scale bar is 5mm. 

Xenolith containing pyroxene-rich sheet. The sheet lies to the left of the picture, with the 

margin of the sheet being marked by a region of fractured and considerably altered olivines 

within the wallrock. Sub-parallel strings of garnet are evident within the sheet. LBM119, 

Pyroxene-rich sheet bearing xenolith, PPL, Scale bar is 5mm. 

Xenolith containing pyroxene-rich sheet. The sheet lies to the left of the picture and is rich in 

IRPS-minerals. The finer grained nature of the pyroxene-rich sheet and the presence of 

cloudy orthopyroxenes are also evident. Some 1RPS-minerals also occur in the walirock 

directly adjacent to the pyroxene-rich sheet. LBM 129, pyroxene-rich sheet bearing xenolith, 

PPL, Scale bar is 5mm. 
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Plate 6.3 

Discrete IRPS-rich vein. The vein, which cross-cuts common peridotite is considerably 

enriched in rutile and phiogopite. Some enrichment of pyroxene relative to olivine is also 

apparent. Secondary phlogopite is present in a small fracture running sub-parallel to the 
main vein. LBMFO, Discrete /RPS-rlc/, vein bearing xenolith, PPL. Scale bar is 5mm. 

Discrete IRPS-rich vein. The vein is considerably enriched in rutile and phiogopite as well as 

orthopyroiene and garnet relative to olivine and clinopyroene. The phiogopite Is 

poikioblastic in places. The finer grained nature of the silicates within the areas of 

IRPS -mineraljsatjon should be noted. LB/1422, Discrete /RPS-rich vein bearing xenolith, PPL, 

Scale bar is 5mm. 

C- lAPS-rich zone. This zone shows considerable enrichment of IRPS-minerals, principally 

phiogopite and rutile, as well as garnet. The finer grained nature of the silicates adjacent to 

the IRPS-mineralisation should be noted, as well as the poikioblst,c nature of the phlogopite. 

LBM114, lAPS-rich-zone bearing xenolith, PPL, Scale bar is 5mm. 

d- Pyro*ene-rich sheet interior. Poikioblastic garnets and cloudy orthopyroxenes are present as 

well as abundant ilmenite. L8M89, pyroxene-r/ch sheet, PPL, Scale bar is 5mm. 
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Plate 6.4 

Xenolith containing a garnet-rich vein. Within the garnet-rich vein, which lies to the left of the 

photograph, silicate minerals are seen to be considerably finer grained. An original peridotite 

garnet is present in th the bottom right corner. This garnet is seen to be developing 

poikioblastic rims. L8M68, Xenolith containing a garnet-rich vein, PPL, Scale bar is 2mm. 

Xenolith containing a garnet-rich vein. The vein cuts vertically accross through the centre of 

the photograph. Cloudy orthopyroxenes and the general finer grained nature of material 

within the vein should be noted. Coarse garnets outwith the vein are developing 

poikioblastic rims. LBM 722, Xenolith containing a garnet-rich vein, PPL, Scale bar is 2mm. 

'Pool' like structure. The 'pool' (centre) contains garnet, along with the typical kelyphitic 

alteration products of which spinet is the most prominent; and orthopyroxene. LBM88, 

pyroxone-rich sheet, PPL, Scale bar is 0.5mm. 

Cloudy orthopyroxene. This illustrates the typical clouding seen in orthopyroxene in xenoliths 

from Matsoku which show the effects of magmatism and metasomatism. The clouding is due 

to the presence of lamellas of mainly ilmenite, but also clinopyroxene and rare phiogopite. 

L8M171, pyroxene-rich sheet, PPL, Scale bar is 7mm. 
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silicate melt (by analogy with similar textural features in other xenoliths), has 

infiltrated the xenolith along a plane leaving a recrystallised zone rich in garnet, 

with subordinate ilmenite and clinopyroxene. Some lateral movement of the 

melt away from the vein is suggested by the development of spongy rims to 

garnets in the hostrock common coarse peridotite, (up to 1cm away from the 

vein in thin section). This lateral movement is further supported by mineral 

chemistry. (section 6.4.2). 

6.3. BULKROCK CHEMISTRY 

6.3.1. Major Elements 

6.3.1.1. None modally metasomatised and intrusion free peridotites 

These xenoliths have been divided into three groups on the basis of their 

textures and bulkrock chemistry, (Harte at a! 1987): 

Common coarse peridotites. These typically have depleted 
bulkrock compositions similar to those seen in xenolith 
suites from other kimberlite pipes (c.f. Jagersfontein, section 
4.3.1.8). They all have low contents of Fe, Ti, Al, Ca and Na, 
and have a Mg/(Mg/Fe)bulk  range of 91.8 to 93.0. As such 
they are all Mg-rich, (Harte 1983). 

Fe-rich coarse peridotites and pyroxenites. These have a 
lower Mg/(Mg/Fe) 1 , hence their Fe-rich status, (Harte 
1983). They show wide variations in Al, Ca and Cr which can 
be related to modal mineral variations. For example 
xenoliths or portions of xenoliths containing a high 
proportion of clinopyroxene will also have a high bulkrock 
Ca content. Similarly, xenoliths with a high proportion of 
garnet will have higher Al and Cr contents. Na, K and Ti 
contents are all very low. Many of these samples are 
considered to be cumulates (Harte at at 1975; Gurney et at 
1975; Harte at at 1987). 

Porphyroclastic and granukastic peridotites. Many of these 
xenoliths have modal proportions similar to common coarse 
peridotites. This similarity is reflected in the bulkrock 
compositions of these xenoliths, however, some of these 
xenoliths show a degree of Fe-Ti enrichment. 



6.3.1.2. Pyroxene-rich sheets and wallrocks 

Pyroxene-rich sheets 

To a high degree the bulkrock chemistry of the pyroxene-rich sheets is a 

reflection of their modal mineralogy. Thus pyroxene-rich sheets rich in 

clinopyroxene or clinopyroxene-rich margins to pyroxene-rich sheets all have 

high contents of Ca, Al, Cr and Na reflecting the high diopside content. 

Similarly pyroxene-rich sheets rich in IRPS-minerals (chiefly ilmenite) have low 

bulkrock Mg/(Mg/Fe) in a range similar to Fe-rich xenoliths, but also have 

anomalously high Ti02  contents. However, it should be noted that even 

pyroxene-rich sheets that are free of IRPS-minerals still posess low 

Mg/(Mg/Fe) 1 ) and high Ti02  contents (up to 0.35 Wt%) indicating that the 

silicate minerals must also be rich in Fe and Ti (section 6.4.1.1). 

It should be noted however, that the bulkrock major element compositions 

of the pyroxene-rich sheets are not representative of typical silicate melt 

compositions (A1203  content is too high and MgO is too low). It is possible that 

the pyroxene-rich sheets may represent the product of a liquid-crystal 

segregation (Wilshire et al 1980, Menzies 1983) (section 8.5.3). 

Wallrocks to pyroxene-rich sheets 

The modal mineralogy and textures of walirocks suggests that they are 

typical common coarse peridotites. This suggestion is supported by bulkrock 

chemistry in that Na, Ca and Al are all low, similar to common coarse 

peridotites. However, in harmony with the Fe- and Ti-rich nature of 

pyroxene-rich sheets, the walirocks are enriched in Fe and Ti. This suggests 

that there is an exchange of Fe and Ti occurring across the sheet-wallrock 

interface without, in general, modal metasomatism occurring in the wallrock. 

Although LBM 129 suggests that there may be some movement of melt from 

the pyroxene-rich sheets into the surrounding common coarse peridotite. 



6.3.1.3. Modal metasomatic veins, zones and hostrocks 

Metasomatic veins and zones 

Veins and zones affected by modal metasomatism have a bulkrock major 

element composition which reflects their mineralogy, hence high Fe, Ti and Cr 

contents are all associated with the presence of ilmenite and rutite; and high K 

contents correlate with the presence of phlogopite. 

Hostrocks to metasomatic veins and zones 

The hostrocks to veins and zones, like the wallrocks to pyroxene-rich 

sheets, shows evidence of Fe-Ti enrichment without, in general, the presence 

of modal metasomatism in the actual hostrock. In LBM 22, however, minor 

amounts of primary metasomatic phlogopite are present outwith the discrete 

vein. This phlogopite has the same composition as phlogopite in the vein. 

Bulkrock compositions are otherwise similar to common coarse peridotites. 

6.3.2. Bulkrock Minor Element Chemistry 

Sr. Ba, Ta and Hf distribution in bulkrocks were briefly discussed by Harte et 

al (1987). Sr, Rb and Ba data were gathered by XRF-analyses, Ta and Hf data 

were collected using !NAA by the author. The distribution of these elements is 

shown in figure 6.2. 

Data for the compatible elements Ni, Zn, Cu, V and Co are presented here 

for the first time. The compatible element concentrations are illustrated in 

figure 6.3 along with the total ranges for the Jagersfontein xenoliths (from 

figure 4.6). It should be noted that compatible element concentrations for 

common coarse peridotites, wallrocks and hostrocks all have similar contents 

to the Jagersfontein xenoliths and lie predominantly in the same Mg/(Mg+Fe) 

verses compatible element area. 

6.3.3. Incompatible Minor Elements 
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Figure 6.2 - 100M9/(Mg+Fe) vs. bulk rock Ta, Hf, Ba, Rb and Sr for xenoliths 
from Matsoku. Symbols as in figure 6.3. 



6.3.31. Strontium 

Sr data is available for only one pyroxene-rich sheet (51.7 ppm and one 

modal metasomatised xenolith (39.8 ppm). Data is unfortunatly not available for 

the corresponding wallrocks and hostrocks. However, the hostrock to LBM 22 

lAPS-rich vein has a low Sr content (24.3 ppm) which lies within the same 

range as common coarse peridotites. The latter range from 18-30 ppm, and for 

Fe-rich peridotites from 49-107 ppm. The high content of Sr in the Fe-rich 

peridotites reflects their generally high modal content of clinopyroxene. It is 

interesting to note that the one pyroxene-rich sheet, which contains 23.9 

modal% clinopyroxene (Cox at al 1973), has a lower Sr content than would 

perhaps be expected 

6.3.3.2. Rubidium 

Rb data, like that of Sr, is available for only one pyroxene-rich sheet (4.6 

ppm) and one modal metasomatised xenolith (14.4 ppm). Since Rb is 

concentrated in micas then it is not suprising that these two values are high 

relative to common coarse peridotites and Fe-rich peridotites (n.d.-3.4 ppm), 

since both contain phlogopite. LBM 41, which contains 2 modal% phlogopite 

(Cox at at 1973), has a suprisingly low Rb content of 4.6 ppm. All of these 

xenoliths, with the exception of the IRPS-rich metasomatic zone (2.6 modal% 

phlogopite, Cox at at 1973), lie within the same range as xenoliths with only 

minor alteration from the Jagersfontein peridotites (section 4.3.2.2 ). 

6.3.3.3. Barium 

Ba content varies from 13.1-77.9 ppm in pvroxene-rich  sheets, with no 

distinction between IRPS-rich and IRPS-poor pyroxene-rich sheets. The 

clinopyroxene-rich margins of the pyroxene-rich sheets are generally richer in 

Ba (up to 126 ppm) than the pyroxene-rich sheet interiors. LBM 88 and 90 have 

notably low Ba contents of 19 and 13.1 ppm respectively. IRPS-rich veins and 

zones range from 60-154 ppm. This high content reflects the high 

concentration of mica in these phenomena rather than the clinopyroxene 

variation. Common coarse peridotite and Fe-rich peridotites range from 44-120 

ppm, reflecting clinopyroxene contents. Wallrocks and hostrocks have Ba 



contents ranging from 16-59 ppm and up to 154 ppm in LBM 108. These rocks 

generally have only marginally lower Ba contents than the pyroxene-rich sheet 

or metasomatic vein/zone that they contain. 

6.3.3.4. Hafnium 

Within the peridotite mineralogy, Hf is preferentially incorporated within 

rutile and ilmenite (Weldpohl 1978). This is clearly illustrated in the Matsoku 

xenoliths, where xenoliths containing rutile and ilmenite have high Hf contents 

(1.17 to 10.4 ppm) compared to IRPS-free pyroxene-rich sheets (0.42 to 0.55 

ppm); wallrocks and hostrocks to pyroxene-rich sheets and veins (0.21 to 1.17) 

and common coarse peridotites and Fe-rich peridotites (n.d.). The relatively 

higher concentrations in wallrocks and hostrocks suggests that these rocks 

may have been enriched in Hf (as well as Fe and Ti) from the magmatic and 

metasomatic phenomena. 

6.3.3.5. Tantalum 

Ta is preferentially incorporated into ilmenite (Weldpohl 1978) in the 

peridotite mineralogy. Hence ilmenite bearing veins/zones and pyroxene-rich 

sheets have high Ta contents (0.5 to 16.8 ppm) relative to IRPS-free 

pyroxene-rich sheets (0.33 to 0.62 ppm) and wallrocks and hostrocks (0.07 to 

2.82). Contents in common coarse peridotites and Fe-rich peridotites are low 

(0.08 ppm) suggesting that Ta like Hf may have been enriched in the wallrocks 

and hostrocks to the magmatic and metasomatic phenomena. 

6.3.4. Compatible Minor Elements 

6.3.4.1. Nickel 

Ni partitions preferentially into olivine, where it exchanges for Fe24. 

Xenoliths with common coarse peridotite mineral proportions lie within a 

restricted range of Ni variation (1900-2500 ppm). Olivine poor portions of 

coarse grained layered xenoliths and pyroxene-rich sheets all have low Ni 

contents reflecting the lower total olivine content. 
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6.3.4.2. Zinc 

Zn exchanges with Fe 2+ 
in silicate minerals, such an exchange is illustrated 

well amongst the common coarse peridotite xenoliths, hostrocks and wallrocks. 

These all lie close to the regular trend of increasing Zn with decreasing 

Mg/(Mg+Fe) defined by the Jagersfontein suite. This continues even to the 

extent that LBM 12, an extremely fertile coarse xenolith, lies on a direct 

continuation of the trend at 102 ppm. Coarse grained layered xenoliths, 

pyroxene-rich sheets and metasomatic veins and zones all have lower Zn 

contents relative to their bulkrock Mg/(Mg+Fe) ratios. 

6.3.4.3. Copper 

Copper content divides the suite roughly into 2 groups: 

A group comprising common coarse peridotites, wallrocks, 
hostrocks and coarse Fe-rich peridotites, all of which have 
low Cu contents generally of <20 ppm. 

A group comprising pyroxene-rich sheets and IRPS veins or 
zones, all of which generally contain >20 ppm Cu up to 200 
PPM. 

Although copper content correlates with decreasing Mg/(Mg+Fe) as has 

been demonstrated in the Jagersfontein xenoliths (section 4.3.2.9), the 

overriding control here on Cu content is the presence or absence of sulphides. 

Of the pyroxene-rich sheets which only show minor amounts of 

IRPS-mineralisation, only LBM 88 and 171 have Cu contents similar to sulphide 

free xenoliths. LBM 90, interestingly has a high Cu content on par with 

IRPS-bearing pyroxene-rich sheets indicating the obvious presence of 

substantial sulphide mineralisation. The hostrock to LBM 108, also has a high 

Cu content suggesting the presence of sulphides in the hostrock to the 

metasomatjc zone. 
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6.3.4.4. Vanadium 

V is preferentially incorporated into clinopyroxene where it exchanges for 

Cr3 . This trend is illustrated to a degree by pyroxene-rich sheets rich in 

clinopyroxene and clinopyroxene-rich portions of pyroxene-rich sheets as well 

as clinopyroxene-rich layers in layered Fe-rich coarse xenoliths. All of these 

have high V contents greater than the general trend indicated by common 

coarse peridotites. A clinopyroxene-poor portion of the LBM 90 pyroxene-rich 

sheet and the whole of the LBM 88 pyroxene-rich sheet (which has no 

clinopyroxene-rich portion) have relatively low V contents in the range defined 

by common coarse peridotites. 

6.3.4.5. Cobalt 

Co like Ni substitutes into olivine and shows essentially the same trend, 

with common coarse peridotites, hostrocks, wallrocks and the coarse Fe-rich 

xenolith LBM 12 defining a trend of decreasing Co with decreasing Mg/(Mg+Fe). 

All the other xenoliths or portions of xenoliths generally have lower Co 

contents reflecting their low abundance of olivine. 

63.5. Discussion 

Bulkrock minor compatible element concentrations vary directly as a 

function of mineralogy. Hence Ni and Co are most abundant in olivine rich 

xenoliths or portions of xenoliths (common coarse peridotites, wallrocks, 

hostrocks, LBM 90 olivine-rich portion of a pyroxene-rich sheet interior). 

Copper is most abundant in IRPS-mineral bearing assemblages. Similarly 

incompatible elements are generally linked to mineralogy and Fe-Ti-enrichment. 

No obvious decoupling of major and minor elements similar to that 

identified in the Jagersfontein suite is evident here. However, it should be 

noted that REE do appear to be decoupled from both major and minor element 

chemistry and petrography (section 7.6.1.1 and 7.6.2.1). 



I'R3 
6.4. MINERAL CHEMISTRY 

6.4.1. Major Silicate Mineralogy 

The mineral chemistry of the major silicate mineralogy has been previously 

described by Harte et al (1975, 1977 and 1987). These results, including those 

from four xenoliths analysed by the author (LBM 89, 119, 129 and 171) are 

briefly discussed here along with further work by the author on zoning in 

garnets. 

6.4.1.1. Mg-Fe-Ti variations 

Three points may first be noted: 

Modal metasomatic veins, zones, pyroxene-rich sheets, 
hostrocks and wallrocks are all enriched in Fe relative to 
common coarse peridotites and in Ti relative to common 
coarse peridotites and Fe-rich xenoliths. 

There is generally little Mg-Fe-Ti variation across the 
contacts of pyroxene-rich sheets, metasomatic veins or 
zones with their respective wallrock or hostrock. 

Fe-Ti enrichment in the primary mineralogy endorses the 
bulkrock Fe-Ti enrichment. 

Olivine, orthopyroxene and clinopyroxene show no significant variations in 

Mg, Fe and Ti from within the pyroxene-rich sheets, metasomatic zones or 

veins compared to the wallrock or hostrock (figure 6.4). Garnets within the 

pyroxene-rich sheets, veins or zones also show no significant variation in 

chemistry. However, in the wallrock and hostrock we occasionally see relics of 

original garnet compositions in the cores of coarse garnet grains (figure 6.5). 

These cores, like those in common coarse peridotites, have low Ti and Fe 

contents. The rims of the same garnets, on the otherhand, show a close 

approach to equilibrium with the garnets in the pyroxene-rich sheets, veins or 

zones, except for the garnets in LBM 129 whose rims show enrichment in Fe, 

but Ti contents are more akin to common coarse peridotite contents. Similar 

features are shown by coarse garnets in xenoliths containing garnet-rich veins 
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(section 6.4.2). 

6.4.1.2. Cr-Al-Ca-Na variations 

Orthopyroxene compositions in composite xenoliths are remarkably uniform 

and show little consistent variation above analytical error regardless of their 

situation. 

Clinopyroxenes in pyroxene-rich sheets, veins and zones characteristically 

have higher Al/(AI+Cr) ratios than common coarse peridotites and often lower 

ratios compared to Fe-rich peridotites (figure 6.4). Wallrocks and hostrocks 

have systematically lower Al/(AI+Cr) ratios than the pyroxene-rich sheets or 

veins or zones, although they are often higher than the common coarse 

peridotites. It should be noted that it appears to be Al that is equilibrating in 

this situation and not Cr. No zoning in clinopyroxene chemistry has been noted 

despite a detailed investigation, however, clinopyroxene grains are usually fine 

grained in the wallrocks allowing rapid diffusion throughout the grains. CaO and 

Na20 are in general fairly constant across contacts. 

There are major differences between garnets in veins, pyroxene-rich sheets 

and zones and those in their respective hostrocks and wallrocks (figure 6.5). 

In LBM 108 (metasomatised zone and hostrock) a progressive sequence is 

seen from coarse grained garnets in the hostrock away from the metasomatic 

zone to poikioblastic garnets within the metasomatic zones. With increasing 

degree of modification to a poikioblastic nature, the Al/(AI+Cr) ratio is seen to 

increase. 

In general garnets in wallrocks and hostrocks are strongly zoned. The 

present rims of the these coarse garnets have Al/(AI+Cr) ratios approaching 

equilibrium with those in the pyroxene-rich sheets, veins or zones. Core 

compositions are more akin to garnets in non-metasomatised common coarse 

peridotites. The only Al/(AI+Cr) ratio in a garnet in a wallrock which is identical 

to those in pyroxene-rich sheets is seen in LBM 88. Here a garnet has been 

truncated by the intrusive pyroxene-rich sheet. Directly adjacent to the 

pyroxene-rich sheet the garnet rim has identical Al/(AI+Cr) ratios with garnets 

within the pyroxene-rich sheet itself. 



6.4.1.3. Chemical zoning in garnets 

An attempt has been made to quantify the zoning seen in some of the 

garnets in wallrocks to pyroxene-rich sheets. As mentioned above, in LBM 88 a 

garnet is seen truncated by a pyroxene-rich sheet and has Al/(Al+Cr) ratios at 

the truncated rim the same as those in the pyroxene-rich sheet, whilst its core 

appears to be similar to other cores in having a similar composition to 

common coarse peridotite garnets. A new section was made of a garnet in the 

same situation and was analysed by a series of traverses using spot analyses. 

The results of this initial work are demonstrated in the idealised contour plot in 

figure 6.6, where Al/(Al+Cr) ratios are plotted. The lowest Al/(Al+Cr) ratios in 

the core of this garnet are greater than the cores of garnets elsewhere in the 

walirock suggesting that any original core compositions have been erased 

during or following intrusion of the pyroxene-rich sheet. The greatest 

enrichment of Al (and loss of Cr) occurred where the garnet protruded into the 

pyroxene-rich sheet. Values of Al/(Al+Cr) here are the same as those in the 

pyroxene-rich sheet. Following this initial investigation the same garnet was 

analysed using back scattered electron imageing. This investigation showed the 

garnet zoning to be far more complex than had been originally envisaged from 

the previous work, with Al-rich and Al-poor portions being unevenly distributed 

throughout the garnet. The boundaries between these units were also noted to 

be extremely sharp at around 5 microns rather than being gradational. Two 

scans were taken across some of the sharp boundaries present, these are 

shown in figure 6.7 and 6.8 in a semi-quantitative form. The further study of 

this compositional zoning was considered to be beyond the scope of this 

project and was not pursued further. 

It should be noted, however, that many common coarse peridotite garnets 

are also zoned with respect to Al and Cr, hence the core compositions of 

modified garnets should not be assumed to be the original rim compositions 

prior to metasomatic exchange. 

Unlike clinopyroxene, AI/(Al+Cr) variations in garnet involves the exchange 

of both Al and Cr keeping the Al+Cr total in the garnet constant. The presence 

of zoning in the garnets suggests that perhaps the mobility of Al and Cr are 

restricted otherwise total equilibrium would have been expected to be 

achieved. The mobility of Cr is probably restricted in both clinopyroxene and 

garnet, although it is uncertain whether the greater restriction of Al in garnet 
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reflects greater Al diffusion rates in clinopyroxenes or low rates of Cr diffusion 

in garnets coupled with stoichiometric constraints (Harte et a/ 1987). 

The CaO content of garnet is linked to the Cr content and the two vary 

systematically. Hence as Cr decreases Ca decreases. This results in a net gain 

of Mg and, to a lesser extent Fe to balance the charge. This shows itself as a 

slight shift in Mg/(Mg+Fe) with Al/(Al+Cr) from garnets in pyroxene-rich sheets, 

veins or zones to garnet rims in hostrocks and wallrocks. However, compared 

to the garnet Fe-Ti-Mg core-rim zoning in the wallrocks and hostrocks, this 

variation is insignificant. 

6.4.2. Xenoliths Containing Garnet-Rich Veins 

Clinopyroxene chemistry is shown in figure 6.4a and b. No significant 

differences are seen between clinopyroxenes within the vein and those outside 

the vein, in the coarse peridotite. The Mg/(Mg+Fe) ratios (LBM 68 - 89.7; IBM 

122 - 90.01) of the clinopyroxene fall intermediate between those of the 

common coarse peridotite xenoliths and the Fe-rich peridotites and in this 

sense are similar to pyroxene-rich sheet-bearing and modally metasomatjsed 

xenoliths. Enrichment in Ti02  is also evident (0.41 and 0.32 respectively) and 

again places the xenoliths within the region occupied by metasomatised and 

pyroxene-rich sheet bearing xenoliths. Al/(Al+Cr) ratios lie along the general 

trend shown by clinopyroxenes. There is no significant chemical difference 

between clinopyroxene in the veins and clinopyroxenes in the hostrock. This 

contrasts that of the IRPS-veins and their hostrocks and the pyroxene-rich 

sheets and their wallrocks, where in general the wallrocklhostrock Al/(AI+Cr) 

ratio is usually lower. It should, however, be remembered that clinopyroxene 

grains in these 2 xenoliths are very small (generally <0.2mm), hence chemical 

equilibrium may have been achieved. It should also be remembered that there 

is strong evidence that melt has infiltrated away from the actual vein (spongy 

rims to coarse garnets up to 1cm away from the vein), which would provide 

ample transport for the necessary components. 

Garnets, however, suggest an even stronger link between these xenoliths 

and the other metasoniatjc and enrichment phenomena seen at Matsoku. As 

was noted in section 6.2.4, two types of garnet are evident: coarse grained 

garnets occurring in the hostrock, which have developed spongy rims; and fine 

grained garnets within the actual vein area. Cores of the coarse grained 
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garnets in LBM 68 have low 1102  contents (0.11 Wt%) and thus lie amongst 

typical common coarse peridotite garnets. The spongy rims to the garnet are 

enriched in Ti02  containing 0.47 Wt%. The garnet in the vein contains 0.44 

wt%. All of the garnets in LBM 122 appear to have been enriched in h02. 

Similarly the garnets in both xenoliths have been enriched in Fe throughout. 

Al/(Al+Cr) ratios further support this data. Cores of the coarse garnets have low 

Al/(Al+Cr) ratios (LBM 68 - 84.8, LBM 122 - 84.5) similar to common coarse 

peridotite garnets, the rims to these garnets have higher Al/(Al+Cr) ratios, with 

Al substituting for Cr. Until ultimately the highest Al/(Al+Cr) ratios are found in 

garnets in the vein itself, these being similar to those in pyroxene-rich sheets 

and adjacent to IRPS-minerals in metasomatic veins and zones. 

Hence in terms of clinopyroxene and garnet mineral chemistry and 

petrography these xenoliths are seen to have gross similarities with 

IRPS-bearing xenoliths and pyroxene-rich sheet bearing xenoliths, suggesting 

that all three phenomena are linked to a common origin. This supports the 

suggestion of Harte et a41977, 1987), that garnet rich veins may be related to 

pyroxene-rich sheets and further more that they may represent a low melting 

fraction that has been lost from the pyroxene-rich sheets. 

6.5. THE IRPS-SUITE OF MINERALS 

The IRPS-suite consists of the minerals ilmenite, rutile, phiogopite and 

various sulphides. The chemistry of these 4 mineral species will now be 

described with, where appropriate, a brief note about their textures. 

6.5.1. llmenite 

llmenite has been analysed in a total of 15 xenoliths from the Matsoku 

kimberlite pipe. 12 of these analyses have been previously noted by Harte et sI 

(1975 and 1987). Analyses of ilmenites from all 15 xenoliths are collectively 

presented in appendix 4. These include new data from four xenoliths LBM 59, 

68, 89, and 129. Analyses have also been repeated on some of the xenoliths 

previously analysed. 

Texturally the ilmenite varies from coarse grains (>6mm) to rounded 

inclusions and lamellae in silicates. Ilmenite also occurs as rare fringes around 
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rutile grains (LBM 101, 107). Coarse grained ilmenites occasionally contain 

lamellae of Al-spinel and rare blebs of Ni-Cu-Fe sulphides (see section 6.5.3.4). 

The Al-spinel lamellae are considered to be responsible for much of the 

variation in chemistry seen in the ilmenites. 

All of the ilmenites with the exception of one analyses are MgO-rich 

containing between 11.6 and 17.2 Wt% MgO. As such they lie on the right limb 

of Haggertys' (1976) parabolic curve for ilmenites from kimberlites, when 

plotted against Cr203  (figure 6.9). Although these are considerably more 

enriched in Cr relative to kimberlitic ilmenites. Cr203  content varies from 1.13 

to 4.3 Wt%, with one exceptionally Cr-rich analyses at 7.3 Wt%. One 

exceptional ilmenite with low MgO lies to the left of Haggertys' (1976) parabola 

at 2.89 Wt% MgO. The low MgO content in this analyses is compensated for by 

a high FeO content of 41.5 Wt%. This ilmenite forms as a fringe around an 

rutile grain. 

On the basis of Ti02  and FeOtotai  contents, ilmenites can tentatively be 

divided into two groups, a low-Ti, high-Fe group which consists dominantly of 

ilmenites from within pyroxene-rich sheets; and a high-Ti, low-Fe group which 

contains the majority of ilmenites from within metasomatic veins and zones 

(figure 6.10). The high-Ti grains are commonly associated with abundant rutile. 

Ti02  content varies from 50.9 to 56.8 Wt%. Total Fe calculated as FeO varies 

from 22.9 to 32.1 Wt% (41.5, see above). Calculated FeO/Fe203  contents, based 

on stoichiometric calculations, show FeO varies from 19.7 to 28 Wt% with no 

distinction between any of the ilmenite types being evident. Hence grouping of 

the xenoliths is dependent primarily on Fe203  variations. Fe203  content varies 

from 1.9 to 7.1 Wt%. All of the ilmenites plot roughly along the 

ilmenite-heamitite tieline in the system Ti02-RO-R2O3  (figure 6.11). Tie lines 

between coexisting oxides in this system have been joined for LBM 101 and 

108 A systematic shift in composition is indicated with increasing Fe203. 

Fe3 /Fe2  ratios are low indicating low oxygen fugacities. (Harte et al 1975). 

Oxygen fugacities are further discussed in section 6.7. 

6.5.2. Rutile 

The rutile present in the Matsoku peridotites consists essentially of Ti02  

with minor amounts of Cr, Fe, Mg and Mn substituting into the lattice as well 

as trace amounts of Zr, Nb and Ta. Ti02  content varies from 91.9 to 99.3 Wt%. 
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Cr203  is the major impurity, ranging from 1.01 to 4.39 Wt%, followed by FeO 

(0.08-0.89), A1203  (<0.05-0.51 Wt%), MgO (<0.05-0.43 Wt%) and MnO (<0.05 

Wt%). Contents of Zr and Nb are relatively high at 0.17-0.70 and 0.20-1.11 Wt% 

oxide respectively. Ta205  varies up to 0.07 Wt%. 

Many of the rutile grains contain minute exsolution lamellae of Al-spinel 

with a common orientation or two intersecting orientations. The possibility 

thus arises that many of the analyses of rutile may be contaminated by the 

minute lamellae, hence the high degree of deviation from pure Ti02. Smith and 

Dawson (1975) reported the occurrance of high Cr and Fe rutiles from a variety 

of localities, that cover the range of variation seen here. Some of the Matsoku 

rutiles also posess fringes of Al-spinel and occasionally ilmenite. The chemical 

variation of all the elements except Nb, Zr and Ta is considered to reflect the 

extent to which exsolution of Al-spinel has taken place. 

The chemistry of rutiles in the system Ti02-RO-R203  are seen to vary 

systematically with changes in coexisting Al-spinel and ilmenite (figure 6.11). 

Rutile occasionally contains rounded blebs of complex sulphide 

intergrowths. No perovskite mantles to the rutile are noted in any of the 

Matsoku xenoliths, unlike in the Jagersfontein xenolith (K7/318) (section 3.6.2), 

this reflects the considerable lower degree of secondary alteration in the 

Matsoku xenoliths. 

6.5.3. Phlogopite 

Mathias et al(1969) first reported the occurrence of phlogopite in xenoliths 

from the Matsoku kimberlite pipe, although considered it to be a secondary 

alteration product. Cox et al (1973) and Harte et al (1975, 1987) suggested a 

primary metasomatic origin for the phiogopite in some xenoliths on textural 

grounds, and Harte et al (1975) showed chemical differences between primary 

metasomatic and secondary micas. 

The abundance of secondary metasomatic mica in the Matsoku xenoliths is 

considerably less than in the Jagersfontein suite (section 3.6.4) and is chiefly 

confined to kelyphitic rims or distinct secondary veins cutting across the 

xenolith. Rare scattered grains also occur in some xenoliths. No grain 

boundary assemblages similar to those identified in the Jagersfontein suite are 
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evident here, indeed secondary alteration, in general, is fairly restricted and is 

principally dominated by serpentinisation. 

Primary metasomatic phlogopite has developed a high degree of textural 

equilibrium with the surrounding silicates and rutile. The mica in LBM 41 

although considered to be primary metasomatic occurs in a different situation 

to all other primary micas in the metasomatised xenoliths, because of these 

reasons it is discussed separately in section 6.8. 

The mineral chemistry of micas from peridotite xenoliths has been reviewed 

in section 5.5. Data for the Matsoku micas are plotted in figure 6.12 and figure 

5.28a,b with micas from other localities. Broadly speaking the same trends are 

seen in these micas as were described for the Jagersfontein micas in section 

5.5.2. Thus primary micas are dominated by low Ti and Cr compositions and 

secondary micas generally have high-Ti and Fe contents. Kelyphitic micas have 

the highest Cr contents, reflecting their derivation from garnet. The secondary 

metasomatic micas at Matsoku do however, cover a wide range of Ti02  

contents and occupy a similar Mg/(Mg+Fe) range as the primary metasomatic 

micas, thus it is only in Al/(Al+Cr) that the various mica compositions are 

distinguished. 

6.5.4. Sulphides 

Grains of primary metasomatic sulphides occur in all of the IRPS-suite 

bearing xenoliths, although generally in very minor amounts (<1 modal%). 

Sulphides were briefly described in Harte et al (1975) and Harte at al (1987). 

Herein is presented further petrographic notes and analyses of sulphides from 

four IRPS-mineral-bearing xenoliths. LBM 22 and 101 (rutile + phiogopite 

discrete veins); and LBM 89 and 129 (pyroxene-rich sheets with abundant 

ilmenite) 

The sulphides are present in these xenoliths as minute (<.1mm) rounded 

blebs. These blebs either occur along grain boundaries or as inclusions within 

silicates or other IRPS-minerals. When examined under reflected light they are 

seen to consist of complex flame-like intergrowths of pyrrhotite and 

pentlandite surrounded by a rim of chalcopyrite which is not intergrown with 

the bulk pyrrhotite and pentlandite areas. The chalcopyrite occasionally 

contains minute lamellae that are too thin to analyse. Chalcopyrite itself also 



t 

forms lamellae, these lamellae are occasionally noted in the pentlandite. The 

presence of the latter would account for the occassional occurrence of high-Cu 

pentlandite due to contamination. 

The chemical composition of the sulphide minerals from the four xenoliths 

are given in table 6.1 and are plotted in the Cu-Ni-Fe-S system in figure 6.13 

(taken at 500°C). 

Phase relationships in this system have been studied at 1 atmosphere and 

up to 1000°C. No high pressure work on sulphide phases has yet been 

undertaken. However, Bishop, Smith and Dawson (1979) considered that 

because the density differences between the minerals concerned and their 

melts were small then these 1 atmosphere relationships were probably still 

applicable at higher pressures. 

From textural associations and mineral chemistry, phase equilibria studies 

can be applied to the sulphide blebs which suggest a cooling history for the 

sulphides. It can be assumed from the shape of the blebs that they probably 

started out as a single liquid at temperatures in excess of 1000°C, for example 

1150°C for a 1.5 Cu, 55.5 Fe, 4.5 Ni, 38.5 S ( Wt%) mixture (Craig and Kullerad, 

1969). It should be noted however, that the presence of magnetite would 

depress the melting temperature (by 130°C with 15 Wt% magnatite), this may 

be an important factor considering the presence of ilmenite in all four of these 

xenoliths and especially the close association of sulphides and ilmenite in some 

of the xenoliths. 

At around 1000°C this melt would segregate out into a Cu-rich melt and a 

monosuiphide solid solution phase (M),  Bishop et a! (1979). At temperatures 

above 850°C the Cu-rich melt would crystallise giving chalcopyrite. This lower 

temperature crystallisation of chalcopyrite following immiscible separation 

would explain the clear cut, smoothly curving boundaries that occur between 

the chalcopyrite and the other sulphide phases. With decreasing temperature 

the stability field of MSS  shrinks until it totally disappears at around 200°C to 

give pentlandite and pyrrhotite (and pyrite in some cases), although none has 

been detected here). Any Cu present in the MSS  would be exsolved long before 

such temperatures were reached, the solubility of Cu in MSS  being less than 1% 

at even 500°C. (Craig and Vaughan 1981). 

Textures suggest that the breakdown of the MSS  was rapid and occurred at 
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Table 8.1 

Sulphide analyses 

LBM89 LBM89 LBM89 

Fe 31.70 31.42 6368 
Ni .52 2.81 .23 
Cu 33.52 31.06 .18 
S 33.95 33.58 35.57 

Total 99.68 98.74 99.67 

LBM89 LBM89 LBM22 

Fe 37.69 39.99 49.44 
Ni 26.33 25.53 10.70 
Cu 2.81 .11 .02 
S 32.77 33.11 38.59 

Total 99.59 98.88 98.75 

LBM129 LBM129 LBM129 

Fe 50.78 64.21 39.36 
Ni 11.02 .30 18.19 
Cu .29 .07 3.48 
Co .34 .05 .40 
S 34.76 34.69 34.13 

Total 97.19 99.32 95.56 

LBM129 LBM101 LBM101 

Fe 46.56 57.23 30.28 
Ni 14.55 1.57 33.45 
Cu 1.02 .05 .07 
Co .36 .19 .80 
S 34.42 38.06 33.31 

Total 95.91 97.10 97.91 
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such low temperatures that diffusion was too slow to allow for proper 

separation of the pentlandite and pyrrhotite, thus accounting for the intimate 

flame like intergrowths. By this stage any Cu present would have been 

exsolved giving minute exsolution lamellae of chalcopyrite. The presence of 

such lamellae are indicated from electron microprobe work, although are too 

small to quantitatively analyse and are generally optically irresolvable. 

Although the blebs are of a primary metasomatic or magmatic origin, the 

breakdown of the MSS  is considered to have occurred during the ascent of the 

xenoliths to the surface. Equilibration temperatures for the xenoliths of around 

1000°C would allow the MSS  to remain as a single solid solution phase whilst in 

the mantle. The breakdown of the M,s  phase during ascent in the kimberlite 

would be accounted for by rapid cooling and hence the formation of flame 

textures. 

In terms of analyses within the suite, LBM 89, for which most analyses are 

presented, is seen to have reached an end member situation with the 3-phase 

assemblage of chalcopyrite-pyrrhotite-pentlandite being present (Figure 6.13). 

LBM 101 is likewise seen to have reached the same stage, although data are 

not available for the chalcopyrite. LBM 22 has provided only one reasonable 

analysis, this is determined as a Ni-Fe sulphide which lies within the M., field. 

According to phase relationships (Craig and Vaughan 1981), this phase should 

have decomposed to pyrite and pentlandite at around 400°C. Since exsolution 

is considered to be active down to at least 100°C (Tsai, Shieh and Meyer, 1979) 

then either quenching was so rapid that no exsolution occurred or exsolution is 

present on such a fine scale that it is irresolvable by either optical or electron 

microprobe analyses. Separated chalcopyrite is present in this sample. LBM 

129, in addition to near end member pyrrhotite also contains a Ms, phase 

(unstable below 300°C to give pentlandite and pyrrhotite) and 2 other 

compositions intermediate between pentlandite and pyrrhotite. These latter 2 

analyses are considered to be contaminated analyses. 

The presence of sulphides in the suite as a crystallised primary 

metasomatic mineral phase from a silicate melt is quite feasible dispite the 

general acceptance of sulphide-silicate melt immiscibility. MacLean (1969) 

demonstrated that although sulphide-silicate melts are immiscible (in the 

FeS-FeO-Fe2O3-5102  system), considerable amounts of sulphide (up to 16%) 

could reside in the silicate melt as a dissolved phase. 
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Sulphide minerals are present in other xenolith suites, although in general 

have been poorly documented. In the Jagersfontein xenoliths (section 3.7.1), 

much of the sulphide mineralisation present is considered, on the basis of 

textural associations, to have a primary origin, although evidence for primary 

and secondary metasomatic sulphides is present (for example the sulphide 

blebs in the primary metasomatic richterite in Jil.) Sulphide minerals have also 

been identified (pentlandite and pyrrhotite) in metasomatised xenoliths from the 

Bultfontein suite (Erlank et al 1987), however, textures and mineral chemistry 

are not described. 

The presence of sulphides in these xenoliths indicates that the metasomatic 

agent in the Matsoku suite was sulphur-bearing and contained a significant 

content of copper (this is also demonstrated by the xenolith bulkrock chemistry 

in section 6.3.4.3). 

66. SPINEL 

Spinel is present as a minor mineral in many of the Matsoku xenoliths, 

generally being present in the kelyphitic association as a secondary mineral 

phase. No data on spinet chemistry has been published to date. 

In the Matsoku suite spinel is seen to occur in three distinct forms: 

Primary textured spinet. This occurs very rarely in the 
Matsoku suite to the extent that analyses are available for 
only 3 xenoliths, LBM 13, 29 and 41. In LBM 13 the spinet 
occurs both as exsolution lamellae within coarse 
porphyroclastic grains and as grains within the 
granuloblastic areas surrounding the porphyroclasts (plate 
6.1d). No major chemical differences are noted between the 
two occurences of the spinet (similar to the situation at 
Jagersfontein especially for the DLA xenolith J17, section 
3.4.1). In LBM 29 the spinet occurs as coarse grains spread 
out along the grain boundaries between the silicate 
minerals. The spinel grains are in the order of 0.5mm in 
size. In LBM 41 (section 6.8) the spinet occurs as grains (0.1 
to 1mm) associated with aggregates of phlogopite and 
clinopyroxene. 

As secondary textured grains in the kelyphitic association. 
These spinels are generally fine grained and occur as 
minute grains (<0.1mm) in the fine grained crystallisation 
products of kelyphitisation and in secondary phiogopite also 
present in the kelyphite association. These spinels and the 
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associated kelyphitic products are considered to form in the 
same way as those in the Jagersfontein suite (section 3.5.6 
and 5.4.6.6). 

3. As exsolution lamellae in primary metasomatic ilmenite and 
rutile grains and as rare fringes around rutile in 
IRPS-bearing xenoliths. The exsolution lamellae are 
generally too small for quantitative analyses, although two 
analyses have recorded for LBM 101 and 22. 

Mineral chemistry for the spinels from the Matsoku xenoliths are plotted in 

figures 6.14, 6.15 and 6.16. The data has been plotted against a background of 

data from the Jagersfontein xenoliths (low-Ti data from figures 5.10, 5.11 and 

5.12). 

The 3 primary spinel analyses differ considerably from each other in 

chemistry. LBM 41 is the most Cr-rich spinel in the suite (Al/(Al+Cr) 15.3) which 

is also in line with the Cr-rich nature of clinopyroxene and phlogopite in this 

xenolith. The spinel composition lies within the area defined by the 

Jagersfontein CMP-xenoliths with regards to Al-Cr variations. This spinel is 

however, considerably richer in Fe 2+ 
and Ti (2.37 Wt%) than the Jagersfontein 

CMP-group spinels. Although it is uncertain whether this reflects some aspect 

of the Fe-Ti-rich nature of metasomatism at Matsoku, bearing in mind that this 

xenolith has little in similarity to the IRPS-bearing xenoliths, or whether it may 

be an artifact of secondary alteration as is suggested for the high-Ti spinels 

from Jagersfontein. LBM 29 spinel, on the other hand, corresponds with the 

most Al- and Mg-rich primary spinels from Jagersfontein (Al/(Al+Cr) 55, 

Mg/(Mg+Fe) 74, Ti02 0.06 Wt%). 

In LBM 13 grains in the granuloblastic area and exsolution lamellae in the 

porphyroclasts have similar compositions indicating a high degree of chemical 

equilibrium to have been achieved. These spinels are, however, extremely 

Al-rich, placing them in a field in which kimberlitic peridotite spinels are rare 

(Al/(Al+Cr)=72), (Haggerty, 1979). Garnet and clinopyroxene in this xenolith also 

have high Al/(Al+Cr) values (94.6 and 86.0 respectively) suggesting a high 

bulkrock AI/(Al+Cr) ratio for this xenolith, which is further reflected by the 

spinel chemistry. 

Kelyphitic spinels are dominantly aluminous (Al/(Al+Cr)= 55-98.7) and, with 

the exception of 3 grains, all contain less than 1 Wt% h02. This places the 



$tont&n 
ri KS1YPhItIC 

5 
	

10 

J690r.foiit1j,, 

Low-TI Primary 

. 

A13  

215 

Figure 6.14 - Cr3  vs. A13 
 for spinels from the Matsoku peridotites. Symbols -: circles-

spinels in the kelyphite association; diamonds_spinei exsolutjon 
lamellae in rutile; Squares-primary spinel grains. Fields for 
Jagersfontei low-Ti primary and kelyphitic spinels taken from figure 5.10. 



IA
1  

 

Low-TI PVI.S,y 

2 

J•qsrsfoAt•lA 	.. 

1 
	 Low-TI k•IyphftIc 

a 

3 	 4 	 5 	 6 	 7 	 8 

Mg 
24 

Figure 6.15 - Fe 2+ 
vs. Mg 2+ 

for spinels from the Matsoku peridotites. Ranges 
for Jagersfonte,n low-Ti spinels from figure 5.12. Symbols as in figure 
6.14. 

Key 

a 	Primary Tsxtur.d Grains 

30 ExsOlv.d In Ruthe 

K&ypi'ijtjc AssocIst.d 

U. 

- 	 J*0r.fs4d•Iul 
Low-TI k.ypj 10 	S. 	

• 
 

Low-TI Primary 

-------------------- 

20 	40 	60 

Fe 
24 
 I(Fe24+Mg2) 

Figure 6.16 - 	 vs. Fe2/(Fe2++Mg2+) for spinels. Ranges for 
the Jagersfontej,, low-Ti spinels from figure 5.11. 

216 



217 

spinels in the same field as the low-Ti, "primary" kelyphitic spinel seen in the 

Jagersfontein xenoliths. The kelyphitic association at Matsoku is not as well 

developed compared to the Jagersfontein xenoliths due to the considerable 

lower degree of secondary alteration. No detailed work was undertaken on the 

kelyphitic rims at Matsoku because of this reason. The absence of secondary 

metasomatic activity almost certainly accounts for the absence of high-Ti 

kelyphitic spinels. Analyses of kelyphitic spinels occurring in the pools within 

pyroxene-rich sheets and IRPS-bearing zones show a considerably wider 

spread of data than do spinels around coarse garnets. The total compositional 

range of low-Ti kelyphitic spinels totally envelopes and extends the range of 

those from Jagersfontein. 

Spinet lamellae occurring within rutile and ilmenite grains have been 

determined qualitatively to be Al-rich. Exsolution lamellae have been analysed 

in two xenoliths, LBM 101 and LBM 22, where they occur in rutile and ,in LBM 

22, as fringes surrounding rutile. Both analyses have identical Al/(Al+Cr) ratios 

of 77 and differ only in Mg/(Mg+Fe) (57 and 71 respectively), and Ti02  content 

(4.9 and 3.17 Wt% respectively) such that Ti and Fe2  are enriched together. 

The spinet lamellae in LBM 101 were used to calculate an oxygen fugacity for 

this xenolith (along with coexisting ilmenite), this is discussed in section 6.7. 

Overall spinel chemistry shows no significant deviations from the chemical 

trends reported for the Jagersfontein xenoliths in section 5.2.6, other than the 

presence of lamellae in ilmenite, which are not seen at the latter locality 

6.7. OXYGEN FUGACITY STUDIES 

Harte and Gurney (1975), suggested, on the basis of Fe2  /Fe 3  ratios in 

ilmenite from the IRPS-suite that oxygen fugacity in these xenoliths would be 

low. 

This suggestion has been confirmed by calculated oxygen fugacities from a 

co-existing ilmenite-spinel pair in LBM 101. Using the method of Spencer and 

Lindsley (1981) co-existing spinel-ilmenite pairs in LBM 101 give an oxygen 

fugacity of logo 02 = -15.44 at a temperature of 1000°C. this places the 

sample between the magnetite-wustite and iron-wustite buffers at 1 kbar and, 

if pressure corrections are applied to 30kbars (Haggerty and Tompkins 1983) 

places the couple just below the iron-wustite buffer. 
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The Fe3  /Fe 2 ' ratio of the ilmenite in this xenolith is 0.157. The range of all 

other ilmenites in the Matsoku xenoliths varies from from 0.072 to 0.328. This 

suggests a quite restricted variation in the oxygen fugacity between the various 

samples. However, ilmenites from pyroxene-rich sheets generally have higher 

Fe3  /Fe 2  ratios than those from metasomatised xenoliths. 

It is uncertain, however, whether these calculated oxygen fugacities 

represent conditions at the time of the igneous intrusive and metasomatic 

events or whether they represent post-event subsolidus reduction-oxidation 

reactions. An oxygen fugacity buffered by the iron-wustite buffer has been 

calculated for depleted xenoliths from alkali basalts. Haggerty et al (1983) 

suggested that such low oxygen fugacities represented a perched horizon in 

the upper mantle sandwiched between the moho and the asthenosphere and 

that the low fugacity was the result of considerable depletion by volcanic 

activity. 

6.8. IBM 41 

LBM 41 was selected for further study because, although it contains primary 

metasomatic phlogopite, it lacks many features shown by other modally 

metasomatised xenoliths from the Matsoku suite, such as cloudy 

orthopyroxenes or zones of recrystallisation. This sample was first noted by 

Mathias at a/ (1969), who described the xenolith as a garnet-free pyroxenite. 

The xenolith received little further attention until Harte at a/(1987) gave a brief 

description of the xenolith and presented chemical analyses of the phlogopite. 

All electron microprobe work undertaken on this xenolith was carried out by 

the author. 

6.8.1. Petrography 

The xenolith is coarse grained and consists principally of orthopyroxene 

(79.6 modal%), with subordinate amounts of olivine (12.2 modal%), 

clinopyroxene (6.1 modal%) and phlogopite (2 modal%) (Cox at al 1973), very 

minor garnet is also present (<<0.5mm2  in 3900mm2). The phlogopite, which 

shows a high degree of textural equilibrium with the host mineralogy, forms 

intimate aggregates with clinopyroxene up to 5mm across (plate 6.1c). No 

ilmenite, sulphide or rutile appear to be present. Spinel also occurs in the 
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phlogopite and clinopyroxene aggregates, generally forming minute grains 

(<01mm), although rare coarse grains up to 1mm are also present. Some of 

the orthopyroxene grains have cloudy interiors, although this is considered to 

be a function of fracturing and secondary alteration rather than having any 

affinity with the cloudness shown by orthopyroxenes in the IRPS-suite. 

6.8.2. Mineral Chemistry 

Mineral chemistry separates this xenolith even further from the Matsoku 

suite and especially so from the IRPS-suite of xenoliths. Olivine and 

orthopyroxene, having typically restricted chemistry, fall within the ranges of all 

the other xenoliths. No data is available for the garnet because it occurs in a 

section unsuitable for electron microprobe analyses. Clinopyroxene, however, 

has an unusual chemistry. Mg/(Mg+Fe) ratio (figure 6.4) places the xenolith 

intermediate between the fertile and depleted fields of xenoliths in the same 

region occupied by pyroxene-rich sheet-bearing and metasomatised xenoliths. 

Ti02  content (0.25 wt%) falls, however, intermediate between the coarse 

peridotites and the pyroxene-rich sheet-bearing and metasomatised xenolith 

range. Al/(Al+Cr) ratio is very low at 50.0, the clinopyroxene being extremely 

Cr-rich. 

This xenolith shows many similarities in composition to the Jagersfontein 

medium-temperature, phlogopite-bearing xenoliths (CMP-group, section 5.2.7.2). 

The odd compositions of the clinopyroxenes in the CMP-xenoliths is considered 

to reflect, to a degree, the lack of exsolution. If similar was happening in LBM 

41, then in the first instance it would account for the almost near lack of 

garnet. However, on the other hand no evidence is available, other than the 

close spatial association, to suggest that the phlogopite is replacing the 

clinopyroxene, as is suggested in the Jagersfontein xenoliths. Indeed textures 

suggest that phlogopite and clinopyroxene aggregates may have replaced some 

other mineral phase (olivine or garnet). The association in this respect is similar 

to some of the phlogopite and clinopyroxene aggregates seen in some of the 

metasomatised xenoliths from the Bultfontein suite (Erlank and Rickard, 1977; 

Erlank et al 1987) 

The origin of the phlogopite and clinopyroxene aggregates in LBM 41 is 

uncertain. Certainly the xenolith does not appear to belong to the IRPS-bearing 

suite of xenoliths. The possibility exists that this xenolith may have recorded 
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some other metasomatic event, perhaps of a similar type to that seen in the 

Jagersfontein and Bultfontein xenoliths. The origin of this xenolith are further 

discussed in section 8.5.2 and 8.6.2.8. 

6.9. DISCUSSION 

In the Matsoku suite there is a wide range of xenolith types, some of these 

xenoliths are composite xenoliths and show several different features within 

one xenolith. The presence of these composite xenoliths allows us to assess 

some of the field relationships between the different xenolith types. It should 

be remembered that a close spatial association for all the xenoliths is indicated 

by calculated pressures and temperatures, petrographic features and similarities 

in mineral chemistry. 

6.9.1. Field Relationships 

Harte et at (1987) suggested possible field relationships in the mantle 

beneath Matsoku as sampled by the kimberlite. These relationships are 

summarised below with additions from the authors work. 

The principle country rock dominating the rock volume is 
probably common coarse peridotite with depleted bulkrock 
chemistry characteristics. In this respect the sampled 
volume is similar to that from other kimberlite suites. 

In close proximity to the common coarse peridotites are a 
series of Fe-rich coarse peridotites and pyroxenites. These 
are occasionally layered and are suggested to have a 
cumulitic origin. The spatial relationship between the 
common coarse peridotites and the Fe-rich peridotites and 
pyroxenites is uncertain. 

Some of the common coarse peridotites have been 
deformed and undergone grain growth to give 
porphyroclastic textured peridotites. The distribution of the 
porphyroclastic xenoliths with regards to the common 
coarse peridotites is uncertain, although intermixing of the 
coarse and porphyroclastic types in the volume measured 
suggests that deformation may be occurring in localised 
zones. Deformation is rare in the Fe-rich peridotites and 
pyroxenites. This is possibly due to either the spatial 
distribution of the stress or resistance to stress caused by 
the olivine-poor nature of many of these samples. 

Some of the deformed xenoliths have undergone much 
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grain growth to yield granuloblastic types. The relationship 
between these and the other xenoliths is uncertain. 

Cutting through the common coarse peridotites are a series 
of intrusive sheets of a pyroxene-rich nature. In addition to 
fairly regular pyroxene-rich sheets, some more irregular 
injection complexes are present. There is no evidence of 
any deformation event having affected the pyroxene-rich 
sheets. However, there is no evidence of a pyroxene-rich 
sheet cross cutting the deformed fabric in a porphyroclastic 
xenolith either. 

Locally coarse peridotites and porphyroclastites have zones 
and veinlets cutting through them which are rich in 
IRPS-minerals. These zones and veins show varying degrees 
of modification of the host peridotite. Occasionally very 
discreet veins are seen cross cutting the deformed fabric in 
porphyroclastic xenoliths. 

Locally garnet-rich veins also occur cutting through coarse 
peridotite. Like the IRPS-veins these also involve 
modification of the host peridotite with much 
recrystallisation of the immediate host and enrichment in 
garnet, orthopyroxene and clinopyroxene at the expense of 
olivine. Similar garnet veins and stringers also occur in 
pyroxene-rich sheets and the 2 phenomena are considered 
to be related. Garnet rich stringers in one xenolith are seen 
to cross cut a pyroxene-rich sheet (LBM 99). 

The enrichment of orthopyroxene occasionally with clinopyroxene and/or 

garnet with respect to divine in the metasomatised xenoliths; and the 

enrichment of garnet and orthopyroxene and clinopyroxene in the garnet veins 

and stringers with respect to olivine, suggests that the infiltrating fluid 

responsible for these phenomena was a silicate melt. Since some of the 

pyroxene-rich sheets also contain IRPS-minerals (restricted to the 

pyroxene-rich sheets) and also occasionally contain stringers of garnet which 

may be concentrated along the margins of the pyroxene-rich sheets, then it is 

suggested that the magmatic event giving rise to the pyroxene-rich sheets was 

also responsible for the modal metasomatism and the garnet veining. 

Furthermore some xenoliths show injection complexes where there appears to 

be a transition between clear cut pyroxene-rich sheets and modal metasomatic 

phenomena (Harte at al, 1987). 
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6.9.2. Pyroxene-Rich Sheets 

In this thesis the pyroxene-rich sheets are considered to be the crystallised 

products of an igneous intrusive event and to have undergone magmatic 

processes such as flow differentiation (section 8.5.5.2) and considerable 

fractional crystallisation. Some of these processes are outlined in the following 

chapter on the basis of REE data and are given in a fuller account in chapter 8, 

where magmatic and metasomatic processes are considered. The formation of 

the pyroxene-rich sheets will not be further considered in this chapter. 

6.9.3. Modal Metasomatism 

In the Matsoku xenoliths modal metasomatism is manifested by the 

development of the IRPS-suite of minerals. In order to create these minerals in 

the xenoliths we need to add significant quantities of certain chemical 

components for example Ti, K, S. Zr, Nb, Ta and Hf into the xenoliths, most of 

which have depleted compositions. The scale of influx of these components 

suggests that chemical potential differences can not be the driving mechanism 

and an infiltrative metasomatic event is envisaged rather than a diffusive event. 

Comparison of bulkrock data also suggests that Fe (lower Mg/(Mg+Fe) in 

veins/zones) and Al (lower AI/(AI+Cr) in veins/zones) are also being carried into 

the xenoliths. Mass balance reactions that attempt to quantify the added and 

removed components are described in section 8.2.3. 

Fluid transport is further suggested by the occurrence of discrete 

IRPS-bearing veins that cross cut peridotites. It should, however, be noted that 

these veins are composed mostly of silicate minerals and in one case have 

silicate modal proportions similar to that of the hostrock. Because of this it is 

suggested that the bulkrock composition given probably represents a mixture 

of incoming fluid and original (now host) peridotite and do not represent the 

metasomatic fluid composition. The mass balance equations in section 8.2.3 

take this into account. 

The extent of modification of the original peridotite on metasomatism is 

extremely variable ranging from rare dispersed grains to thin seams or 

discontinuous stringers of concentrated IRPS-minerals with clinopyroxene or 

garnet; to discrete veins several cm thick. The latter show the greatest 
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modification of the original peridotite and the first mentioned the least. The 

distribution of the mineralisation suggests that the melt was highly mobile and 

probably present in small quantities. 

Furthermore a distinct change in mineralogy is seen in the different modal 

metasomatic settings such that 

1. Ilmenite is seen to be the principle IRPS-mineral phase 
associated with the pyroxene-rich sheets, with only minor 
rutile and phlogopite. 

In metasomatised zones, either ilmenite or rutile may be 
dominant, usually with phlogopite. 

In discrete veins phlogopite and rutile are dominant and 
ilmenite occurs only as a minor phase. 

Such a sequence suggests a change in the composition of the infiltrative 

metasomatic fluid from a predominently Fe-Ti rich agent to a more volatile rich 

Ti, K, H20 agent. This accords with the ideal sequence where elements 

removed earliest are those most capable of reacting with and being absorbed 

by the host mineralogy. Garnet-rich veins are considered to have a similar 

origin to the modal metasomatic IRPS-phenomena, although have been 

generated from a different parental liquid (section 8.5.5.2 ). 

6.9.4. Wallrock Enrichment Without Metasomatism 

Walirock adjacent to Pyroxene-rich sheets generally lacks modal 

metasomatism and shows textures typical of coarse peridotites. In terms of its 

chemistry, however, the wallrock is unlike normal depleted Mg-rich common 

coarse peridotite and is enriched in Fe, Ti Hf, Ta and Al. Since, in general, no 

new mineral phases are added to the xenoliths and considering that the 

minerals in the wallrock are similar or approachng towards compositions of the 

minerals in the pyroxene-rich sheets, then a chemical exchange between the 

sheet and the wallrock is suggested. 

Harte et al (1987) suggested that chemical exchange between the 

pyroxene-rich sheets and the walirocks occurred during intrusion of the magma 

(at probably around 1300-1400°C) while the pyroxene-rich sheets were 
essentially molten. Harte et al (1987) further sugggested that the enrichment 
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could have been largely a function of diffusion along grain boundaries and 

through the silicate minerals, particularly for Fe and Ti. This was suggested 

since there was no evidence for infiltration of melt into the wallrock; original 

textures were preserved in the wallrock; there is no new mineral phases 

generated in the wallrock; and diffusion alone could account for all the features 

present. This latter point was particularly so in the case of zoning, since 

published diffusion coeffecients would allow chemical zoning to be retained 

over long periods of time. 

However, Harte et a/ (1987) further suggested that it is evident for some 

elements that there are problems with rates of diffusion and the effectiveness 

of diffusion over the distances seen. Thus diffusion itself might not be efficient 

enough. To overcome this it is plausable to suggest a situation where a fluid, 

possibly a melt derived from the pyroxene-rich sheet itself, infiltrates along the 

grain boundaries and thus effectively transports elements throughout the 

wallrock. It is equally possible that such a fluid could be in such minor 

amounts (perhaps <1% melt) that on freezing and re-equilibration the presence 

of it would be impossible to detect especially considering the general removal 

of grain boundaries by serpentinisation. The probability that melt has moved 

laterally out from the pyroxene-rich sheets is also suggested by LBM 129, 

where IRPS-minerals occur in the common coarse peridotite hostrock directly 

adjacent to the pyroxene-rich sheet. 

6.10. SUMMARY 

A suite of peridotite xenoliths from the Matsoku kimberlite pipe, northern 

Lesotho has been described in terms of petrography and geochemistry. The 

results draw considerably on previously published data as well as the authors 

own work. 

At Matsoku there is a unique situation where, within a small volume of 

mantle, a suite of variously coarse and deformed, and Mg-rich and Fe-rich 

peridotites have been affected by a magmatic event leading to the introduction 

of series of pyroxene-rich intrusions (1-16cm thick). Some of these intrusions 

show internal layering and some contain abundent IRPS-minerals. All of these 

features are considered to be the consequences of crystallisation of a magma. 

Associated with this magmatic event, within the small volume of mantle 
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sampled, are a series of modal metasomatic phenomena involving 

IRPS-minerals. These range from zones rich in either dominantly ilmenite or 

rutile to discreet veins rich in rutile and phlogopite. These modal metasomatic 

features are considered to have developed by the infiltration of a silicate melt 

rich in Fe, Ti and incompatible elements. This melt has reacted with the 

peridotite emplacing the IRPS-minerals, causing considerable textural 

modification to the peridotite and occasionally altering the proportions of the 

primary silicate minerals present. The latter being principally an increase in 

orthopyroxene relative to olivine, although garnet and/or clinopyroxene may 

also be added/subtracted. Also present are a series of garnet-rich veins which 

cut through the country rock and, in one case, cross cut a pyroxene-rich sheet. 

These veins show many similarities to the IRPS-type modal metasomatism and 

contain IRPS-minerals themselves. The two phenomena are considered to be 

similar and to reflect a considerable variation in the silicate melt responsible 

for the modal metasomatism. 

The modal metasomatism has occurred at low oxygen fugacities in the 

region of the Iron-Wustite buffer. Phlogopite in the IRPS-association is 

chemically distinct from late stage secondary metasomatic phlogopites, and 

falls within the range of primary metasomatic phlogopites from other kimberlite 

xenolith suites. The Ti02  contents are, however, frequently higher in the 

Matsoku phlogopites. The phlogopite in LBM 41 is considered to have an origin 

similar to primary metasomatic phlogopites in the Jagersfontein and Buitfontein 

suites and as such was not formed by silicate melt interaction with the rock, 

but more probably by interaction with a H20-rich fluid (sections 8.3.5 and 

8.6.2.6). Sulphides, which are ubiquitous throughout the magmatic and 

metasomatic phenomena, show a complex cooling history of early chalcopyrite 

seperation followed by late stage quenching of a M,, phase to give flame-like 

intergrowths of pentlandite and pyrrhotite. This quenching is considered to 

have occurred at the time of kimberlite emplacement. 

Bulkrock chemistry indicates that the pyroxene-rich sheets are rich in Fe, Ti, 

Ca, Na, Al and Cr relative to the wallrock peridotite. The walirock itself is 

similar in chemistry to common coarse peridotite with an enrichment of Fe and 

Ti. The pyroxene-rich sheets do not have typical silicate melt compositions but 

may have been considerably altered by fractionation and crystal segregation 

processes (see section 8.6.2.2). Bulkrock chemistry of modal metasomatic veins 

and zones reflects their modal mineralogy, such that they are considerably rich 
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in Ti (rutile and ilmenite), Fe (ilmenite) and K (phiogopite). Hostrocks to veins 

and zones are enriched in Fe and Ti. Minor element variations in all of the 

xenolith types are aligned with mineralogical variations. Cu is notably rich in 

the magmatic and metasomatic phenomena due to the presence of sulphides 

Mineral chemistry shows that the silicate minerals in the pyroxene-rich 

sheets, modal metasomatic veins and zones, and garnet rich veins are 

considerably enriched in Fe and Ti relative to common coarse peridotites; and 

in Ti relative to Fe-rich peridotites. Waltrocks and hostrocks to these 

phenomena have silicate minerals enriched in Fe, Al and Ti. All silicate minerals 

are affected in the hostrock, although some coarse garnets have retained 

original core compositions with high Cr and low Fe and Ti contents similar to 

common coarse peridotite garnets. Chemical zoning within the garnets is not 

simple. A combination of diffusion and infiltration metasomatism (without, in 

general, a modal expression) is considered to be the most viable way by which 

the hostrock and wallrocks have been enriched over the distances seen (at 

least 15cm). Some of the more diffuse zones of IRPS-mineralogy and the 

garnet rich veins show distinct chemical modification of the hostrock garnet 

with increasing textural modification. 

All of the phenomena with the exception of the primary metasomatic 

phlogopite in LBM 41 (although see section 8.5.5) are considered to linked 

together in a single unified episode of magmatism and metasomatism within 

the upper mantle beneath Matsoku. The pyroxene-rich sheets represent an 

intrusive magmatic event which gave rise to Fe, Ti and incompatible element 

rich melts, possibly by fractional crystallisation, that were responsible for the 

modal metasomatic phenomena and the garnet-rich veins. In the light of REE 

and isotope data (chapter 7 and 8), this idea is developed further and a model 

proposed to account for the features seen. 
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CHAPTER 7 

ISOTOPES AND RARE EARTH ELEMENTS 

7.1. INTRODUCTION 

Isotope and rare earth element studies were undertaken by the author at 

the Open University, Milton Keynes. A full account of sample preparation 

techniques for bulkrock and mineral separates carried out at Edinburgh and 

mass spectrometry work at the Open University is given in appendix 6. 

7.1.1. Aims 

There were two main aims for undertaking isotope and rare earth element 

studies on the Jagersfontein and Matsoku xenoliths. These were: 

To attempt to constrain the ages of the metasomatic and 
igneous events seen in the Matsoku xenoliths and the 
metasomatic 	phenomena 	in 	the 	Jagersfontein 
low-temperature xenoliths; and to relate these ages to 
other events occurring in southern Africa. 

To evaluate the nature, composition and possible source of 
the metasomatic fluids/melts that have affected many of the 
xenoliths in these two suites. 

7.1.2. Previous Research 

Within the last decade considerable research has been conducted into 

isotope and REE studies of mantle peridotites, megacrysts and the hostrocks 

responsible for bringing them to the surface. These studies have centred both 

on alkali basalts (for example Menzies and Murthy 1980, Cohen, O'Nions and 

Dawson 1984, Kempton 1987, Lloyd 1987, Menzies, Rogers, Tindle and 

Hawkesworth 1987; and references therein); and on kimberlites (for example 

Krammers 1977, 1979, Basu and Tatsumoto 1979, Menzies and Murthy 1980, 

Nixon, Rogers, Gibson and Grey 1981, Krammers Roddick and Dawson 1983, 

Smith 1983, Richardson, Gurney, Erlank and Harris 1984, Wilshire 1984, 
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Richardson, Erlank and Hart 1985, Erlank at a/ 1987, Menzies at al 1987; and 
references therein). 

The studies on kimberlitic xenoliths have concentrated on the potential of 

the mantle to produce kimberlitic melts; the isotopic and REE nature of the 

sub-African lithosphere; its age, both from peridotite xenoliths and diamonds; 

and the effects of metasomatism and enrichment processes and the ages of 

such processes. Much of this research, especially regarding the latter process, 

has been undertaken on the Bultfontein suite of xenoliths. This section will 

present a brief summary of their results and briefly discuss some of the 

problems associated with isotopic and REE studies in mantle-derived xenoliths. 

The bulk of the upper sub-continental lithosphere in southern Africa shows 

major element depleted characteristics attributed to ancient continental 

formation (Menzies and Murthy 1980) and variously-timed extensive volcanism 

(Nixon and Boyd 1973, Danchin and Boyd 1976, Nixon and Boyd 1975). However, 

despite this depleted nature, peridotite xenoliths derived from depths of less 

than 150-170Km (Boyd at a/ 1979) show bulkrock and clinopyroxene LREE 

enriched patterns (Nixon at at 1981, Philpotts at at 1972, Ridley and Dawson 

1975, Harte 1983, Richardson at al 1985), suggesting enrichment of the depleted 

lithosphere in LREE. This data is also supported by continental basalt data, 

which shows that the sub-continental lithosphere is essentially undepleted in 

LREE (Menzies at at 1980). 

Enrichment of the depleted lithosphere has taken place, perhaps 

periodically, over a vast period of time from 3.2-3.3Ga (Richardson at al 1984) 

to periods of less than 200Ma (Krammers at at 1983). In view of the increasing 

occurence of modally metasomatised xenoliths in the kimberlite sample (Erlank 

at a/ 1987), it has been suggested that these ancient enrichment events were 

related to modal metasomatism, but that the metasomatic minerals have been 

lost by later recrystallisation and dehydration reactions. It would appear, 

however, that a simple link between modal metasomatism and LREE enrichment 

phenomena is unlikely to be found. Alternatively Nixon at at (1981) suggested 

that enrichment may have occurred by a gradual accumulation of incompatible 

elements beneath the cratonic areas. 

Menzies at at (1987) suggested that enrichment in peridotite xenoliths 

without modal metasomatic features may have involved selective mobilisation 

of LREE and incompatible elements by volatile rich fluids derived from the 
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Conduits of silicate melts or hydrous fluids. This is an important point since the 

REE overprint at Matsoku (section 7.8.1, 8.5.2) is considered to have occurred 

by such a process involving a silicate melt. 

Sm-Nd and Rb-Sr isotopic systems reflect REE enrichments and present a 

range of isotopic signatures indicative of variously enriched mantle that has 

been stabilised in the sub-continental lithosphere for up to 30a. 

Isotopic studies on peridotite xenoliths derived from kimberlites present 

several major problems. Perhaps the greatest of these concerns alteration from, 

and contamination by, the host kimberlite (Erlank 1970, Richardson at a! 1985). 

Such contamination would be expected to affect bulkrock isotopic ratios 

considerably, displacing the 87Sr/86Sr and 144Nd/143Nd ratios towards the 
kimberlite (Richardson at a! 1985). Because of the wide spread occurence of 

secondary metasomatic minerals in the xenoliths from Jagersfontein, this 

problem has to be taken seriously. Isotope studies are therefore generally 

confined to mineral separates, although as Richardson at a/ (1985) noted, even 

these have to be carefully prepared to ensure removal of Sr-rich material 

which may line microfractures within grains. 

The second major problem concerns the persistant resetting of isotopic 

equilibria. This is governed by diffusion rates and the high temperatures of 

equilibration in the mantle. Blocking temperatures in the Rb-Sr and Sm-Nd 

system are considerably lower (300-500°C) than the temperatures at which the 

xenoliths last recorded equilibrium. Because of this, the isotopic systems within 

xenoliths have been constantly reset and provide no age information beyond 

that of kimberlite emplacement (Richardson at at 1985, Krammers at al 1983, 
Erlank at al 1987). Occasionally some mineral pairs show inverse isotopic 

disequilibrium at the time of kimberlite emplacement, indicating enrichment 

without re-equilibration (Richardson at a! 1985). 

However Sm-Nd systematics can be used to give model ages for 

enrichment events. In the forthcoming sections these have been calculated 

relative to a MORB-like depleted mantle. The greatest documentation of REE 

and isotopic studies has concerned the metasomatised xenoliths from the 

Bultfontein suite. (Allegre, Shimizu and Rosseau 1982, Krammers at a/ 1983, 
Richardson at a! 1985, Erlank at a/ 1987 and references therein). Erlank at al 

(1987) presented REE data from bulkrocks and clinopyroxene separates from the 

various metasomatised and non-metasomatised xenoliths. They concluded that 
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within the different metasomatic assemblages there was no significant variation 

in REE patterns. However, non-modal metasomatised xenoliths had generally 

lower REE abundances, although they were still enriched relative to other areas. 

Bulkrock Rb-Sr data from the whole Buitfonteir, suite gave a rough isochron 

age of 147+3OMa. On the basis of this it was suggested that the modal 

metasomatism was young and had occurred within 100Ma of the kimberlite 

eruption. Much older ages have been provided for the suite from Sm-Nd model 

ages implying enrichment events in excess of iGa (Menzies et al 1980, 
Richardson et a/ 1985). No mineralogical expression of these enrichment events 

has been found (Erlank et 3/1987). All of the xenoliths showed either internal 

isotopic equilibrium or inverse isotopic disequilibrium at the time of the 

eruption (Richardson et al 1985). Erlank et a/ (1980, 1987), concluded with the 

suggestion that metasomatism might be related to the Karroo volcanism. 

Finally a brief note will be made about Pb isotopes. Krammers (1977, 1979) 

published lead isotope data on a series of clinopyroxene separates from a 

range of xenolith types from the Matsoku suite. These included pyroxene-rich 

sheets (LBM 38b, 90), Fe-rich peridotites (LBM 12, 36, 37) and common coarse 

peridotites (IBM 1, 9, 11). A very rough correlation between 206Pb/20 Pb ratios 
and U values, was evident suggesting that Pb homogenisation occurred 

between 190 and 360Ma for the Fe-rich peridotites and the pyroxene-rich sheet 

intrusions. LBM 1, 9 and 11 were considered to include much older ages. In the 

light of new Sm-Nd data for a greater number of xenoliths specifically related 

to the magmatic-metasomatic episode, this range, greater than lOOMa below 

the 0.5Ga age suggested from Tdm (section 7.2.1.2) must be doubted until 

further Pb work is undertaken. 
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7.2. ISOTOPES: MATSOKU 

Rb-Sr and Sm-Nd isotopes have been measured on bulkrock and mineral 

separates from six xenoliths from the Matsoku suite, representing a range of 

rock types. Bulkrock and mineral separate isotope ratios are given in appendix 

5. 

7.2.1. Age Dating 

One of the major aims of the isotope studies was to determine the age of 

the igneous intrusive and modal metasomatic phenomena in the Matsoku 

xenoliths. 

7.2.1.1. Rb-Sr system 

Because of the low concentrations of Rb in garnets and clinopyroxenes 

relatively few coupled 87Rb/86Sr-87  Sr/ 86Sr data sets are available. However, 

coupled data are available for two clinopyroxenes, two phlogopites and two 

bulkrocks (figure 7.1). 

The two clinopyroxenes (LBM 89 and LBM 90) and two bulkrocks (LBM 38b 

and LBM 41) define a Rb-Sr isochron of 125.1 +12.lMa. (l.R. 0.70320). 

Considering the low 87Rb/86Sr ratios in the clinopyroxenes (<0.05), then this 

age is not considered to be sufficiently different to the probable age of 

kimberlite intrusion (c. 90Ma) to have any meaning. At most the age probably 

represents a partial resetting of the Rb-Sr system. 

Phlogopite-bulkrock isochrons were calculated for LBM 22 and LBM 41 

(figure 7.2). These gave ages of 227Ma and 1 l6Ma respectively. The latter age 

for LBM 41, like the 125Ma isochron noted above, is not significantly different 

to the age of kimberlite intrusion. However, the LBM 22 phlogopite poses a 

problem, foremost because it is difficult to envisage how phlogopite with an 

average grain size of 0.2mm could, at temperatures of around 975°C (Harte et 

8/1987), retain old ages whilst the rest of the xenolith shows Rb-Sr to have 

reset. In the absence of further data from other phlogopite- and rutile-bearing 

xenoliths (for example LBM 114), this date is considered spurious and to have 

no significance. One explanation for the derivation of an old age for this 
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phlogopite could be the possible leaching of Rb during sample preparation, 

leading to false 87Rb/86Sr ratios. 

7.2.1.2. Sm-Nd system and model ages 

147Sm/144Nd and 143Nd/144Nd are plotted in figure 7.3, where mineral 

separates and bulkrock values all lie within a compact small area, regardless of 

rock type or metasomatic/igneous history. 

With the present data set, mineral-pair isochrons cannot be calculated and 

similarly neither can bulkrock-mineral isochrons. However, calculation of 

bulkrock model ages is possible, and give an idea of the age of the last event 

affecting the xenoliths. Model Sm-Nd Tdm ages for LBM 22, 38b, 41 and 89 

vary from 0.43Ga to 0.51Ga with a mean at 0.46Ga, Although it is open to 

question what event this date records, it does indicate that the last event to 

affect the Sm-Nd systematics in these xenoliths was comparatively recent, 

although it must have been significantly older than the date of kimberlite 

intrusion. This is further illustrated in figure 7.3, where although the xenoliths 

have 147Sm/144Nd ratios less than bulk earth, they have not had sufficient time 

to evolve into the enriched field from the depleted field. 

7.2.2. Summary 

From the above it can be seen that Rb-Sr systematics are of no use for 

dating events in these xenoliths and where calculable give isochron ages close 

to the probable age of kimberlite intrusion. The spurious 227Ma age from LBM 

22 is attributed to analytical and preparation errors. 

Sm-Nd on the other hand does give some age information in the form of 

model Tdm Sm-Nd ages, that pre-date the kimberlite intrusion. These ages 

date an event around 0.46Ga, significantly older than the kimberlite. 
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7.3. ISOTOPES : JAGERSEONTEIN 

From the Jagersfontein suite, two high-temperature (.11 18 DH and J117 CH) 

and two low-temperature (J134 and JJG1716, both CLA) xenoliths were 

selected for study. Garnets and clinopyroxenes were analysed in the 

high-temperature xenoliths, and garnets and bulkrock in the CLA-xenoliths. A 

secondary metasomatic phiogopite from J134 was also collected for analysis. 

Clinopyroxene was not analysed from the low-temperature xenoliths due to its 

low abundance and the problems of separating it from primary metasomatic 

eden ite. 

7.3.1. Age Dating 

As with the Matsoku xenoliths, it was hoped that isotope studies would give 

some time constraints on the metasomatic event seen in the CLA-xenoliths. 

7.3.1.1. Rb-Sr systematics 

Due to the low concentrations of Rb in garnet and clinopyroxene, 87Rb/86Sr 

ratios have only been measured in the bulkrock and phiogopite. These are 

plotted in figure 7.2. J134 gives a combined bulkrock-phlogopite age of 101Ma, 

which is within the scope of the kimberlite intrusion-age of around 90Ma. This 

is an ideal figure since this secondary phlogopite is thought to have 

originated by kimberlite interaction with the xenoliths. However, it should be 

remembered that in general Rb-Sr gives no age information beyond that of the 

kimberlite intrusion and would certainly not be expected to do so considering 

the blocking temperature for Rb-Sr in micas is in the region of 300°C (Harte 

and Hawkesworth 1987). 

7.3.1.2. Sm-Nd and Model Tdm Ages 

Garnet-clinopyroxene mineral-pair isochrons (J117, J118) give meaningless 

ages and are in inverse isotopic disequilibrium at the time of kimberlite 

intrusion. A model Tdm Sm-Nd age of 0.61Ga is given by the CLA xenolith 

JJG1716. Although dating an obviously young enrichment event it is uncertain 

whether this is the modal metasomatic event. A garnet-bulkrock isochron for 
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JJG1716 gives an age of 89Ma, the approximate age of kimberlite intrusion 

(figure 7.3). 

7.3.2. Summary 

On the whole isotope studies on xenoliths from the Jagersfontein kimberlite 

pipe have proved to be of little use in application to age dating the 

metasomatic event. This is due to the constant resetting of Rb-Sr and Sm-Nd 

systematics at the temperatures concerned. Rb-Sr in a secondary phiogopite 

gives an age coincident with the kimberlite intrusion, as would be expected. A 

CLA-xenoliths gives a model Sm-Nd age of 0.61Ga and also a garnet-bulkrock 

age of 89.31VIa. This shows that although the xenolith was in internal isotopic 

equilibrium at the time of kimberlite intrusion, it has also retained evidence of a 

recent enrichment event which considerably pre-dates the kimberlite 

emplacement. 

7.4. COMPARISON WITH XENOLITHS FROM THE METASOMATISED BULTFONTEIN 

SUITE 

On a present day 143Nd/144Nd vs 87Sr/86Sr plot (figure 7.4) all the analyses 

with the exception of garnets from Jagersfontein are seen to lie close to or 

within the depleted field of the mantle array. The Jagersfontein garnet 

separates have anomolousfy high 87Sr/86Sr ratios up to 0.70947 and it is 

suggested that these garnets may contain a secondary Sr-rich mineral (see 

Richardson et a/ 1985). 

7.4.1. Sm-Nd 

Figure 7.3 shows a plot of all analysed samples combined with the 

Bultfontein data of Richardson et a/(1985). 

Bulkrock values for LBM 89 and 38b are inseparable from their 

clinopyroxene separates showing that no significant contamination of Sm-Nd 

has occurred from the kimberlite. The bulkrock value of LBM 22 lies at some 

distance from the clinopyroxene separate at higher 143NdI144Nd ratios. This 

shift is explained by the presence of the primary metasomatic phlogopite which 

has considerably higher 143Nd/144Nd ratios than the clinopyroxene. Compared 
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with the Bultfontein samples it is seen that neither the Jagersfontein or 

Matsoku samples have retained evidence of old enrichment events. 

As with several of the Buitfontein samples, mineral pairs in the 

high-temperature xenoliths from Jagersfontein show inverse isotopic 

disequilibrium. Richardson et a/ (1985) suggested that in the case of the 

Buitfontein xenoliths, this was due to the addition of an enriched component to 

an initially epleted mantle, possibly by a small volume asthenospherically 

derived melt, without re-equilibration, sometime within their +3Ga history. The 

high-temperature clinopyroxenes from Jagersfontein are notably similar in 

isotopic chemistry to high-temperature clinopyroxenes from the Thaba Putsoa 

peridotite xenolith suite. 

7.42. Rb-Sr 

87Rb/86Sr is plotted against 87Sr/86Sr in figures 7.1 and 7.2 for present day 

ratios. Because of the scarcity of 87Rb/86Sr ratios (section 7.2.1.1), comparison 

with other suites is limited. 

Clinopyroxene and bulkrock analyses from Jagersfontein and Matsoku are 

plotted with garnet, clinopyroxene and bulkrock data from the Bultfontein pipe 

in figure 7.1. The first thing to note is that the Matsoku clinopyroxenes have 

lower 87Rb/86Sr ratios and considerably lower 87Sr/8 Sr ratios than bulk earth 

and clinopyroxenes from Buitfontein. This difference suggests a different 

metasomatic source/origin for the two groups of xenoliths, which is also 

supported petrographically. Although 87Rb/86Sr ratios are greater than those at 

Buitfontein, the 87  Sr/ 86Sr ratios are lower indicating that any enrichment in 

these clinopyroxenes is young and had no time to develop high 87Sr/86Sr 

ratios. This supports the observations made with Sm-Nd systematics. 

In figure 7.2, the scale has been considerably expanded to include 

phiogopite data. Except for the spurious LBM 22 age (section 7.2.1.1), all 

samples give isochrons subparallel to the age of intrusion of the kimberlite. 
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7.5. ISOTOPES SUMMARY 

To summarise it can be seen that: 

Internally, xenoliths contain no age information beyond that 
of the kimberlite emplacement. 

Garnet-clinopyroxene tie-lines indicate inverse isotopic 
disequilibrium in the high-temperature xenoliths from 
Jagersfontein. This may be due to the addition of an 
enriched component from a small volume melt. Such 
enrichment is probably young. 

Model Tdm Sm-Nd ages suggest that the Matsoku and 
Jagersfontein xenoliths were affected by enrichment events 
not older than 0.6Ga. 

No ancient enrichment events are recorded by any of the 
xenoliths. 

Thus essentially xenoliths from the Jagersfontein and Matsoku kimberlites 

show many of the isotopic features typical of peridotite xenolith suites from 

kimberlites. No ancient enrichment events are evident in xenoliths from either 

of the pipes. This contrasts with the Bultfontein pipe, where some garnets and 

clinopyroxenes have preserved evidence of ancient enrichment. 

7.6. RARE EARTH ELEMENTS 

REE have been measured by isotope dilution in mineral separate and 

bulkrock samples. Bulkrock REE have also been measured by INAA in many of 

the xenoliths from Matsoku (Harte et a! 1987). In general analyses from the 

two different methods, (figure 7.5) are not significantly dissimilar. REE data is 

presented in appendix 5. 

7.6.1. REE in Bulkrock 

Bulkrock data are presented here for the Matsoku and low-temperature 

Jagersfontein xenoliths. Some of the data from the Matsoku suite has been 

previously described by Harte et a/(1987). 
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76.1.1. Matsoku 

Bulkrock data for xenoliths from Matsoku are plotted in figure 7.6a,b and 

7.7a,b, where they are shown against a background of common coarse 

peridotite (5 analyses). The thing most striking from these plots is the lack of 

significant variation between the different xenolith groups. Walirocks to 

pyroxene-rich sheets and hostrocks to veins all lie close to or within the range 

for common pendotite. Although the ranges for the pyroxene-rich sheets and 

metasomatisecj veins and zones do vary from the common peridotite range, the 

variations can in general be linked to modal variations in mineralogy. Hence 

LBM 32, which is rich in garnet, has a high HREE content; LBM 55, a 

clinopyroxene-rich margin to a pyroxene-rich sheet and the clinopyroxene-rich 

margin to LBM 90 pyroxene-rich sheet all have high LREE ranges reflecting the 

high clinopyroxene content. LBM 41, for which an extended data set is now 

available from isotope dilution techniques, shows a strong depletion in HREE, 

reflecting the near absence of garnet in this rock. 

Generally speaking, and taking modal mineralogical variations into account, 

there appears to be no clear REE variation between the various xenolith types 

from Matsoku. This contrasts with the mineral and bulkrock chemistry where 

variations are observed. However, as will be shown in section 7.7.2.1, 

clinopyroxene REE contents show that the above described picture is an over 

simplification and that variations in REE content do exist beyond the scope of 

modal mineralogical variations. 

7.6.12. Jagersfontein 

Bulkrock data are given for the two CLA xenoliths (JJG1716 and J134) in 

figure 7.8. The two profiles are identical and show a strong LREE enrichment 

relative to HREE. Such a LREE enriched pattern is perhaps to be expected since 

the samples are metasomatised. However, in these bulkrock analyses from 

Jagersfontein the likelihood of contamination from the kimberlite cannot be 

overlooked, especially when the presence of a well formed secondary 

metasomatic suite of minerals associated with the kimberlite is present. 

Normalised REE abundances from the Jagersfontein kimberlite are also plotted 

on figure 7.8, (data after Nixon et a! (1981). Within the limits of the data, it is 

seen that the LREE profiles are similar. Both xenoliths show a kink in their REE 
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profiles at Gd, which corresponds with a much greater kink in the Jagersfontein 

kimberfite profile at the same element. This suggests that although a LREE 

enriched profile would be expected for these two xenoliths, the absolute values 

and degree of steepness of the trend are probably due to kimberlite 

contamination. 

Bulkrock data are not available for the two high-temperature xenoliths, 

however, calculated profiles from garnet and clinopyroxene are flat or mildly 

LREE depleted with an abundance approximatly equal to chondrite. Such a 

profile suggests a source for these xenoliths that is depleted in basaltic 

components and has undergone some degree of enrichment. 

7.6.2. REE In Clinopyroxene 

REE measurements have been undertaken on pure clinopyroxene separates 

from both suites of xenoliths. 

7.6.2.1. Matsoku 

Clinopyroxenes are plotted in figure 7.9. The first thing to note is that to a 

degree, clinopyroxene REE trends reflect bulkrock trends. LBM 11, the common 

coarse peridotite is seen to have a LREE enriched profile with the greatest 

HREE depletion in the suite. LBM 22, 41 and, to a lesser extent, 38b, all have 

similar profiles and relative abundances as LBM 11, but have HREE contents of 

up to twice those in LBM 11. 

LBM 90 and LBM 89 however, lie considerably below the trend described 

above with Ndnorm  at a half and a third the values of the general range 

described, and with no overlap in abundance occurring until Er in the HREE. 

The possibility exists therefore, that considering the magmatic affinities of 

these xenoliths, clinopyroxenes may be retaining some sort of fractionation 

history. This is discussed further in sections 7.8.1, 8.5.1 and 8.5.2. 
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7.6.2.2. Jagersfontein 

Clinopyroxene data is only available for two separates from 

high-temperature xenoliths. The profiles are LREE enriched and lie towards the 

lowest of the Matsoku range. The two profiles are identical with J117 

displaying slightly higher abundances of the REE (figure 7.10). 

7.6.2.3. Comparison with Bultfontein 

The total range for clinopyroxenes from the metasomatised PKP-xenoliths 

from Bultfontein are plotted in figure 7.10 (Data after Erlank et at 1987). The 

Matsoku samples all lie towards the lower end of the Bultfontein range with 

LBM 89 lying outside and below the range for LREE. These differences in range 

for the Matsoku and Bultfontein xenoliths reflect the different metasomatic 

processes experienced by the two suites (section 8.7). The Jagersfontein 

clinopyroxene LREE range is also below the Bultfontein range. This is to be 

expected since these xenoliths show no evidence of having undergone modal 

metasomatism. 

7.6.3. REE In Garnet 

Due to the problems of obtaining pure garnet separates for the Matsoku 

xenoliths, REE have only been analysed in garnets from the Jagersfontein 

xenoliths. 

7.6.3.1. Jagersfontein 

Normalised REE for garnets from the four Jagersfontein xenoliths are 

plotted in figure 7.13. The analyses fall into two distinct groups depending on 

high- or low-temperature characteristics. The two high-temperature xenoliths 

(J117, J118) show typical garnet LREE-depleted HREE-enriched slopes. The two 

low-temperature (CL.A) xenoliths show essentially the same trend although with 

considerable LREE enrichment relative to the High-T garnets, such that 

EUnorm>Dynorm. The reverse is seen in high-temperature xenoliths with 

DYnorm>EUnorm. The enrichment in the CLA-xenoliths is approximatly two 

times that in the high-temperature xenoliths. HREE abundances are similar for 

all four xenoliths. 
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Figure 7.10 
- Normalised REE abundances for clinopyroxenes from DH-

xenoliths from Jagersfon, Bordered areas are: vertical lines-
Matsoku from figure 7.9; diagonal lines from Bultfontein after Ertank eta/(1987) 
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Figure 7.11 - Normalised REE abundances for garnets from the Jagersfonten 
peridotites. 
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It is uncertain whether the enrichment seen in these garnets is the result of 

some sort of general pervasive mantle enrichment or whether it is related to 

the modal metasomatic event. If the latter is true then the model Sm-Nd age 

of 0.61Ma (section 7.3.1.2) may represent the age of the modal metasomatic 

event. 

7.6.4. REE In Phiogopite 

REE have been analysed in three mica samples. Two primary metasomatic 

phlogopites from the Matsoku suite and a secondary metasomatic mica from 

the Jagersfontein suite. 

7.6.4.1. Matsoku 

REE abundances in phlogopites from LBM 22 and 41 are plotted in figure 

7.12. with 2 phlogopites from PKP-xenoliths from the Buitfontein suite. 

The two Matsoku phlogopites differ considerably in petrographic affinities 

(sections 6.5.3 and 6.7.1), although both are considered to be primary 

metasomatic. They also differ considerable in REE trends and abundances. Both 

are LREE enriched relative to HREE, however, whereas in LBM 41 Cenorm  is five 

times chondrite, in LBM 22 Cenorm  is less than chondrite. Also whereas LBM 41 

defines a linear LREE-enriched HREE-depleted trend, LBM 22 flattens off in the 

HREE and the HREE content increases towards Er and Yb. 

This supports the contention suggested in chapter 6 that these two 

phlogopites have different genetic origins. LBM 41 Plots along the same REE 

trend, and at the same concentration, as PKP-xenolith phlogopites from the 

Buitfontein suite. As was noted in section 6.8, the LBM 41 xenolith shows many 

petrographic similarities to the Bultfontein and Jagersfontein primary 

metasomatic ph(ogopite-bearing xenoliths, and shows little similarity with the 

rest of the Matsoku suite, other than having the similar bulkrock and 

clinopyroxene REE profiles. This leads to the suggestion that LBM 41 is either: 

1. Unrelated to the general igneous intrusive and 
metasomatic events seen in the Matsoku xenoliths and 
perhaps represents a metasomatic mineralogy with an origin 
similar to the Jagersfontein or Bultfontein type. This event 
has been overwritten to a degree with REE at the time of 
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Figure 7.12 - Normalised REE abundances for micas from the Matsoku 
peridotites (LBM4I, LBM22). Dotted area for micas from the Buitfontein 
primary metasomatised suite from Erlank et al (1987). 
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the igneous intrusive and metasomatic events (although 
with the mica retaining its original pattern). 

2. Related to the igneous intrusive event and represents some 
sort of infiltration by a water-rich fluid (retaining a similar 
origin to the Jagersfontein primary metasomatic event, 
section 8.3.5) derived from the igneous intrusive and 
metasomatic event. The presence of water in the Matsoku 
system is in no doubt (viz phlogopite in IRPS-suite), hence 
perhaps this represents some late stage event when much 
of the melt-induced metasomatism has ceased and volatites 
are being lost from the cooling magma. 

If the latter was the case then it might explain how common peridotite, 

which shows no major element characteristics of metasomatism has aquired 

the same REE abundance as obviously intruded and metasomatised xenoliths. 

Such an occurrence would also form a genetic link between the Jagersfontein 

and Matsoku type metasomatic situations. This points are discussed further in 

sections 8.5.2, 8.6.2.7 and 8.6.2.8. 

7.7. REE PROFILES: LIQUIDS IN EQUILIBRIUM WITH MINERAL PHASES. 

In this section, using published partition coefficients, the REE patterns of 

melts in equilibrium with the various minerals from the Jagersfontein and 

Matsoku xenoliths will be calculated and discussed. Partition coefficients are 

taken from Frey, Green and Roy, (1978) p511, using coefficient set '3' for 

clinopyroxene and garnet. Normalisation factors, as in all the REE plots in this 

chapter, are after Nakamura (1974) for REE and Jagoutz et al (1979) for the 

other elements. The partition coefficient for Ti in clinopyroxene and garnet are 

from Pearce and Norry (1979). Average kimberlite is from Bergman (1987). The 

average basanitic range is from Frey et aI(1978). 

7.7.1. Matsoku 

As was noted in section 7.7.2.1, clinopyroxenes from Matsoku exhibit a 

range of profiles with LBM 89 and LBM 22 as "end members". Both are the 

result of interaction of melt with peridotite or the intrusion of melt into 

peridotite. For the latter case it should however, be remembered the 

pyroxene-rich sheets do not exhibit typical melt compositions and it seems 
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probable that magma has escaped from them during crystallisation. The 

calculation of melt-clinopyroxene equilibrium profiles gives an indication of the 

REE composition of the melt from which they crystallised. 

Profiles for LBM 22cpx-melt LBM 89cpx-melt and LBM 90cpmeIt  are given in 

figure 7.13 along with the basanitic range of Frey et a/ (1978). Only the LREE 

are illustrated, as there is insufficient data to consider the HREE. Rb, Sr and Ti 

are also shown. LBM 89 is notable in having a LREE profile very similar to the 

basanitic range of Frey et a/ (1978), LBM 90 has the same range, but with 

higher overall LREE contents. Both the latter two profiles have been generated 

from clinopyroxenes in pyroxene-rich intrusions, with LBM 89 containing 

considerable amounts of ilmenite, and LBM 90 containing less than 1 modal% 

IRPS-minerals. Finally LBM 22, a rutile-phlogopite vein, shows the highest LREE 

enrichment and greatest departure from the basanite range, although retaining 

the same profile. A melt in equilibrium with LBM 11 and 41 clinopyroxenes 

would lie along a similar profile to LBM 22, with LBM 38b at slightly lower 

levels. Rb and Sr contents for the two pyroxene-rich sheets and the basanite 

range are similar, although the pyroxene-rich sheets range to lower 

concentrations. The notable exception is Ti which is greater than two times 

lower for the equilibrium melts than the basanitic range. 

Despite these misgivings, the overall suggestion is that the magmatic melt 

responsible for the igneous intrusive event and the metasomatism in the 

Matsoku xenoliths may have had basanitic affinities. 

This leads to the suggestion that if the various metasomatic and magmatic 

events in the Matsoku xenoliths are all linked to one event, then perhaps the 

REE profiles indicate some sort of poorly defined fractionation sequence, with 

the metasomatic phenomena being derived from a highly fractionated melt 

from the pyroxene-rich sheet intrusives. The latter would then in part be more 

akin to some form of residue. 

By analysing the chemistry of the xenoliths it should be possible to 

determine what the residual phase would be if fractionation was occurring. A 

plot of bulkrock Ti02  against bulkrock Sm has been used for this purpose and 

is shown in figure 7.14. It should be remembered in this plot that the variation 

in bulkrock Sm cannot solely be attributed to clinopyroxene variation, since as 

was shown in figure 7.9, Sm concentration itself varies in clinopyroxenes. 
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Figure 7.13 - Normalised REE and Rb, Sr and Ti for melt compositions in 
equilibrium with clinopyroxenes from the Matsoku xenoliths compared to 
the basanite range of Frey et 8/(1985). 
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Such a plot suggests a residual phase containing around 0.15-0.16 Wt% 

Ti02. Such concentrations point ideally to orthopyroxene, which in the majority 

of xenoliths showing infiltrative or metasomatic phenomena contains 0.13-0.17 

Wt% Ti02. 

If such a fractionation sequence was occurring with orthopyroxene as the 

residual mineral phase then it might help to account for the dominating 

presence of orthopyroxene associated with the magmatic and metasomatic 

phenomena. This is discussed further in section 8.5.3 and 8.6.2.2. 

7.7.2. Jagersfontein 

The LREE composition of melts in equilibrium with garnets from the CLA 

xenoliths are plotted in figure 7.15 with the average kimberlite and the 

basanitic range of Frey et a/ (1978). Although the two profiles show LREE 

enrichment they show little similarity to the basanite either in profile or relative 

abundance. However when applying partition coefficients to the garnets, in this 

case to determine chemical constraints on the metasomatic agent, it should be 

remembered that: 

There is no evidence of metasomatism by a silicate melt at 
Jagersfontein (section 8.3.1) and unlike at Matsoku where 
the metasomatic agent is considered to be dominantly a 
silicate melt, it is proposed that metasomatism at 
Jagersfontein was carried out by a water-rich fluid (section 
8.3.4). Hence it is questionable whether crystal-melt 
partition coefficients would have any direct relevence in this 
case. 

Secondly, the metasomatic agent at Jagersfontein has 
probably travelled some distance from its source before 
reacting with the host rock and precipitating amphibole. 
Indeed the same fluids are considered to have already 
reacted with peridotite at greater depths, precipitating 
phlogopite in the place of clinopyroxene (section 8.3). Hence 
the metasomatic fluid has probably undergone considerable 
modification from its original source, such that even if the 
partition coefficients were applicable they would probably 
tell little about the original source for, and composition of, 
the metasomatic fluids. 

Despite this, however, it should be remembered that the garnets from the 

two CLA xenoliths do show evidence of LREE enrichment. 
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Figure 7.15 - Normalised LREE and Ti for melt compositions in equilibrium with 
garnets from CLA-xenoliths compared with average kimberlite (Bergman 
1987), and basanite (Frey et at 1985). 
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7.8. SUMMARY AND DISCUSSION 

Isotope and REE studies can be summarised in the following points. 

In line with other xenolith suites it is seen that internally the xenoliths have 

preserved no age information beyond that of the age of the kimberlite 

intrusion. 

Inverse isotopic disequilibrium appears to be present in the 

high-temperature xenoliths from Jagersfontein, which suggests a metasomatic 

enrichment with subsequent equilibration. 

Bulkrock Tdm Sm-Nd model ages suggest that an enrichment event 

occurred in the low-temperature Jagersfontein xenoliths at 0.6Ga. However it is 

uncertain whether this enrichment refers to the modal metasomatic event or to 

an isolated trace element enrichment. 

Bulkrock Tdm Sm-Nd model ages for the Matsoku xenoliths suggest an 

enrichment event at around 0.5Ga. Harte et .31 (1987) suggested that this LREE 

enrichment was imposed on the rocks probably at a late stage with little 

modification of other chemical characteristics. However clinopyroxene 

separates have shown that REE are not uniform throughout the suite. 

It is also suggested that the Matsoku xenoliths may represent some sort of 

fractionation sequence where pyroxene-rich sheets (for example LBM 89) define 

one end member and discreet zones of rutile and phlogopite (for example LBM 

22) define the other, more fractionated end member; and where orthopyroxene 

crystallises out as the residual phase. The crystallisation of orthopyroxene from 

an incoming melt would increase the Sm/Ti ratio in the resultant fractionate 

(reflected in the increasing bulkrock Sm/Ti ratio from LBM 88 to LBM 55). 

Eventually the fractionate would become richer in more volatile elements as 

well as the incompatibles, ultimately precipitating phlogopite and rutile as the 

major metasomatic minerals. Such a sequence would help to explain why rutile 

and phlogopite are not found in any great abundance in pyroxene-rich sheets, 

and why ilmenite does not form as discreet veins as some of the rutile and 

phlogopite veins do (see section 6.9.3). The posibility of such a fractionating 

sequence is considered further in section 8.5. 

In line with this LBM 41 is considered to represent the possible action of 
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late stage fluids of a water-rich nature (see section 8.6.2.6 and 8.6.2.7), on the 

5 . M1 [r 

surrounding peridotite, in a metasomatic situation somewhatAto  that suggested 

for the Jagersfontein metasomatic xenoliths (see section 8.3.5). The percolation 

of such a late stage water-rich fluid might also explain why common peridotite, 

which shows no major element modification, shows REE modification (see 

section 8.5.2 and 8.6.2.7). 

Partition coefficients suggest that the metasomatic agent in the Matsoku 

situation may have had basanitic affinities. 

At Jagersfontein, bulkrock REE are considerably LREE enriched and show 

evidence of contamination from the kimberlite. High-temperature xenoliths 

have flat near chondritic calculated bulkrock REE profiles suggesting they may 

have asthenospheric affinities. Garnets from these xenoliths show no evidence 

of the LREE enrichment seen in garnets from the lower-T CLA-xenoliths. 

In the next chapter, the data presented so far will be consolidated with 

mass balance calculations for the metasomatic reactions, to suggest models for 

the various magmatic and metasomatic phenomena. 
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CHAPTER 8 

MAGMATIC, METASOMATIC AND ENRICHMENT PHENOMENA 

8.1. INTRODUCTION 

This chapter aims to consolidate the data and descriptions of 

metasomatism in the Jagersfontein peridotite xenoliths, and magmatic and 

metasomatic phenomena in the Matsoku xenoliths. Models are suggested for 

the respective events. It covers four main topics. Firstly mass balance 

calculations are used to determine reactions for the various metasomatic 

events noted and hence place constraints on the compositions of the 

metasomatic agents. Secondly a model is suggested for the formation of the 

Jagersfontein metasomatic mineralisation, dealing with both primary 

metasomatic and secondary metasomatic episodes. Thirdly a model is 

suggested for the Matsoku magmatic and metasomatic event and finally, 

contrasts are drawn between the two metasomatic suites and the Bultfontein 

suite of xenoliths, which forms the only other well documented occurrence of 

modal metasomatism in peridotite xenoliths from the southern African 

continent. 

8.2. METASOMATIC REACTIONS AND MASS BALANCE EQUATIONS 

In this section mass balance equations are applied to the various 

metasomatic reactions in order to determine the components added and 

subtracted during metasomatism in both the Jagersfontein and Matsoku 

xenoliths. 

The following calculations follow the method of Gresens(1966) and have 

been undertaken using the Fortran77 programme "GRESENS (appendix 7). 

Several points should however, be noted with regards to the application of the 

methods (appendix 7). 

For the simplest equation 1 'reactant' = 1 'product' + 'metasomatic 

exchange', the only assumption made regarding the reaction is that there is no 

volume change on metasomatism. This is clearly suggested by the gross 

textural and structural features of all the xenoliths. It is particularly evident in 
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the Jagersfontein xenoliths where primary metasomatism is seen to generally 

involve a one to one replacement of mineral phases. 

For more complex equations with more components, a greater number of 

assumptions have to be made. This problem only affects the Jagersfontein 

calculations since the Matsoku calculations are undertaken on the basis of 

bulkrock compositions and average densities from modal proportions of 

minerals. In the case of Jagersfontein, for every extra mineral added a 

chemical component is assumed to be constant and is neither removed or 

added during the reaction. Because of this constraint only reactions involving 2 

or 3 minerals have been usually considered. 

8.2.1. Jagersfontein Modal Metasomatic Reactions 

8.2.1.1. Primary metasomatic reactions 

From section 2.4.1.3 and 3.5 it is evident that there are five primary 

metasomatic minerals: edenite, phlogopite, Ba-phlogopite, rutile and richterite. 

Only the first two of these are in any great abundance in the suite, the others 

having each been identified in only one xenolith. The phlogopite and edenite 

both exhibit clear replacement textures with the host major mineralogy. 

The reaction clinopyroxene to phiogopite 

Primary metasomatic phlogopite is seen to be replacing clinopyroxene in 

two xenoliths, JJG1723 and JJG1795 (section 3.5.3 and plate 3.8c, d), with the 

production of spinel, leading to the formation of a phlogopite and spinel 

symplectic intergrowth. The clinopyroxene in these two xenoliths is notably 

Cr-rich. In the case where the clinopyroxene is not Cr-rich then no spinel is 

produced, for example in JJG853. Mass balance reactions have been calculated 

for both JJG1723 and JJG853. In the latter case the reaction is a straight 

forward 1 to 1 replacement. In the former case however, because three mineral 

components are involved, the Cr203  content is assumed to remain constant 

during the reaction. 

From the reactions below it is evident that, disregarding MnO as a minor 

component, the two reactions are very similar in terms of the additions and 

subtractions from the rock during primary metasomatism. In both cases the 
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essential components added are Al, K and Mg; with Si, Ca and Na being 

removed. 

The mass balance reactions are: 

For JJG853: 

100gCPX + 10.7gK20 + 8.7gAl203  + 4.8gMgO + 0.4gTiO2  + 0.2gFeO 

+ xH2O 

4- 
-7 

85.7gPHLOG + 20.7gCaO + 18.09Si02 + 1.4gNa20 + 1.OgCr2O3  + O.lgMnO 

For JJG1723: 

100gCPX + 9.OgAl203  + 8.2gK20 + 6.8gMgO + 1.7gFeO + O.4gTiO2  + O.lgMnO 

+ xH2O 

80.9gPHLOG + 7.3gSPINEL + 21.6gSiO2  + 17.8gCaO + 3.1gNa2O 

The reaction orthopyroxene to edenite 

In J134 we see clear petrographic evidence of edenite replacing 

orthopyroxene (section 3.5.1) without the involvement of any other mineral 

phases. The mass balance has been calculated for this xenolith and is given 

below. Ti02  contents were not analysed in this xenolith, however, other 

edenite-bearing xenoliths suggest that around 0.22g of Ti02  are added. 

Essentially the main components added to the rock are Al, Ca, Na and lesser K, 

Ti and Cr. The components removed are in the same proportions as typical 

peridotite olivine. Hence the products side of the reaction can be reduced to 
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'reactants' = 95.7gEDENITE + 32.2g 'Olivine' 

However, since their is no petrographic evidence of metasomatic olivine in 

these xenoliths, the olivine component has to be removed from the xenoliths 

by the metasomatic agent. 

The mass balance reaction is: 

100gOPX + 9.5gAl203  + 9.5gCaO + 3.5gNa2O + 2.OgCr2O3  + 1.2gK20 + xH20 

95.7gEDENITE + 16.8gMgO + 13.OgSi02  + 2.4gFeO 

Other primary metasomatic reactions 

Mass balance equations for the formation of primary metasomatic richterite, 

rutile and Ba-phlogopite have not been calculated. This is partly because they 

are relatively insignificant in the Jagersfontein primary metasomatic mineral 

suite, but also because it is uncertain in each of the cases which primary 

mineral is being replaced. The formation of rutile and Ba-phlogopite however, 

do indicate that occassionally the metasomatic agent was considerably 

enriched in some elements not usually noted in any great abundance at 

Jagersfontein. 

Comparison of primary metasomatic reactions 

The 3 reactions calculated above are summarised in table 8.1. Several 

points may be noted-: 

The addition of Al, K, Ti and H20 is common to all three 
reactions, although proportions of these elements differ 
between the edenite and phiogopite emplacement reactions. 

Silica is removed in all three cases, although again in 
different proportions. 

Finally it is noted that with the exclusion of the components 
noted above in '1' and 7, the components removed from 
one reaction are the components added in the other 
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Table &1 

Primary Metasomatic Reactions 

CPx 	CPx 	0Px 
- 

PHLOG 	PHLOG 	EDENITE 
+ 

S Pt N EL 

Components added on metasomatism 

Si02 
Ti02 0.4 0.4 0.2 
A1203 8.7 9.0 9.5 
Cr203 - C 2.0 
FeO 0.2 1.7 - 
MnO - 0.1 - 
MgO 4.8 6.8 - 
CaO - - 9.5 
Na20 - - 3.5 
K20 10.7 8.2 1.2 

Components removed on metasomatism 

Si02 18.0 21.6 	13.0 
Ti02 - - 	- 
A1203 - - 	- 
Cr203 1.0 C 
FeO - - 	2.4 
MnO 0.1 - 	- 
MgO - - 	16.8 
CaO 20.7 17.8 	 - 
Na20 1.4 3.1 	 - 
K20 - - 	- 

C = Component kept constant for calculation. 
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reaction, although the proportions differ. This is an 
important consideration since it is suggested (section 8.3) 
that the edenite and phiogopite were produced during one 
metasomatic episode from essentially one ascending fluid. 

8.2.1.2. Secondary metasomatic reactions 

In section 3.6 secondary metasomatic mineralisation was noted to be 

dominated by the grain boundary and kelyphitic assemblages. All five 

secondary metasomatic reactions leading to these products are considered 

here. Only the first three and the final reactions are truly metasom.tic, the 

forth one being the breakdown of garnet during the stage one kelyphitic 

reaction to clinopyroxene, orthopyroxene and spinel. Although this reaction is 

considered to be dominantly isochemical, it is evident that at least Na20 has to 

be added. 

The reaction orthopyroxene to secondary metasomatic phlogopite 

After kelyphitisation of garnets, this is the most pervasive secondary 

metasomatic reaction throughout the suite. It is present in all xenolith types 

regardless of pressure and temperature characteristics and textures (section 

3.8). 

A general equation for this reaction has been generated from the analyses 

in K7/387. The generalisation should be emphasised since differing 

orthopyroxene chemistry alone, alters the proportions of added and subtracted 

components, although the list of components essentially remain the same. The 

reaction is: 

100gOPX + 9.4gAl203  + 6.9gK20 + 4.3gTiO2  + 1.5gFeO + 1.0gNa20 + xH20 

83.6gPHLOG + 25.9gSi02  + 18.6gMgO + 0.5gCaO + 0.3gCr203 
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The reaction OPX + 'metasomatic agent' = PHLOG + Al-SPINEL occurring in 

CL- and CLA-xenoliths has not been calculated in the absence of accurate 

spinel analyses. However, consideration of the above reaction suggests that the 

only essential difference would be a greater addition of A1203  with all the other 

components being provided by the spinel exsolution lamellae in the 

orthopyroxene being replaced. 

The reaction clinopyroxene to secondary metasomatic phlogopite and spinel 

This reaction is generally confined to clinopyroxene-rich rocks. In many 

ways the reaction is analogous to the production of spinel and primary 

metasomatic phlogopite from clinopyroxene seen in some CMP xenoliths. The 

amount of spinel produced during the breakdown appears to vary as a function 

of the Cr content of the clinopyroxene. The reaction below has been calculated 

for the CMP xenolith JJG 1727. In this reaction Cr203  is assumed to be neither 

added nor subtracted from the reaction. Abundant CaO is released, which in 

some xenoliths has reacted with CO2  in the metasomatic agent giving rise to 

calcite. The similarity between this reaction and the reaction for the formation 

of primary metasomatic phlogopite from clinopyroxene (section 8.2.1.1) should 

be noted. The essential difference between the two reactions being the amount 

of Ti02  added. The reaction is: 

100gCPX + 10.4gAl203  + 8.2gK20 + 3.4gMgO + 3.OgTiO2  + 1.8gFeO + xH20 
4- 
-7 

83.1gPHLOG + 3.8gSPINEL + 20.9gSiO2  + 18.9gCaO + 1.9gNa20 

The reaction primary metasomatic amphibole to secondary metasomatic 

clinopyroxene and phiogopite 

As was noted in section 3.6.4.3, this reaction is confined to primary 

metasomatic amphibole-bearing xenoliths (CLA). In the simplest ideal end 

member form this reaction would require only the addition of K20 and the 

removal of Na20 to balance the reaction. However, the mineral compositions 

are far from ideal and other components are gained or lost, although not to the 

same extent as in the previously described secondary metasomatic reactions. 
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On calculating this reaction it has been assumed that Si02  content is constant. 
The mass balance reaction is: 

100gEDENITE + 11.OgMgO + 3gK20 + 1.4gFeO + 1.4gCaO + 0.8gTiO2  

66gCPX + 34gPHLOG + 4.9gAI203  + 1.2gCr203 + 2.9gNa2O 

Summary 

The three reactions so far noted are summarised in table 8.2. Important 

points to note are-: 

In general Ti02, FeO, and K20 are added in all 3 of the 
reactions. Al is also consistently added except for the 
breakdown of amphibole. 

The component removed in the majority of cases is S'02- 

Many of the areas of secondary metasomatism in xenoliths 
are made up of aggregates formed from several of these 
reactions. It is therefore suggested that for some of the 
reactions the components needing to be added may have 
been produced as by-products from a different reaction 
(section 8.4). 

With the exception of H20 wand K20, other evidence is 
available to confirm the activity of the components added. 
This is principally the presence of Fe, Ti, and Al enriched 
rims to primary metasomatic phlogopites (section 5.3.5.3) 
and primary mineralogy spinels (section 5.2.6). 

Although not specifically used in any of the above 
calculations, the addition of CO2  during some of these 
reactions is evident with the formation of calcite. 

The reactions involved in the formation of kelyphitic rims to garnets 

In this section we shall consider the two reactions involved in the formation 

of kelyphitic rims. As was noted in sections 3.6.5.3 and 5.4.6.6, kelyphitic rims 

are formed by a two stage process. Stage I involves the breakdown of garnet 
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TABLE 8.2 

SECONDARY METASOMAT1C REACTIONS 

OPX 	 CPX - EDENITE - GNT 	OPX+CPX  

PHLOG 	PHLOG CPX 

- 
OPX+CPX 	PHLOG + + + 

SPINEL PHLOG SPINEL 

Components added on metasomatism 

Si02 - - C - - 
Ti02 4.3 3.0 0.8 - 1.6 
A1203 9.4 10.4 - C 1.6 
Cr203 - C - 0.4 1.0 
FeO 1.5 1.8 1.4 0.2 - 
MnO - - - 0.2 - 
MgO - 3.4 11.0 C - 
CaO - - 1.4 4.0 - 
Na20 1.0 - - 0.3 - 
K20 6.9 8.2 3.0 - 10.8 

Components removed on metasomatism 

Si02 25.9 20.9 C 7.7 	30.0 
Ti02 - - - 	- 
A1203 - - 4.9 C 	 - 
Cr203 0.3 C 1.2 - 	- 
FeO - - - - 	4.4 
MnO - - - - 	- 
MgO 18.6 - - C 	 1.5 
CaO 0.5 18.9 - - 	17.5 
Na20 - 1.9 2.9 - 	0.1 
K20 - - - - 	- 

= Component kept constant for calculation. 
Anhydrous kelyphite products 
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to the assemblage clinopyroxene, orthopyroxene and spinel in an essentially 

isochemical reaction. Stage II involves the replacement of the stage I pyroxenes 

with phiogopite and calcite and the enrichment of the spinels in Ti and Fe. 

Stage I 

A mass balance equation has been calculated for the stage I reacion using 

mineral compositions from the kelyphite in K7/257. Because of the number of 

mineral phases that need to be considered in this reaction, MgO and A1203  are 

taken as constant. It is seen that with the exception of the addition of CaO and 

the subtraction of Si02, the reaction is essentially isochemical, needing only 

insignificant amounts of other oxides to be added. Of these only Na20 has to 

come from an external source since all the others could be available from 

within the garnet itself. Considering the degree of chemical disequilibrium 

evident in the anhydrous portion of kelyphitic rims (for example the zoning of 

spinels from Al- to Cr-rich compositions with increasing distance from the 

garnet), then an ideal fit equation could hardly be expected. Thus this 

calculated reaction is taken to indicate support for an essentially isochemical 

breakdown of garnet in the stage I reaction. Unfortunatly due to the extremely 

fine grained nature of kelyphite it is impossible to determine whether the 

modal proportions of the products resemble the real situation. The mass 

balance reaction is: 

100gGARNET + 4.OgCaO + 0.4gCr203  + 0.3gNa2O + 0.2gFeO + 0.2gMnO 

-7 

15.5gOPX + 49.7gCPX + 32.2gSPINEL + 7.7gSi02  

Stage II 

This stage consists of the breakdown of the stage one products to give 

phlogopite and calcite. In this calculation, the modes calculated from the stage 

I reaction above, have been used. It should be emphasized that because of the 

assumptions made in these calculations, their comparisons to actual quantities 

produced in the natural system are uncertain. Calcite, which is not present in 

all cases, was not taken into account in the calculation in an attempt to keep 
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the number of components to a minimum, but its' occurence clearly shows that 

CO2  is also a component of the secondary metasomatic agent. 

Again as in the secondary metasomatic reactions previously discussed, the 

persistent addition of Ti. Al, K and H20 and removal of Si, Ca and Mg are seen. 

Unlike the previous reactions, however, Fe is also being removed rather than 

added. If this removal is indeed real, then it is unlikely that the Fe produced 

was removed but was used in other local reactions, such as that producing 

phlogopite from orthopyroxene. This possibility is strongly supported by the 

fact that some of the phlogopite surrounding the garnets appears to have been 

derived from adjacent orthopyroxene grains. 

It is also considered that during this stage II reaction, spinels in the 

outermost parts of the kelyphitic rims are enriched in Fe and Ti, in a similar 

method to primary spinel grains elsewhere in the xenoliths (section 5.2.6.2). 

These spinels would also provide a localised sink for any FeO liberated during 

the stage II reaction. 

The mass balance equation is: 

100gCPX + 32gOPX + 1.6gTiO2  + 9.6gAl203  + 1.OgCr2O3  +10.8gK20 +xH20 

110gPHLOG + 30gSiO2  + 4.4gFeO + 1.5gMgO + 17.6gCaO + 0.1gNa20 

Other secondary metasomatic reactions 

Reactions have not been calculated for minor secondary mineral phases or 

alteration rims to primary minerals or primary metasomatic minerals. The 

probable mass balances are briefly discussed below. 

The formation of secondary metasomatic pargasite, by analogy with the 

formation of primary metasomatic edenite requires the probable addition of at 

least Ca, Al, Ti, K, Na and H20. The pargasite occurs in an aggregate of 

phlogopite and calcite indicating again the addition of CO2. 

Primary metasomatic phlogopite and primary spinels often show rims 

enriched in Fe, Al and Ti. This is considered to a secondary metasomatic 
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influence (sections 5.3.3 and 5.2.6.2). 

Rare Fe-enrichment in the rims of primary olivine, and Fe, Ca, Na, Al, 

Ti-enrichment in primary orthopyroxenes from low- and medium-temperature 

xenoliths is also considered to be a late stage secondary metasomatic 

phenomena (section 5.2.5.4). 

The primary metasomatic rutile, discussed elsewhere is noted to be 

surrounded by a rim of perovskite. This is considered to be a secondary 

metasomatic reaction and involves the addition of Ca and Na, and the removal 

of Ti. 

Summary 

In this section have been outlined the major secondary metasomatic 

reactions and, where possible, semi-quantified the elements added to or 

removed from the xenoliths. One theme constantly repeated throughout this 

section (see also section 8.4) is that the reactions are very local and the 

products from one reaction can quite easly become the reactants for another. 

However, certain components, namely Fe, Ti, Al and K are constantly added in 

all the strictly metasomatic reactions and, with the exception of the breakdown 

of primary metasomatic amphibole, Si, Cr, Ca and Mg are consistently removed. 

H20 also needs to be added in the majority of cases, as occasionally does CO2. 

8.2.2. Major Element Composition Of The Metasomatic Agents 

8.2.2.1. Primary metasomatic agent 

From the reactions in section 8.2.1.1 it is seen that in all cases the primary 

metasomatic agent has to contain Ti, Al, K and H20 and that it removes Si. 

Furthermore in the case of amphibole emplacement Ca, Cr and Na must also be 

present with Fe and Mg being removed; and for phlogopite emplacement, Fe 

and Mg must be present with Ca, Cr and Na being removed. However, it must 

be emphasised that the reaction is considered to be one way, with phlogopite 

being precipitated at depth and amphibole being precipitated at shallower 

depths. 

It seems probable that all of these components are available in the 
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metasomatic agent and that the new mineral produced controls the abundance 

of Fe, Mg, Cr, Ca and Na. As such this abundance is pressure-depth controlled 

since phiogopite is stable to far greater depths than amphibole (Mengel and 

Green 1987). Hence some of the components removed from the mantle by the 

agent at depth would in effect be replaced into the mantle at more shallow 

depths. The overall evolution of the agent suggests that ultimately it would 

become considerably poorer in Ti, Al and K and to a lesser extent Na and Cr; 

and would become considerably enriched in Si as well as Fe, Mg and Ca. 

However, the effects of such depletion/enrichment of the agent would be 

entirely dependent on the volume of agent passing through the system. The 

occurrence of Ba-phlogopite and rutile indicate that at times the agent must 

have attained quite extreme compositions, although little more can be said 

about such occurrences without further sampling. 

8.2.2.2. Secondary metasomatic agent 

In many respects the secondary metasomatic agent shows many chemical 

similarities with the primary metasomatic agent. Overall Ti, Al, Fe, K and Na are 

added to the xenoliths and Si, Mg, Cr and Ca are removed. H2O is also 

constantly added and, perhaps more significantly CO2  is seen to play an 

important role in secondary metasomatism, whilst appearing to be absent in 

primary metasomatism (section 8.3.1). From the bulkrock minor element 

chemistry discussed in section 4.4.5.2.7, it is quite evident that the secondary 

metasomatic fluid is also considerably enriched in incompatible elements. 

8.2.3. Matsoku Modal Metasomatic Reactions 

Mass balance reactions for the Matsoku xenoliths have only been calculated 

for the formation of the primary metasomatic mineralisation. No systematic 

study has been undertaken of secondary metasomatic mineralisation due to its 

considerably lesser scale of development in the Matsoku xenoliths compared to 

those from Jagerstontein. 
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&23.1. Primary metasomatic reactions 

Mass balance calculations have been calculated for the formation of three 

IRPS-zones or veins from the Matsoku suite. These are: 

LBM 101 - Discreet rutile and phlogopite vein 

LBM 22 - Discreet rutile and phiogopite vein 

LBM 108 - Zone of dominantly ilmenite mineralisation 

These mass balance reactions differ from those calculated for the 

Jagersfontein xenoliths (sections 8.2.1.1 and 8.2.1.2), in that calculations have 

not been undertaken using mineral chemistry, but instead have used bulkrock 

chemistry compositions and average bulkrock densities. These are calculated 

from modal proportions and ideal end member densities. The method was 

applied this way principally because to have used individual minerals would 

have generated a reaction with a minimum of 6 mineral components and hence 

a large number of assumptions would have to be made. Calculating the 

reaction on the basis of bulkrock chemistry means the number of assumptions 

are reduced to the bare minimum. 
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IBM 101 

Mineral proportions for the vein and host in LBM 101 are: 

Mineral Host Vein 
Olivine 54.5 36.5 
Orthopyroxene 33.8 29.0 
Garnet 4.9 0.0 
Clinopyroxene 6.8 6.3 
Phlogopite 0.0 9.6 
Rutile 0.0 18.6 

silicates in vein recalc to  1000/0  

50.8 
40.0 
0.0 
8.7 

limenite, sulphides and spinel are generally only present in minor amounts and 

have not been taken into account in the calculation of density. Average 

densities from these modes are 3.23g/cm3  for the host rock and 3.66g/cm3  for 

the vein. No volume change is assumed. This gives a mass balance reaction as 

follows-: 

100gHOSTROCK + 21gTiO2  + 5.3gCaO + 2.7gAl203  + 0.7gCr203  

+ 0.4gK20 + 0.4gNa2O + 0.2gMnO + xH20 

113gVEINRQCK + 19.4gSi02  + 14.6gMgO + 1.1gFeO 

This reaction gives products similar to those removed during the production 

of primary metasomatic amphibole from orthopyroxene in the Jagersfontein 

suite (section 8.2.1.1). 
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IBM 22 

Calculated modes and densities for the vein and host rocks in LBM 22 are 

as below 

silicates in vein recalc to 100% 

30.0 
46.0 
22.7 

0.0 

Mineral Host vein 
Olivine 71.0 21.7 
Orthopyroxene 22.4 33.5 
Garnet 4.6 16.3 
Clinopyroxene 2.0 0.0 
Phlogopite 0.0 15.1 
Rutile 0.0 13.4 
Density 3.23 3.35 

From these values and from the bulkrock analyses, the following mass 

balance reaction has been calculated: 

100gHOSTROCK + 6.2gTiO2  + 3.0gAl203  + 1.5gSi02  + 0.8gK20 + 0.7gCr203  

+ 0.1gMnO + xH20 

104gVEINROCK + 7.35gMgO + 1.3gFeO + 0.1gCaO 

This reaction and that for LBM 101 are significantly different. However, a 

glance at the modal proportions of anhydrous silicate minerals in the host and 

veins explains many of the differences seen. In LBM 101 the silicate minerals in 

the vein approach the same proportions as those in the original host rock. In 

LBM 22 on the otherhand silicate proportions change quite considerably to the 

extent that olivine content is roughly halved, orthopyroxene content doubles 

and garnet increases 6 fold. These differences in silicate mode account for 

some of the differences seen and also suggest a considerable variation in 

metasomatic agent compositions. However, the constant addition of Ti (rutile, 

minor ilmenite), Al, Cr (Phiogopite, ilmenite, spinel exsolution lamellae in rutile) 

and K (phiogopite) should be noted. 



275 

LBM 108 

Modal proportions and densities for modal metasomatised and none modal 

metasomatised zones from LBM 108 are as below: 

Mineral Non- Metasom- silicatesreca 	to 100% 

metasom- atised 
atised zone 

zone 
Olivine 48.0 19.2 21 
Orthopyroxene 43.0 58.9 66 
Clinopyroxene 3.5 3.4 3.6 
Garnet 5.5 10.8 12 
Ilmenite 0.0 7.7 
Density 3.235 3.270 

From these values and the bulkrock composition of the two zones, the 

following mass balance reaction has been calculated. 

100gHOSTROCK + 7.7gTiO2  + 2.4gFeO +0.9gAl203  + 0.3gCr203  + xH20 

100gZONEROCK + 5.6gMgO + 4.6gSi02  + 0.4gCaO + 0.1gNa20 + 0.1gK20 

As with the reaction for LBM 22, it should be noted that there is a 

considerable change in silicate mineral proportions from the 

non-metasomatised to the metasomatised zones, although like LBM 101, the 

chemical loss is largely olivine dominated. However, the consistent addition of 

Ti, Al and Cr should be noted. 

82.31. Notes on mass balance calculations 

On calculating these mass balance reactions for the Matsoku xenoliths, 

several points should be noted. 

1. Bulkrock and mineral data indicate that during modal 
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metasomatism, the hostrocks to the veins and zones have 
been enriched in Fe and Ti (section 6.6.4). Hence values of 
Fe and Ti added to the rocks in the mass balance reactions 
will be considerably lower than the actual values added 
since diffusion of these elements into the hostrock has not 
been taken into account. Although the reactions for LBM 
101 and 22 suggested that Fe is removed from the xenolith 
on metasomatism, it should be remembered that in contrast 
to this, mineral chemistry indicate that the minerals present 
have been enriched in Fe (section 6.4.1.1). 

Mineral data also indicates that Al has moved into the 
surrounding hostrock from the vein, hence the amount of Al 
added should also be greater (section 6.4.1.2). 

In LBM 22 some primary metasomatic phfogopite is also 
present outside of the main vein, hence again absolute 
quantities of components added should be greater than 
those suggested by the reaction. 

In the light of the above notes, the suggested removal of 
K20 on formation of the metasomatic zones in LBM 108 
should be viewed with considerable suspicion. This is more 
so since primary metasomatic phlogopite is present in the 
modal metasomatic zones. 

Taking the above points into consideration as well as other assumptions 

made for these reactions, it is uncertain how close these quantitative reactions 

actually reflect reactions in the xenoliths themselves. 

8.2.3.3. Bulk composition of Metasomatic agent 

From the discussion in section 8.2.3.2 and the mass balance calculations in 

the section 8.2.3, it is clear that on metasomatism there has been a addition of 

Ti, Fe, Al, Cr, K and H20 In addition minor and trace element studies (section 

6.3.3 and 6.3.4) indicate an addition of Nb, Hf, Ta, Cu, S and Rb depending on 

the new mineral phases present. Considering this and the list of elements 

removed, it is clear that the metasomatic agent contained a considerable 

inventory of elements. Discussions in section 6.9 indicate that the metasomatic 

agent is a silicate melt consanguinous with the melt responsible for the 

pyroxene-rich sheets. 

The actual proportions of elements calculated do not indicate a specific 

composition for the metasomatising melt, primarily because it is unknown how 
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many components in the melt were involved in the reaction or how much melt 

itself was involved in the reaction. 

The garnet-rich veins are also considered to be a modal metasomatic 

phenomena (sections 6.2.4, 6.4.2 and 6.9.1). Although modal and bulkrock data 

are not available to calculate mass balance reactions, it is evident from 

mineralogical comparisons that abundant Ti, Al, Fe, Cr and Ca must have been 

added to the rock; and that a net loss of Mg and Si must have been incurred. 

8.3. JAGERSFONTEIN PRIMARY METASOMATIC PHENOMENA 

8.3.1. Textural Considerations 

Textural affinities for the primary metasomatic mineralogy were discussed 

in section 3.5. The major arguments from this section pertinent to any model 

for the primary metasomatic phenomena at Jagersfontein are briefly 

summarised below: 

The primary metasomatic mineralogy at Jagersfontein is 
dominated by the hydrous minerals edenite and phlogopite. 

The 	edenite 	is 	confined 	to 	xenoliths 	showing 
low-temperature 	and 	low-pressure 	characteristics, 
indicating shallow depths of derivation of <105Km (section 
2.4.2.2 and figure 2.3) 

The 	phiogopite is 	confined 	to xenoliths 	showing 
medium-temperature characteristics, and whose pressure 
estimates indicate a deeper depth of derivation in the 
region of 105-117Km (section 2.4.2.2 and figure 2.3). 

A high degree of textural equilibrium has developed 
between the primary metasomatic mineralogy and the host 
primary mineralogy. The rare occurrance of clear 
replacement textures should also be noted. 

From the large scale textural features within xenoliths containing primary 

metasomatic minerals, we can consider whether the primary metasomatic agent 

was either a silicate-rich melt or a volatile-rich fluid. This consideration is 

principally based on the three arguments given below: 
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The absence of phenomena such as channelling, veining or 
any type of linkage structure. 

The absence of recrystallisation associated with the 
metasomatism 

The absence of major change in the proportions of the 
anhydrous silicate minerals other than that of those being 
replaced by hydrous minerals. 

These are in contrast to the IRPS-rich primary metasomatic phenomena 

from the Matsoku xenoliths (sections 6.2.3 and 6.9), where all of the above 

three features are present and silicate-rich melt interaction with the peridotite 

is demonstrated. The absence of these three features suggests that the primary 

metasomatic agent at Jagersfontein was a volatile-rich fluid rather than a 

silicate-rich melt. 

8.3.2. Field Relationships 

From the mineralogy and pressure and temperature estimates derived from 

mineral chemistry, we can attempt to visualise the possible field relationships 

within the mantle beneath Jagersfontein. 

Examination of textures (chapter 5) and mineralogy (chapter 3) shows that 

each of the three pressure and temperature groups (section 2.4.2.2) has its own 

petrological characteristics. These form the basis of the classification scheme 

given in section 2.4.3 and figure 2.2. The low-temperature group is dominated 

by coarse textured xenoliths which may or may not contain primary 

metasomatic amphibole. Many of the xenoliths show exsolution features 

(section 3.2.2). The medium-temperature group is dominated by coarse textured 

xenoliths which may or may not contain primary metasomatic phiogopite. No 

exsolution features are present. The high-temperature group is dominated by 

xenoliths showing evidence of deformation and recrystallisation. Neither 

primary metasomatic mineralisation nor exsolution features are present. All 

xenoliths seen to contain primary spinel (section 3.2.1.1) are representatives of 

the low- and medium-temperature groups, no primary spinel is present in the 

high temperature group. 

From these constraints a pressure, temperature and mineralogical based 
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cross-section of the mantle beneath Jagersfonte,n can be idealised. The 

asthenosphere-lithosphere boundary and the position of the low velocity zone 
can arbitrarily placed at 200Km 	 (Harte 1978, 1983). In 

terms of 'sampling' the mantle it is seen from pressure estimates that we have 

material present representative from a depth of 75 to 156Km . Texturally this 
divides into a 	zone 75-1 101(m deep represented 	by low- and 

medium-temperature coarse xenoliths; and a zone 1 17-156Km deep 

represented by high-temperature deformed xenoliths. Taking into account the 

inaccuracies of geobarometry and the absence of pressure-depth estimates for 

the medium-temperature xenoliths, it can be seen that we have samples from a 

fairly complete section of the lithospheric mantle beneath Jagersfontein (as 

represented by garnet lherzolites) from 75-1561(m. 

Harzburgites and dunites, for which there are no pressure and temperature 

estimates (section 2.4.2.2), pose a problem of where they locate in this 

cross-section. It is tempting to place many of the typically coarse grained, 

exsolution lamellae-bearing xenoliths into the 40-75Km gap between the base 

of the crust and the shallowest derived garnet Iherzolite. Some support is 

available for this in that harzburgites and dunites have low densities and would 

be expected to float upwards in the mantle (O'Hara, Saunders and Mercy 1975, 

Oxbergh and Parmentier 1978). 

The mantle from at least 75Km to approximatly 105Km shows evidence of a 

primary metasomatic event with the emplacement of primary metasomatic 

amphibole. Similarly below 1051(m to at least 112Km we have evidence of a 

primary metasomatic event with the emplacement of primary metasomatic 

phiogopite. Only one xenolith in the whole suite contains coexisting primary 

metasomatic phiogopite and primary metasomatic amphibole, for which no 

pressure and temperature data can be calculated (JJG866). Thus it is 

reasonable to assume that the phlogopite-amphibole boundary is around 

105km. Hariya (1974) placed the maximum depth of pargasitic amphibole at 

approximately 120Km. Taking into Consideration the constraints of 

geobarometry then this value is indeed close to the maximum depth of the 

occurence of primary metasomatic amphibole in this suite. Phlogopite stability 

extends to considerably greater depths (Mengel et at 1987) than those indicated 

in this suite by the primary metasomatic phlogopite-bea ring (CMP) xenoliths. 

The only xenoliths representing material from depths greater than 117Km are 

the high-temperature deformed xenoliths. It is quite conceivable that these 
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metasomatised, then at a later date been dehydrated by locally increased 

temperatures associated with the intrusion of the kimberlitic magma (see 

below). 

These high-temperature xenoliths, all except one of which show 

deformation textures (section 3.3 and 3.4.2) are considered to have been part of 

a metamorphic aureole surrounding a diapir of rising kimberlitic magma (Harte 

1983). Material from a depth range of at least 40Km has been incorporated or 

affected by this aureole. The temperature range at any one depth, which may 

be quite large (up to 1600C), is possibly a function of the distance of the 

xenoliths from the actual magmatic body. This implies that the temperature 

estimates from these xenoliths do not necessarily record ambient mantle 

temperatures at a given pressure, but rather are some measure of the intrusion 

temperature. 

The most deeply derived deformed xenolith at Jagersfontein is from 

approximatly 1501(m, some 501(m above the arbitrary base of the lithosphere. 

This does not necessarily imply that material from deeper in the lithosphere 

below 150Km, has not been included, but rather that any such material that 

may have been included, has reequilibrated to lower pressures. Hops et at. 

(1987) confirmed the association of Cr-poor megacrysts and deformed 

xenoliths at Jagersfontein. Temperature estimates of clinopyroxene megacrysts 

from Ca/(Ca+Mg) 	ratios (Figure 2.5), place megacrysts extending from the 

highest temperature deformed xenolith to temperatures in the region of 1460°C 

at essentially the same pressure and hence depth as the most deeply derived 

deformed xenolith. This appears to conform with the model of Harte and 

Gurney (1978). The upward movement of this magma body is responsible for 

the observed range of pressure estimates. 

At a depth of approximatly 117km, this ascending magma body must have 

broken up and incorporated further material from above without thermally or 

texturally affecting the primary mineralogy. The high rate of ascent combined 

with lower local mantle temperature was probably sufficent to prevent any 

further pressure-temperature equilibration of either the high-temperature 

xenoliths or the low- and medium-temperature xenoliths. 
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8.3.3. Geochemical Considerations 

Geochemical information concerning low- and medium-temperature 

xenoliths and metasomatic phenomena has been derived from three sources: 

8.3.3.1. Bulkrock data 

In section 4.3.1.8, it was noted that all coarse low- and 

medium-temperature xenoliths from Jagersfontein are Mg-rich. The are 

generally depleted with respect to the major basalt forming components. 

However, as was noted in section 4.3.2.6, these same xenoliths frequently show 

an enrichment in incompatible elements despite their major element depleted 

characteristics. 

Xenoliths showing textural evidence of primary metasomatism (i.e. the 

presence of metasomatic mineral phases), are generally noted to show elevated 

contents of the chemical components contained within their primary 

metasomatic mineralogy. Hence CL.A-xenoliths generally have higher contents 

of Al, K, Ca and Na than CL-xenoliths; and CMP-xenoliths generally have higher 

contents of K and Al. The enrichment of the xenoliths in these components has 

also been demonstrated by the mass balance equations in section 8.2.1.1. 

These xenoliths are also relatively enriched in incompatible elements, frequently 

more so than their none-metasomatised equivalents (section 4.3.2.6). 

This general enrichment in incompatible elements in both metasomatised 

and none-metasomatised xenoliths is considered to have occurred to all low-

and medium-temperature xenoliths during the primary metasomatic event. 

8.3.3.2. Mineral chemistry data 

The points outlined below summarise the gross chemical characteristics of 

the low- and medium-temperature xenoliths. 

1. In 	general 	all 	primary 	mineral 	compositions 	are 
homogeneous and there is no core-rim zoning within 
individual mineral grains (section 5.2.7). This excludes 
chemical zoning caused by secondary metasomatism, for 
example Fe- and Ti-rich rims to primary spinel (section 



22 
5.2.6.2) and primary olivine and orthopyroxene (section 
5.2.5). 

In general there is no compositional variation between 
primary mineral phases within any one xenolith, i.e. each 
grain is homogeneous with respect to all other grains of 
the same mineral (section 5.2.7). This also applies, in 
general, to exsolved minerals. 

Low- and medium-temperature xenolith groups exhibit 
distinct chemical groupings with respect to their mineral 
chemistry. Both groups are also distinct from the 
high-temperature xenoliths (DH- and CH-xenoliths), (section 
5.2.7). 

The primary mineralogy is seen to have developed a 
considerable degree of chemical equilibrium. Diffusion 
coeffecients, under volatile absent conditions, indicate that 
periods of up toO1Ga are necessary for chemical equilibrium 
to have been established in the low-temperature xenoliths 
(figure 5.20 and section 5.2.5). 

The primary metasomatic mineral phases, dominantly 
edenite and phlogopite, are seen to each have fairly 
restricted compositional ranges (section 5.3.1 and 5.3.3). 

The primary metasomatic minerals are homogeneous and 
show no core-rim zoning other than that associated with 
secondary metasomatism, for example, the high pleochroic 
rims to primary metasomatic phlogopite which are enriched 
in Fe and Ti (section 3.5.3 and 5.3.3). 

The primary metasomatic mineralogy in both low- and 
medium-temperature xenoliths has developed a high degree 
of chemical equilibrium with their respective host 
mineralogies (figure 5.18, 5.19 and 5.22 ). This has probably 
required a long period of time to achieve complete 
homogenisation. It should be noted that during primary 
metasomatism, diffusion would have been considerably 
aided by the presence of volatiles, hence the e'lGa age 
suggested above may not necessarily be applicable to any 
of these coarse xenoliths. 

8.3.3.3. Isotope and REE data 

REE data has shown that garnets from CLA-xenoliths are LREE-enriched 

relative to those from DH-xenoliths despite their major element depleted 

characteristics (section 7.7.3.1). Bulkrock model Sm-Nd 1dm ages suggest that 

this enrichment occurred at least 0.6Ga (section 7.3.1.2). It is considered that 

this enrichment is related to the enrichment seen in the bulkrock incompatible 
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elements (section 4.3.2.6) and the primary metasomatism (section 7.9). Hence 

the age of enrichment suggested by the bulkrock Tdm Sm-Nd data is 

considered to also represent the age of the primary metasomatism. 

8.3.4. Composition Of Metasomatic Fluids 

In this section we shall endeavour to ascertain the composition of the 

primary metasomatic fluid involved in the production of edenite and phiogopite 

in low- and medium-temperature xenoliths. Firstly it shall be determined 

whether the metasomatic fluid was rich in H20, CO2  or CH4. 

Several lines of evidence suggest that the fluid is dominantly H20-rich and 

is not rich in CO2  These are: 

If the fluid was CO2-rich we would expect to see the 
presence of carbonate minerals in the metasomatised 
xenoliths. The only carbonate mineral identified in these 
xenoliths is calcite (section 5.4.6.5). On the basis of texture 
this is considered to be secondary metasomatic. No primary 
metasomatic carbonate minerals have been identified. 

Eggler (1987) suggested that CO2-poor fluids would be able 
to carry a far greater inventory of elements compared to 
CO2-rich fluids and additionally that CO2-poor fluids would 
have a lower capacity for carrying Ti than CO2-rich fluids. 
Thus at Jagersfontein, secondary metasomatism, which is 
CO2-related also shows considerable Ti-enrichment in the 
new mineral phases as well as Ti-enrichment in some rims 
to primary minerals. The absence of any great Ti component 
in the primary metasomatic fluid supports the absence of a 
CO2-rich component. 

It is debatable whether the metasomatic fluid contained CH4  in any quantity. 

In the absence of other evidence, estimates of the presence of CH4  are best 

made from oxygen fugacities. Unfortunatly calculations of oxygen fugacity 

cannot be undertaken on the metasomatic mineralogy of these xenoliths, 

essentially because of the lack of suitable oxide phases. The presence of 

graphite in some of the low-temperature xenoliths, although not in the 

metasomatised xenoliths, gives no indication of oxygen fugacities either 

because graphite is stable under a variety of oxygen fugacities ranging from 

QFM-WM (Rosenhauer et a! 1977) to fugacities of 1W and below (Eggler 1987). 



Hence it is uncertain whether CH4  might have been present in the fluid. 

F and Cl are indicated to be present in the fluid by their presence in the 

primary metasomatic minerals. However, whether they were a major component 

is uncertain. Their presence would however, enhance the solubility of many of 

the elements in the fluid, for example, the alkalies, alkaline earths, Fe and the 

REE, while at the same time depressing the solubility of others such as Al and 

Si (Eggler 1987). 

Thus it seems probable that the agent responsible for the primary 

metasomatism at Jagersfontein was an H20-rich fluid containing minor 

amounts of F and Cl and, at the most, only minor amounts of CO2. The 

presence of CH4  is unknown, although if present would have dramatic 

constraining effects on the oxygen fugacity of the metasomatic fluid. Such a 

fluid would be capable of containing all the elements required in the new 

metasomatic minerals as well as being capable of carrying those removed. 

As pointed out in section 8.2.3.3, the actual composition of the metasomatic 

fluid cannot be calculated. However, it is evident that the fluid has to contain a 

whole range of major and minor elements and REEs. Even the proportions of 

the elements present can not be calculated with certainty. Although from the 

reactions given in section 8.3.1, it is evident that during metasomatism the fluid 

overall will become richer in Si and poorer in Al and K. It is interesting to note 

that the metasomatism is dominantly potassic at depth (phiogopite) and 

sodic/calcic at shallower depths. Ryabchikov et al. (1982) suggested that 

metasomatism in the mantle would be essentially potassic or sodic and that 

the two metasomatic zones would be spatially separated, with sodic 

metasomatism (leading to the formation of amphibole) at shallower depths and 

potassic metasomatism (leading to the formation of phiogopite) at greater 

depths. Such a suggestion appears to be supported by the above results. 

&3.5. Primary Metasomatic Model 

From the discussions in the previous sections it is now possible to 

tentatively suggest a model for the primary metasomatic event seen in the 

coarse textured low- and medium-temperature peridotite xenoliths from the 

Jagersfontein kimberlite pipe. The major points to be taken into consideration 

are: 
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1. Two distinct groups of primary metasomatic mineralogy are 
present, 

a low-P-T group in which edenite has developed 

a medium-P-T group in which phlogopite has 
developed. 

2. The metasomatism is principally potassic at depth and 
sodic/calcic at more shallow levels. 

3. The metasomatic agent was probably an H20-rich fluid in 
which were dissolved a whole range of major, minor and 
trace elements. 

4. No vein-like metasomatic channel-ways are apparent in 
these xenoliths, suggesting that widespread transport of the 
metasomatic fluid was along grain boundaries. 

From the above four points and previous discussions we can perhaps now 

visualise how metasomatism occurred. The mantle section comprises 

lherzolitic or harzburgitic material with or without garnet and/or spinel 

extending from the base of the crust to a distance of at least 156km, although 

the section we are considering here extends to around 117km. It seems 

probable that within the section the modal abundance of garnet and 

clinopyroxene show a rough increase with increasing depth, such that the 

shallower mantle beneath the crust will be mostly barren harzburgite. However, 

the distribution is not strictly regular and barren areas do exist at depth. 

Similarly clinopyroxene and garnet rich areas also occur at more shallow 

depths. Sampling indicates that the mixing of the different types may occur 

within 2-3Kbar areas. 

At around 0.6Ga (section 7.3.1.2), an H20-rich fluid percolated through this 

mantle section infiltrating the peridotite along grain boundaries. At depths of 

greater than 105km the fluid reacted with the peridotite, precipitating 

phiogopite at the expense of clinopyroxene in an essentially potassic 

metasomatic style. The residue fluid, now enriched in Ca and Na migrated 

upwards to shallower depths at less than 105km, to within the amphibole 

stability field. Here it precipitated edenite in an essentially sodic and calcic 

metasomatic style at the expense of orthopyroxene. 



8.3.6. Source Of Primary Metasomatic Fluid 

There appear to be essentially two possible sources of the metasomatic 

fluid, both of which, ultimately, have a source within the asthenosphere. These 

are 

De-volatilisation of the asthenosphere. This requires that 
water and mineral-rich fluids episodically percolate upwards 
from the underlying asthenosphere, and that one such 
episode 	is 	recorded 	in 	the 	mantle 	beneath 
Jagersfontein.This has precipitated phlogopite and edenite 
in 	the 	lithospheric 	mantle 	and 	also 	enriched 
low-temperature peridotites in LREE (section(7.6.3) and 
incompatible elements (section 4.3.2.6). 

2. De-volatilisation of an asthenospherically derived magma 
body within the lower lithosphere. Wyllie (1987a,b), Wyllie et 
at. (1986) and Eggler (1987) suggested that magmas arising 
from the asthenosphere beneath undisturbed cratonic areas 
would at depths of around 185km evolve H20-rich fluids. 
This would occur where the local geotherm intersects with 
the lherzolite-C-O-H solidus and leads to the crystallisation 
of the magma within the lithosphere and hence the loss of 
volatiles contained within the melt. ('Heat death' of Spera 
1984). Such fluids would be enriched in dissolved minerals 
from the magma body and have a capacity to metasomatise 
the mantle. 

Drawing analogy with the possible situation at Matsoku discussed in 

sections 8.5.2, 8.6.2.7 and 8.6.2.8, the latter idea is prefered here. 

8.4. JAGERSFONTEIN SECONDARY METASOMATIC PHENOMENA 

8.4.1. Textural Considerations 

In section 3.6 the textural associations of secondary metasomatic minerals 

were discussed. Several major points were noted: 

1. There is a widespread occurrence of similar secondary 
metasomatic features throughout the whole suite 
irrespective of equilibrium pressure and temperature 
conditions (section 2.4.1.4). This indicates that the 
metasomatism must have occurred after all the various 



297 

xenolith types had been entrained within the kimbertite. 

A high degree of textural disequilibrium between the 
secondary metasomatic mineralogy and the primary and 
primary metasomatic mineralogy is noted as well as the 
common occurence of reaction textures. This suggests that 
the secondary metasomatism occurred at a late stage in the 
history of the xenoliths (section 3.6.4.1 and section 5.3.3.1). 

Textural evidence has shown that secondary metasomatism 
occurred by the infiltration of material along grain 
boundaries (section 3.6.4.4). 

8.4.2. Geochemical Considerations 

Geochemical data concerning secondary metasomatic phenomena have 

been derived from three sources: 

8.4.2.1. Bulkrock data 

Bulkrock data has shown that secondary metasomatism has considerably 

affected the bulkrock geochemistry of many of the xenoliths. Contents of K, Al 

and Ti have all been increased by secondary metasomatic mineralisation 

(section 4.5.1.8). The addition of these elements during secondary 

metasomatism has also been shown by the mass balance reactions in section 

8.2.1.2. 

Similarly incompatible elements also show considerable enrichment in 

xenoliths showing a high degree of secondary metasomatic mineralisation 

(section 4.5.2.6). In general xenoliths containing greater than 0.15 Wt% K20 

and/or 7.5ppm Rb are seen to contain considerable amounts of secondary 

metasomatic minerals (section 4.2). This enrichment in incompatible elements 

is, in general, greater than that in the CL-xenoliths, but for some elements (for 

example Sr), is occasionally less than that in CLA-xenoliths. 



8.4.2.2. Mineral chemistry data 

Mineral chemistry has shown that: 

There is a considerable degree of chemical disequilibrium 
between the secondary metasomatic minerals and the 
primary and primary metasomatic mineralogy (section 5.4.4). 

Chemical homogeneities in the secondary metasomatic 
minerals may occur on a very local scale and include 
core-rim zoning. This suggests that the emplacement of the 
secondary metasomatic mineralogy occurred immediately 
prior to the "freezing" of the mineral chemistry with 
declining temperature (section 5.5.2). 

The secondary metasomatic mineralogy has a variable 
chemistry relative to the primary and primary metasomatic 
mineral chemistry, and is distinct from that of primary and 
primary metasomatic mineral chemistry (sections 5.4.4 and 
5.5.2). 

The secondary metasomatic mineralogy and associated 
secondary metasomatic alteration effects, for example 
Fe-Ti-rich rims to primary spinels (section 5.2.6.2) and rare 
Fe-Ti enriched rims to primary silicate minerals (section 
5.2.5.4), suggest that the secondary metasomatic agent, 
unlike the primary metasomatic agent, was considerably rich 
in Ti02. 

Carbonate minerals are occasionally present in the 
secondary metasomatic mineralogy (sections 5.4.6.5, 3.5.3, 
3.6.3 and 3.6.5.3), suggesting that CO2  was a major 
component in the secondary metasomatic agent. This 
presence is also supported by the high-Ti02  nature of the 
metasomatism, since CO2-rich fluids, unlike H20-rich fluids 
are able to carry a high Ti02  component (Eggler 1987). 

8.4.2.3. Isotopic and REE data 

Bulkrock REE data suggest that the secondary metasomatic agent had a 

close chemical affinity with the kimberlite, and has considerably enriched the 

xenoliths in LREE (section 7.7.1.1). 

Isotopic systematics give little information regarding the age of the 

secondary metasomatic phenomena, since internal Rb-Sr and Sm-Nd isotope 

systematics have inevitably been reset to the age of kimberlite emplacement. 
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8.4.3. Composition And Source Of The Secondary Metasomatic Fluid 

From the above points it is evident that the metasomatism occurred at a 

late stage in the xenoliths history, indeed at a late stage also in the 

emplacement of the kimberlite. Garvie and Robinson (1985) suggested that 

secondary metasomatic processes would probably occur at a late stage of 

kimberlite emplacement during a hydrous and volatile rich episode possibly 

within the lower crust. 

This evidence suggests that the secondary metasomatic agent was a 

CO2-1-120-rich fluid derived from the kimberlite, and that this fluid infiltrated 

into the xenoliths along grain boundaries, reacting with the peridotite 

mineralogy and principally replacing the pyroxenes. (section 3.6.4.4) It is 

probable that this fluid also had a high oxygen fugacity. This is suggested by 

the increase in Fe203  in the alteration rims to primary mineralogy spinels 

(section 5.2.6.2). Many of the secondary metasomatic reactions are considerably 

localised and it is probable that the bi-products from any one reaction were 

part of the reactants in further reactions. 

8.5. MAGMATISM AND METASOMATISM IN THE MATSOKU XENOLITHS 

In this section the discussions so far presented on the origin of the 

magmatic and metasomatic phenomena in the Matsoku xenoliths will be 

expanded upon. A model is presented linking the various features together into 

one episode of magmatic intrusion, modal metasomatism and LREE-en rich ment. 

In section 7.8.1 it was noted that clinopyroxene-melt partition coefficients 

suggest that clinopyroxene in the LBM 89 pyroxene-rich sheet may have been 

in equilibrium with a basanitic melt; and furthermore that by fractional 

crystallisation of such a melt it would be possible to generate all of the other 

REE patterns seen in the Matsoku xenoliths. This is particularly true for 

pyroxene-rich sheets which show a range of REE variation. 

8.5.1. Variation In REE Contents 

Figure 7.9 showed that REE contents of pyroxene-rich sheets vary to a 

greater extent than that controlled by modal clinopyroxene variations. This is in 
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contrast to the bulkrock data (Harte et a! 1987 and section 7.7.1.1) and is 

illustrated by the REE content of clinopyroxenes from pyroxene-rich sheets 

which show a fairly large range of absolute contents although they have similar 

profiles. On the basis of REE data it is suggested that LBM 89 represents the 

product of an early crystallised fractionate from a magma with basanitic 

affinities; and that LBM 90 and 38b represent more fractionated portions. 

The suggestion that a pyroxene-rich sheet such as LBM 89 could form early 

in a fractionation sequence might at first seem out of place considering that it 

contains abundant ilmenite as part of the IRPS-mineralogy, and would be 

expected to be related to higher degree fractionated melts. However, basanitic 

melts contain around 2-3wt% Ti02, considering that many other pyroxene-rich 

sheets are free of ilmenite, there is a possibility of early crystallisation of 

ilmenite to reduce the Ti02  content. Repeated crystallisation of low Ti02  

minerals, such as olivine or orthopyroxene, from more highly fractionated 

liquids would raise the TiO2  content of the melt giving scope for further 

crystallisation of IRPS-minerals both within pyroxene-rich sheets and in the 

modal metasomatic veins and zones. 

8.5.2. REE-Enrichment In Xenoliths Without Melt Interaction 

Figure 8.1 shows a plot of Sm verses Ti02  for whole rock and mineral 

separates from the Matsoku suite. For the clinopyroxene separates, there is a 

rough trend of decreasing Ti02  with increasing Sm content (excluding LBM 22). 

This trend is notable in the pyroxene-rich sheets, whether IRPS-bearing or not, 

and extends up to LBM 41 and LBM 11. The latter two show no evidence of 

melt interaction, accounting for their low-Ti02  contents, but conversely they 

show the highest Sm contents. This suggests that LBM 41 and 11 have 

undergone enrichment in LREE without melt interaction. It is suggested that the 

LREE enrichment may have been due to the passage of perhaps an H20-rich 

fluid through these xenoliths. Furthermore, from the similarity of the LREE 

profiles of all of the clinopyroxenes, it is suggested that the fluid has been 

derived from the same melt responsible for the magmatic phenomena. Such a 

fluid would probably have been derived from the body at a late stage of 

crystallisation (Eggler 1987). 
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85.3. Derivation Of Sheet Intrusions From A Basanitic Magma: Fractionation 

Processes 

It was noted in section 7.8.1 that the melt responsible for the pyroxene-rich 

sheet intrusions showed some affinity with basanitic magmas. However, a 

comparison of basanitic chemistry with that of the pyroxene-rich sheets shows 

that the pyroxene-rich sheets do not represent the straight forward products of 

crystallisaion of a basanitic magma. They vary quite coniderabIy in 

composition when compared to each other and to a basanitic magma (figure 

8.3). 

It can however, be shown that it is possible to produce the complete range 

of melt compositions required by the fractionaion of minerals from a basanitic 

magma and by further fractionation of the resultant melts. 

An example of fractional crystallisation control of melt compositions 

(although not from a basanitic magma) is shown in figure 8.2. Here three 

IRPS-free pyroxene-rich sheets, LBM 90, 171 and 55 are seen to lie on a series 

of chemical control lines. When Na20 and CaO contents are near zero, these 

control lines correspond extremely well to a bulk composition of orthopyroxene 

and olivine, roughly in the ratio 2:1. 

By starting with a melt just to the right of the shaded 2opx+loI control line 

in figure 8.2 and by fractionally crystallising from this melt a mixture of 

orthopyroxene and olivine in the ratio of 2:1, it is possible to derive melt 

compositions corresponding to the bulkrock compositions of LBM 90, 171 and 

55. In a proper sequence LBM 171 would be the highest fractionate produced 

being a totally clinopyroxene-rich sheet, with the bulkrock composition of LBM 

55, for which only a bulkrock analyses of the cpx-rich margin is available, being 

just to the left of LBM 171 (figure 8.2). Ultimate fractionation in this sequence 

would produce a liquid of near pure diopside (+lesser garnet). This is an 

important point to remember considering the presence of clinopyroxene-rich 

margins to many of these pyroxene-rich sheets. 

Figure 8.2 also shows that starting from the same composition and 

fractionally crystallising only olivine from the melt, it is possible to derive a 

melt corresponding to the sheet composition in LBM 88 

These 2 sequences shown in figure 8.2 suggest that fractional 
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crystallisation is an important process in the formation of the intrusive 

pyroxene-rich sheet phenomena. 

However, the problem still remains of how to derive possible starting 

compositions from a melt of basanitic composition. If we inspect the basanitic 

composition shown in figure 8.3 and the total range of pyroxene-rich sheet 

compositions several things become apparent. 

Ti02  content is considerably higher in a basanite than in 
any of the IRPS-free sheets. This is the easiest problem to 
overcome since Ti02  content can be readily controlled by 
the crystallisation of ilmenite (as noted in section 8.5.1). It 
should be remembered however, that Ti02  rich melt 
compositions have formed pyroxene-rich sheets, leading to 
the formation of pyroxene-rich sheets rich in ilmenite. 
These could either be early melt portions from the 
fractionating basanitic melt or later fractionated portions in 
which Ti02  has been enriched by the crystallisation of Ti02  
poor minerals. The later method is suggested for the 
production of extremely fractionated melts that have 
infiltrated the surrounding peridotite to give rise to the 
IRPS-rich metasomatic veins and zone. 

A1203  likewise is considerably higher in the average 
basanite (approx 12%) than in any of the pyroxene-rich 
sheets (<3%). Al could be removed by the crystallisation of 
garnet, although the rate at which Al content could be 
lowered would be very slow. A more efficient way to reduce 
Al content would be by crystallising a mixture of roughly 
1:1 garnet and clinopyroxene from the melt. This would 
rapidly decrease A1203  to the necessary levels and at the 
same time adjust the bulkrock CaO and combined Fe and 
Mg contents into the ranges required for crystallising the 
pyroxene-rich sheets. 

Mg content is seen to be far to low in the basanite. 
However, it should be remembered that considerable 
re-equilibration has occurred between pyroxene-rich sheets 
and their host rocks with respect to Mg and Fe. It is 
therefore, doubtful that the present Mg-Fe ratios of the 
pyroxene-rich sheets in any way resemble the original 
sheet Mg-Fe ratios. For this reason the total Mg+Fe is 
preferred for calculation and as suggested above, the 
fractional crystallisation of a 1:1 mixture of clinopyroxene 
and garnet would increase the combined Mg + Fe content 
to the levels required. 

Finally it is noted that Na20 and K20 contents in a basanitic 
magma are too high. However, it also considered that the 
pyroxene-rich sheets themselves have undergone fractional 
crystallisation during their emplacement (sections 8.6.2.3 
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and 8.6.2.4). Hence the bulkrock compositions of the 
pyroxene-rich sheets do not represent the composition of 
the liquid that actually intruded into the peridotite. It is 
quite plausible that K20 and Na20 remained in the 
constantly fractionating liquid and were eventually removed 
in the finally highly fractionated liquid which infiltrated the 
surrounding peridotite giving rise to the IRPS-veins and 
zones. K20 would be incorporated into the newly formed 
phlogopite and Na20 may have been incorporated into 
newly formed orthopyroxene and clinopyroxene. (see mass 
balance equations in section 8.2.3.1). 

8.5.4. Summary 

It can be seen that by fractional crystallisation it is possible to produce a 

range of compositions from a melt with basanitic affinities from which the 

pyroxene-rich sheets could be derived. More specifically simple crystallisation 

of garnet, clinopyroxene, and ilmenite would be sufficient to generate such 

compositions. The latter does of course work both ways, such that the 

removal of a melt rich in clinopyroxene, garnet and ilmenite components from 

a crystallising pyroxene-rich sheet would give the same end result in terms of 

bulkrock composition of the pyroxene-rich sheets. This would perhaps seem 

more realistic in terms of mineral crystallisation temperatures. One final notable 

feature is that no compositions are available for pyroxene-rich sheets to the 

left of the basanite, thus essentially all fractionates from the basanite have 

increasing Si02  contents. This is in accordance with typical basic fractionation 

sequences (Cox et al 1973). 

8.6. MAGMATIC AND METASOMATIC PHENOMENA IN THE MATSOKU XENOLITHS: 

A MODEL 

From the evidance presented above it is possible to suggest a model for 

the magmatic and metasomatic phenomena at Matsoku. 

The scene for the mantle beneath Matsoku has already been described in 

section 6.9.1, where the various 'field' relationships between the different 

xenolith types and the magmatic and metasomatic phenomena were set out. It 

is the purpose of this section to link together the various magmatic and 

metasomatic phenomena, using the evidence already discussed, to present a 
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model for the overall evolution of the mantle beneath Matsoku. 

8.6.1. Pre-  Magmatic-  Meta somatic History 

Prior to the magmatic and metasomatic episode, it is quite evident that this 

portion of mantle beneath Matsoku had already involved quite a complex 

history. Although in the absence of accurate field relationships the events can 

not be chronologically ordered. They can be summerised as follows: 

It is quite evident that prior to the magmatism and 
metasomatism this portion of the mantle or some portions 
of this mantle volume, had undergone considerable 
depletion in response to magma genesis. This has left a 
whole series of variously depleted major element 
compositions. Trace element characteristics were probably 
also depleted at this time, but have been subsequently 
enriched by the later magmatic-metasomatic event. 

There is evidence of possibly another igneous event in this 
mantle region which lead to the development of the layered 
series 'cumulate like' Fe-rich xenoliths. All of the xenoliths 
are fertile and are capable of producing a basaltic partial 
melt. However, none of these xenoliths shows any sign of 
features associated with the intrusive pyroxene-rich sheets, 
and the two phenomena are considered to be unrelated 
timewise. Rarely, these xenoliths are deformed suggesting 
that their formation might pre-date the deformation and 
recrystallisation phase noted above. Accurate field 
relationships between these Fe-rich layered xenoliths and 
the Mg-rich peridotite are uncertain. 

A history of extensive deformation and recrystallisation is 
evident. Harte et al (1975) suggested a cyclic sequence of 
deformation and recrystallisation with considerable 
annealing followed by further deformation and 
recrystallisation. The cyclic sequence must have been quite 
complex such that that a whole range of textural types was 
present at the time of kimberlite eruption. How long this 
period or possibly periods of recrystallisation and 
deformation lasted is uncertain. It should be remembered 
that none of the intrusive pyroxene-rich sheets is deformed, 
although equally no sheets are seen cutting across 
deformed areas. However, metasomatic veins do cut accross 
deformation textures in some xenoliths, whereas no discreet 
veins are seen to be deformed. Hence it is quite possible 
that the cycle of deformation may have ceased by the time 
of intrusion. Considering the location of Matsoku at the 
edge of the Transvaal Craton it is possible that the episode 
of deformation and recrystallisation may have been 
associated with accretion of the mobile belts on to the 
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edge of the craton during mid-proterozoic times. 

8.6.2. Magmatism And Metasomatism 

From REE and isotope studies (section 7.2.1.2 and 7.9), it is suggested that 

around 0.5Ga the xenoliths from Matsoku underwent a REE enrichment event. 

This event is considered to be part of the magmatic-metasomatic episode and 

thus the age recorded is taken to be that of the magmatic and metasomatic 

episode itself. 

8.6.2.1. Intrusion into the lithosphere 

Evidance suggests that around 0.5Ga, a body of magma with basanitic 

affinities was present within the mantle region beneath Matsoku. Within the 

present suite there are no samples which suggest any large magma body. 

However, it seems probable that intrusion may have been from a major 

dyke-like body of around one metre in width (Spera 1987). 

There appear to be two possible reasons for why the intrusion of the more 

minor pyroxene-rich sheets resulted from a more major igneous body: 

The pyroxene-rich sheets represent minor intrusions 
forming adjacent to a major conduit through which magma 
has flowed en route to a higher mantle/crustal level. 

The pyroxene-rich sheets represent minor intrusions 
adjacent to a major magma body captured within the 
lithosphere. 

Of these two possibilities, the second suggestion is prefered since it is 

suggested that prior to the intrusion of the pyroxene-rich sheets, the magma 

body had undergone considerable fractionation (section 8.5.3) to achive such 

bulk compositions from which the sheets could be derived. Also, as discussed 

below, it is considered that the sheets may have been intruded with a 

considerable crystallised component of olivine and orthopyroxene within them. 

The second situation would also be more likely to give rise to a large 
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volatile component on crystallisation (Eggler 1987), while in the first situation, 

with magma travelling through the conduit, volatiles would be more easily 

drawn out of the mantle into magma (Eggler 1987). REE evidence and the 

significance of LBM 41 (section 8.6.2.8) support the second suggestion. 

As to why the magma body would cease to rise and so be captured within 

the mantle, there are, briefly, two suggestions: 

The magma temperature may not have been high enough to 
prevent 	crystallisation. 	Such 	crystallisation 	would 
considerably impede the flow of the magma and perhaps 
prevent its further rise. However, a considerably enriched 
residual melt would be produced which would be capable of 
further movement. (Spera 1987). 

The normal effective stress of the magma may have been 
too low to overcome the tensile strength of the surrounding 
wallrock (Spera 1987). This would prevent further fracture 
propagation. The magma would cool and crystallise in situ, 
although some melt migration would probably occur along 
grain boundaries away from the magma body. 

Of these two possibilities the former is prefered since the residual magma 

produced would be capable of further fracture propagation and would give rise 

to a series of intrusions similar to those seen. 

It is probable that the magma was intruded at temperatures around 

1200-1300°C, in a semi-crystallised state. Unfortunatly the temperature of the 

intruded melts can not be quantitatively calculated. This is principally because 

of considerable post-intrusion re-equilibration of the mineral chemistry. 

Calculated temperature from mineral equilibria suggest temperatures of around 

975°C for both the intrusions and their walirocks and give no indication of 

intrusion temperature. 

8.6.2.2. Fractionation sequence 

That fractionation did occur is beyond doubt and as section 8.5.3 suggests 

it is possible to derive the complete range of pyroxene-rich intrusion 

compositions by the fractionation of a basanitic magma. This is in accord with 

the suggestion of Wilshire et al 1980 and Menzies (1983) for the Al-augite 

intrusions found in xenoliths from alkali basalts. These intrusions similarly do 

not have typical liquid compositions and a series of crystal fractionation and 
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melt segregation processes was proposed to account for some of the 

differences. 

For example it can be shown that crystallisation of divine and 

orthopyroxene from a parent magma would increase Ca, Na, Al, Cr and Si 

contents in the residual melt, hence increasing its potential to produce 

clinopyroxene and garnet. Similar crystallisation of low-Ti minerals would 

enrich the residual melt in Ti increasing its potential to produce ilmenite at a 

later stage. However, as was noted earlier (section 8.5.1) ilmenite bearing 

pyroxene-rich sheets could be produced quite early from a basanitic magma 

due to its high Ti content. Such crystallisation may have occurred in order to 

produce the IRPS-free intrusions. Repeated fractional crystallisation would 

eventually produce a small volume melt rich in volatiles, Ti, Na and K. Such a 

small volume melt might have been unable to propagate further fracturing and 

so would have infiltrated the wall rock along grain boundaries instead. It is 

suggested that this late stage, highly fractionated melt reacted with the 

peridotite and gave rise to the metasomatic IRPS-suite of veins and zones. 

8.6.2.3. Crystallisation within the intrusions 

From established phase equilibria, the order of crystallisation of a typical 

IRPS-free sheet should be olivine first, then orthopyroxene, clinopyroxene and 

finally garnet. This is a decreasing temperature sequence and immediately 

poses a major problem since in those intrusions which show internal layering, 

the pyroxene-rich sheets have clinopyroxene-rich margins and 

orthopyroxene-olivine rich interiors. Because the intruded pyroxene-rich 

sheets were at a higher temperature than their walirock the reverse would be 

expected. With a declining temperature gradient towards the margin of the 

pyroxene-rich sheets, olivine and orthopyroxene should crystallise against the 

sheet margins and clinopyroxene towards the interior. 

One possible explanation for this is that much of the coarser orthopyroxene 

and olivine found in the interior of the intrusions may have already been 

present in the magma prior to the intrusion of the pyroxene-rich sheets. By the 

process of flow differentiation (Bhattacharji and Smith 1964, Komer 1972), 

where solid particles move towards the centre of a melt moving in a conduit, 

then during intrusion, early formed orthopyroxenes and olivines would be 

concentrated in the interior of the intrusion. 
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The olivine and orthopyroxene in interior of the intrusion would also 

provide a convenient nucleation site for the crystallisation of further olivine and 

orthopyroxene from the magma. Eventually a residual magma rich in diopside 

and garnet components would be concentrated towards the pyroxene-rich 

sheet margins. Here it would crystallise clinopyroxene and garnet along with 

olivine and orthopyroxene. More complex magma-crystal segregation 

sequences would need to be invoked to generate the layering in LBM 90 where 

distinct layers rich in olivine and in orthopyroxene are seen. 

One of the common features of pyroxene-rich sheet intrusions is the 

presence of a generation of cloudy orthopyroxenes filled with inclusions of 

ilmenite, clinopyroxene and rare phiogopite (section 6.3.1.2 and 6.3.1.3 ) and a 

generation of inclusion-free orthopyroxenes which are generally finer grained. It 

is suggested that these coarse cloudy grains represent early crystallised 

orthopyroxenes which have reacted with the more fractionated magma 

enriching them in Ca, Na, Ti, Al, Fe, and possibly also K in some cases. On 

cooling this has led to considerable exsolution of clinopyroxene and ilmenite on 

a very fine scale producing the cloudiness. (c.f. cloudy orthopyroxenes in 

IRPS-veins and zones, section 8.6.2.5). 

The later crystallised orthopyroxenes towards the margins of the 

pyroxene-rich sheet, would have crystallised in equilibrium with clinopyroxene, 

hence enrichment would not have taken place to any degree comparable with 

the early formed grains. Post-crystallisation chemical equilibrium and 

exsolution has however, removed any differences in orthopyroxene chemistry 

that may have been apparent at the time of intrusion and crystallisation. 

8.6.2.4. Modal metasomatism: Origin of metasomatic melt 

It is suggested that continual fractionation of the pyroxene-rich sheets 

during their intrusion would lead eventually to the production of a highly 

fractionated small volume melt rich in REE, Fe, Ti, K and the incompatible 

elements. This small volume melt was probably unable to propagate further 

fracture of the surrounding rock. Instead the melt infiltrated the surrounding 

peridotite along grain boundaries, reacted with the peridotite and gave rise to 

the IRPS-rich metasomatic phenomena and the garnet-rich veins. Some of the 

more discrete IRPS-rich and the garnet-rich veins may represent channelling of 

melt along distinct fracture planes. 
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The range of metasomatic phenomena now preserved would suggest that 

the composition of the silicate melt responsible also varied. This would be 

expected since the pyroxene-rich sheet intrusions from which the metasomatic 

melts are thought to have been derived, vary considerably in composition. They 

do not represent a single fractionation sequence from one host, but rather a 

series of continually fractionating series derived from a host which is itself 

undergoing fractionation. 

Thus it is possible that the fractionated portion of magma responsible for 

the IRPS-rich pyroxene-rich sheets also gave rise to the small volume melt 

responsible for the ilmenite rich metasomatic zones; and that lAPS-free 

pyroxene-rich sheets gave rise to the melt responsible for the garnet-rich 

veins. The rutile- and phlogopite-rich discrete zones are thought to represent 

the Lowest degree fractional melt with considerable enrichment of Ti and K. 

It seems probable that the melt did not infiltrate the wallrock to cause 

modal metasomatism until some terminal point had been reached in the 

intrusion. The residual melt produced by fractionation along the length of the 

pyroxene-rich sheets would probably move more easily in this direction by 

initial propagation of further fractures, than sideways out into the wall rock by 

infiltration. This is most likely the reason why modal metasomatism is 

generally not found in the wallrock to any of the pyroxene-rich sheet 

intrusions. However, in the case of LBM 129 (section 6.2.3.3), ilmenite is present 

immediatly outside the pyroxene-rich sheet. This pyroxene-rich sheet is 

however, extremely rich in IRPS-minerals. In section 6.9.4 and 8.6.2.5 it is 

suggested that some very late melt may have moved laterally out from the 

pyroxene-rich sheets aiding the Fe and Ti enrichment of the wallrock generally 

without modal metasomatism. LBM 129 may be the exception to this rule. 

Harte and Hunter (1986) suggested on the basis of textural considerations and 

pore space geometry, that it was quit feasible that melt may have migrated 

laterally from the pyroxene-rich sheets into the wallrocks. 

8.6.2.5. Modal Metasomatism: Effects on the hostrock 

As well as the emplacement of the metasomatic mineralogy and the change 

in anhydrous silicate mineral proportions, all of which are dependent on the 

chemistry of the infiltrating melt, one further feature is common to all modal 

metasomatic occurences and to the garnet-rich veins. This is the occurrence of 
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cloudy orthopyroxenes. Cloudy orthopyroxenes occur both within the modal 

metasomatic zones, and occasionally outwith the major zone of mineralisation. 

This is especially noted in relation to the garnet-rich veins. 

These cloudy orthopyroxene grains show the same gross textural features 

of other typically coarse peridotite orthopyroxene grains other than the 

presence within them of numerous inclusions of ilmenite, clinopyroxene and 

occassionally phlogopite. Such cloudy orthopyroxenes are also found inside 

pyroxene-rich sheet intrusions (section 6.22). In section 8.6.2.3 it was 

suggested that these were being created by the reaction between early 

crystallised orthopyroxene and a more highly fractionated melt rich in Ca, Fe, Al 

and K. A similar origin is suggested for the formation of cloudy orthopyroxenes 

within the IRPS-rich metasomatic phenomena and the garnet-rich veins. Here 

the orthopyroxenes are original peridotite orthopyroxenes present before any 

magmatism -meta somatism took place. On metasomatism they have reacted 

with the incoming melt and have been enriched in Fe, Ti, Ca, Na, Al and K, 

which subsequently has lead to the subsolidus exsolution of minute grains of 

ilmenite and clinopyroxene. Due to considerable post-metasomatic 

re-equilibration, it is impossible to determine any chemical differences, other 

than the presence of the introduced minerals between affected and unaffected 

hostrock orthopyroxenes, and also between these and new orthopyroxene 

grains created during metasomatism. 

8.6.2.6. Fe-Ti enrichment in walirocks and hostrocks 

It is evident that during and following intrusion and metasomatism the 

hostrock and wallrock to pyroxene-rich intrusions, IRPS-rich veins and zones, 

and garnet-rich veins were considerably enriched in Fe, Ti and Al This 

enrichment is seen to extend to a distance of at least 15cm (or 8cm, Harte et 

a/ 1987) in one sample (LBM 88). Although volume diffusion is a viable method 

for the diffusion of Fe over these distances, it is questionable whether Ti and 

Al could also diffuse over this distances at the temperatures seen (section 6.9.4 

and Harte et a! 1987). This is especially true when it is remembered that the 

principal mineral in the peridotite is olivine which has a low content of both 

these elements and so would allow only a small flux of material even if 

diffusion was relatively fast. It is noted in sections 6.2.3.3, 6.9.4 and 8.6.2.4 that 

in the case of the pyroxene-rich sheets and more so in the case of the 
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metasomatic veins, zones and garnet-rich veins, there is evidence of the 

movement out of the pyroxene-rich sheets or metasomatic phenomena of an 

extremely low volume melt. This has aided Fe and Ti enrichment of the wall-

and hostrocks. IRPS-mineralisation in the wallrock directly adjacent to the 

pyroxene-rich sheet in LBM 129, suggests that melt has moved laterally out 

from the pyroxene-rich sheets. In most cases however, such movement of melt 

appears to have left no mineralogical or textural traces in the wallrock. In the 

garnet-rich vein situation, movement of melt away from the principal vein is 

indicated by textural changes occurring to original coarse peridotite garnets in 

the hostrock (section 6.2.4). These garnets, as well as having rims enriched in 

Fe and Ti, have also developed poikioblastic margins. Thus it is probable that 

movement of a melt along grain boundaries has considerably aided Fe, Ti and 

Al diffusion and enrichment in the wallrocks and hostrocks to pyroxene-rich 

sheets, modal metasomatic veins and zones, and garnet-rich veins. 

86.2.7. Late stage enrichment of REE 

It is notable that many xenoliths from Matsoku which show no evidence of 

having undergone any intrusion, modal metasomatic activity or Fe-Ti 

enrichment and hence have low Ti contents show considerable enrichment of 

LREE, even higher than that found in some of the pyroxene-rich sheets (section 

7.7.2.2). It is suggested that this enrichment of LREE is due to the passage of a 

volatile-rich fluid through these xenoliths in a method analogous to that 

suggested for the Jagersfontein metasomatism (section 8.3.5). Such a fluid may 

have been derived from the late stage crystallisation of the magmatic intrusion 

(Wyllie 1987a,b, Eggler 1987 and section 8.3.6). This fluid, driven by the local 

thermal gradient, would move away from the intrusive centre, enriching the 

peridotite in LREE on its passage through it. Such a suggestion is consistent 

with Krammers et al (1983) suggestion of open system crystallisation in the 

mantle with considerable volumes of fluid escaping. As is evident in these 

xenoliths (and in the CL- and CM-xenoliths from Jagersfontein) such a fluid 

would leave no physical trace of its passage. In effect a LREE enriched aureole 

would form around around the intrusion and would migrate upwards, the fluid 

being considerably less dense than its surroundings. This stage of the process 

has many similarities to the suggested origin for the metasomatic mineralogy 

at Jagersfontein. 
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86.2.8. The role of LBM 41 

LBM 41 is an unusual xenolith in the Matsoku suite in that it contains 

primary metasomatic phlogopite but shows none of the other features of 

metasomatism illustrated by the IRPS-rich suite of metasomatic xenoliths 

(section 6.8). Indeed the xenolith bears a greater similarity to the primary 

metasomatic xenoliths from Jagersfontein (and Buitfontein), than to those from 

Matsoku. (section 6.8.1). 

Because of this it is considered that the primary metasomatic phlogopite in 

this xenolith may have formed in the same way as the primary metasomatic 

phlogopite from Jagersfontein (CMP-group, section 8.3.5). A question which 

remains concerns the time relationship of the emplacement of this mica 

relative to the magmatic and metasomatic features seen at Matsoku. Bearing 

in mind that modal ages from this xenolith record the same age of enrichment 

as all other xenoliths from Matsoku and that the REE patterns and 

concentrations of REE in the clinopyroxene in those xenoliths are the same as 

those in common coarse peridotites, then it appears that there are two 

possibilities. These are: 

The mica represents an older pre-0.5Ga modal metasomatic 
event, but has had its own REE pattern overwritten by the 
later magmatic-metasomatic episode as has occurred in 
common coarse peridotites. 

The mica represents a further modal metasomatic feature of 
the 0.5Ga magmatic-metasomatic episode, and was formed 
by the reaction of the volatile-rich fluid, with the peridotite 
clinopyroxene. This leading to the precipitation of 
phlogopite, and the general enrichment of LREE. 

These two modes of formation are essentially the same except for the time 

factor. The emplacement of the mica cannot post-date the 

magmatic-metasomatic activity since there is no isotopic evidence of events 

younger than 0.5Ga, and this xenolith records the same REE patterns as the 

melt associated modal metasomatic phenomena. 

Taking into account the evidence suggesting fluid activity at 0.5Ga (section 

8.6.2.7), then option two from above is considered to be a reasonable 
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possibility. 

One of the implications of this is that a similar event to that as sampled at 

Matsoku, may have occurred in the vicinity of the Jagersfontein mantle volume, 

giving rise to the metasomatic phenomena presently seen in the xenoliths. 

However, no samples of such a magmatic event have been sampled at 

Jagersfontein by the kimberlite on its way to the surface. 

8.6.3. Post-Magmatic-Meta somatic History 

Following the crystallisation of the intrusions and cessation of major melt 

and volatile activity there has been considerable re-equilibration of mineral 

chemistry continuing from the intrusion episode. This equilibration has 

effectively wiped out many of the chemical heterogeneities that were present 

during magmatism and metasomatism. However, as section 6.4 indicates some 

heterogeneities have survived. 

Minor late stage secondary metasomatism and kelyphatisation of garnets 

appear to be the only other major events that have affected the xenoliths. 

These two events are thought to be related to the entrainment of the xenoliths 

in the kimberhte. 

8.7. COMPARISON OF METASOMATISM AS RECORDED IN PERIDOTITE 

XENOLITHS FROM KIMBERLITES 

Erlank et al (1987) noted that modal metasomatism was becoming an 

increasingly common place feature within peridotite xenoliths from kimberlites 

in southern Africa and that, including Jagersfontein and Matsoku, primary 

metasomatic phlogopite has also now been identified in a wide range of pipes 

including Monastery, Kao, Pipe200, Premier, Kampfesdam and Buitfontein. Of all 

these localities only the latter has been documented to any degree (Erlank et at 

1980, Erlank et al 1982, Jones et a! 1982 Krammers et a! 1983, Hawkesworth et 

a/ 1983, Richardson et a! 1986, Erlank et a/1987, Dawson 1987). 

The Bultfontein suite of peridotites represents a metasomatic sequence with 

decreasing mantle depth over an interval of 30-50km consisting of garnet 

peridotite (GP) - garnet phlogopite peridotite (GPP) - phlogopite peridotite (PP) 

and phlogopite K-richterite peridotite (PKP). This metasomatism is considered 
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to have occurred during the past 190-9OMa (Erlank et al 1987). Other isotopic 

evidence suggests that there may have been older metasomatic events in 

some of these xenoliths (>lGa), although :here is no mineralogical expression 

of such events (Erlank et a/ 1987). The acme of the younger metasomatism is 

considered to be expressed by the growth of lindsleyite and mathiasite (LIMA) 

and other previously unidentified Ba- and Ce-rich titanates (Erlank et a! 1987). 

The metasomatism at Jagersfontein shows many features in common with 

the Bultfontein situation, although there are also contrasts. Most of the features 

of Matsoku, other than the occurrence of primary metasomatic phlogopite in 

LBM 41, differ considerably from the Bultfontein and Jagersfontein style of 

metasomatism. 

Metasomatism in both the Jagersfontein and Bultfontein xenoliths is 

considered to have developed by the upwards migration of an H20-rich fluid 

that has reacted with the peridotite emplacing the new metasomatic minerals 

(section 8.3.5 and Erlank at a/ 1987). The ultimate source of the fluid in both 

cases is thought to be asthenospheric, although by analogy with Matsoku it 

may have been derived from an asthenospheric magma crystallising in the 

lower lithosphere and releasing volatiles. At Matsoku such a magma shows 

basanitic affinities. However, at Jagersfontein and Buitfontein no obvious 

affinities with a magmatic source are evident from REE, possibly because of the 

considerable metasomatic reactions that the fluid has undergone, which would 

alter the REE contents (section 7.8.2). 

All three suites show evidence of precipitation of phlogopite from an 

H20-rich fluid. However, unlike the Bultfontein xenoliths, there is no obvious 

replacement of garnet by phlogopite at either Jagersfontein or Matsoku. In both 

the Jagersfontein and Bultfontein sequences, phlogopite development 

represents the greatest depth end of the metasomatic sequence, although it 

should be emphasised that the depth control is more tightly constrained at 

Jagersfontein since, unlike Bultfontein (Erlank et a! 1987), garnet is not being 

replaced. This provids ample opportunity for geothermobarometry. 

At more shallow depths in the Buitfontein section, metasomatism is 

represented by the presence of K-richterite and phlogopite with the total 

absence of garnet (other than garnets armoured by olivine, Erlank et al 1987). 

Contrasts in the style of metasomatism are seen at Jagersfontein, where the 

amphibole developed at shallow levels is an edenite (section 3.9). It occurs in 



both garnet-bearing and garnet-free lithologies with no indication of garnet 

replacement, and occurs to the exclusion of phiogopite, other than the one 

occurance of Ba-phiogopite. 

Furthermore at Bultfontein in addition to the K-richterite, there is also 

developed a whole series of LIL and REE rich opaques (LIMA). Although these 

have been found in concentrates from the Jagersfontein kimberlite (Haggerty 

1983), they have yet to be found in situ in a host peridotite (Haggerty 1985 

pers comm). Many of the Buitfontein xenoliths also show the development of 

channel-ways suggestive of the passage of considerable amounts of fluid 

through this mantle section (Erlank et a/ 1987). No channel phenomena of any 

sort have been identified in the Jagersfontein suite presently under study 

(section 8.3.1). 

The overall suggestion is that these differences and similarities between the 

Bultfontein and Jagersfontein suites reflect the degree of metasomatism 

experienced by the two volumes of mantle, with the former locality probably 

having been metasomatised to a considerably greater extent than the latter. 

It is possible that the difference in degree of metasomatism at these two 

localities may reflect their positions on the Transvaal craton (figure 1.1.), in that 

Jagersfontein sits towards the margin of the craton, whereas Bultfontein lies 

further towards its centre. 

Finally, isotopic studies suggest that the metasomatism now recorded in 

the Jagersfontein mantle is considerably older (0.6Ga) than that in the 

Bultfontein mantle (190-90Ma), although isotopically older events are evident at 

Bultfontein. Again the relative ages of metasomatism may have some 

connection with the degree of metasomatism at the two localities and possibly 

their relative positions on the Transvaal craton. 

Except for LBM 41 (section 8.6.2.8), modal metasomatism differs 

considerably between the Jagersfontein and Bultfontein type situations, and the 

Matsoku situation. This is because generally metasomatism at Matsoku is seen 

to have involved the migration of silicate melts from an igneous intrusive 

event, whereas the Jagersfontein and Bultfontein situations are considered to 

have been formed by the migration of H20-rich fluids. However, as suggested 

for Jagersfontein (section 8.3.5) and for LBM 41 from the Matsoku suite (section 

8.6.2.8), the H20-rich fluid may have been derived from an 
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asthenospherically-derived magma body cooling and crystallising within the 

mantle and undergoing de-volatilisation. It should be emphasised that no 

samples showing magmatic- or silicate melt-related metasomatic features are 

evident from either the Buitfontein or Jagerstontein suites. 

8.8. SUMMARY 

In this chapter metasomatic and magmatic aspects of peridotite xenoliths 

from the Matsoku kimberlite pipe, and metasomatic aspects of peridotite 

xenoliths from the Jagersfontein kimberlite pipe have been consolidated and 

viewed in terms of their genesis. 

8.8.1. Matsoku 

At Matsoku five interrelated metasomatic and magmatic activities can be 

identified. These are: 

Injection of an igneous intrusive complex. Considerable crystal fractionation 

is considered to have occurred both during and after injection of a magma with 

basanitic affinities, to produce the range of compositions presently seen in the 

pyroxene-rich sheets. Mineral-melt segregation processes, (principally flow 

differentiation) are considered viable processes to produce the internal layering 

seen in some of the pyroxene-rich sheets. Crystallisation of orthopyroxene and 

olivine is thought to be the major control by which more fractionated melts 

(which lack internal layering), considerably richer in clinopyroxene and garnet, 

are generated. The reaction of early formed orthopyroxenes with later highly 

fractionated fluids has led to the development of cloudiness in the pyroxene, 

due to inclusions of predominantly ilmenite and clinopyroxene. Considerable 

fractional crystallisation both along the lengths of the pyroxene-rich sheets and 

across the sheets has given rise to two small volume melt fractions. 

Fractionation across pyroxene-rich sheets, a relatively late stage 

phenomena, has produced a very small volume, highly mobile melt. This has 

moved laterally from the pyroxene-rich sheets into the walirock giving rise to 

Fe-Ti metasomatism in the walirock. The wallrock itself is typical common 

coarse peridotite, displaying no recrystallisation and in general, no modal 

metasomatism. Diffusion metasomatism also played a considerable role in 
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enriching the minerals in the walirock, to the extent that Only the cores of 

garnets preserve original Fe and Ti contents. 

A further small volume melt has been produced by fractionation along the 

length of the pyroxene-rich sheets and has produced a final residual melt rich 

in Fe, Ti, K, and the incompatible elements and REE. This melt has moved into 

the peridotite by infiltration along grain boundaries and reacted with the 

peridotite giving rise to the IRPS-modal metasomatic phenomena and the 

garnet-rich veins. Considerable recrystallisation has occurred within the 

metasomatised veins or zones as well as frequent changes in the proportions 

of anhydrous silicate minerals. This has principally been an increase in 

orthopyroxene relative to olivine. Veins and zones indicate channelling of the 

metasomatic melt, although some melt has moved laterally away from the 

zones, principally enriching the hostrock minerals in Fe and Ti in a method 

analogous to that in wallrocks. However, alteration of some hostrock garnets 

has occurred and they have developed poikioblastic rims. Some hostrock 

orthopyroxenes have also reacted with the melt and have become cloudy in a 

method analogous to the early formed orthopyroxenes in pyroxene-rich sheets. 

Mass balance equations indicate that during this stage of modal metasomatism 

a whole range of major and minor elements were added to and subtracted 

from the rock by the melt. Those added include Fe, Ti, K, Al, Cr and H20. It is 

also evident from these reactions and from the variation in composition of the 

metasomatic veins and zones, and garnet-rich veins, that the composition of 

the metasomatic melt varied considerably. 

The fourth event is considered to have occurred very late in the evolution 

of the intrusive and magmatic phenomena at Matsoku, probably after melt 

activity had ceased to be dominant and considerable cooling and late stage 

crystallisation was occurring. At this time a volatile-rich fluid was released 

from the cooling body and moved into the mantle surrounding the magmatic 

and metasomatic centre enriching it in LREE. It is on the basis of this LREE 

enrichment event that the age of magmatism and metasomatism is dated at 

O.5Ga. 

Finally it is suggested that the volatile-rich fluid may have reacted with the 

peridotite and given rise to phiogopite. This reaction is analogous to that in the 

Jagersfontein primary metasomatic phiogopite-bearing (CMP) xenoliths, with 

phiogopite replacing clinopyroxene. 
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882. Jagersfontein 

In the Jagersfontein xenoliths at least two distinct modal metasomatic 

episodes are recognisable. An old primary metasomatic event, dated at 0.6Ga, 

and a younger secondary metasomatic event occurring at the time of kimberlite 

emplacement (9OMa). 

A primary metasomatic event is evident in the low- and 

medium-temperature xenoliths from the Jagersfontein kimberlite. At depth the 

metasomatism resulted in the replacement of clinopyroxene by primary 

metasomatic phlogopite and at more more shallow depths, constrained by its 

depth stability limit, edenite was emplaced. Thus metasomatism was potassic 

at depth and sodic/calcic at more shallow levels. The reaction at depth would 

enrich the fluid in Ca and Na which are removed from the fluid to generate the 

edenite at shallower depths. Evidence has been presented to show that the 

metasomatic agent was an H20-rich fluid rather than a silicate melt. A 

CO2-rich fluid has also been ruled out, principally because of the lack of 

carbonates, the lack of Ti-enrichment and the considerable inventory of 

elements present. It is suggested that the metasomatic fluid may have been 

derived from a crystallising asthenospherically-derived magma body at depth. 

Secondary metasomatism is evident in xenoliths from all pressure and 

temperature regions of the mantle beneath Jagersfontein and is considered on 

the basis of a lack of textural and chemical equilibrium, to be a late stage 

event that occurred during transport of the xenoliths to the surface in the 

kimberlite. Mass balance equations have suggested that the reactions are 

extremely localised and that the products from some were in part the reactants 

for others within the xenolith. The metasomatic agent is considered to be a 

CO2-H20-rich fluid derived from the kimberlite. The CO2-rich nature of the fluid 

is illustrated by the presence of calcite and is further supported by the high Ti 

contents of the secondary metasomatic minerals and the Ti-enrichment effects 

on primary spinels and primary metasomatic phlogopite. Mass balance 

equations have furthermore given considerable support to the suggestion that 

the stage I kelyphitic reaction is essentially an isochemical breakdown of garnet 

to clinopyroxene, orthopyroxene and spinel. 
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8.8.3. Wider Implications 

It is finally suggested that the magmatic and silicate-melt related 

metasomatic phenomena present in the Matsoku suite may represent a similar 

sort of occurrence that has occurred in the vicinity of the Jagersfontein mantle, 

givening rise to metasomatjc fluids. Unfortunatly any such event present has 

not been sampled by the Jagersfontein kimberlite. 
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CHAPTER 9 

CONCLUSIONS 

9.1. INTRODUCTION 

This thesis reports the results of the petrological study of two suites of 

peridotite xenoliths from kimberlite pipes in southern Africa, namely 

Jagersfontein in South Africa and Matsoku in northern Lesotho. In addition to 

the general petrographic and geochemical description of the two suites, work 

has been concentrated more specifically on metasomatic aspects of the 

Jagersfontein xenoliths, and magmatic and metasomatic aspects of peridotite 

xenoliths from the Matsoku suite. The latter locality has previously been 

described extensively in the literature. 

9.2. JAGERSFONTEIN 

Peridotite xenoliths from Jagersfontein are seen to consist of a primary 

mineral assemblage of olivine + orthopyroxene + garnet + spinel + 

clinopyroxene. On the basis of texture the xenoliths can be divided into 

essentially two groups: a coarse grained group and a group showing 

deformation textures. These two groups are further subdivided on the basis of 

mineral chemical equilibria into high-, medium- and low-temperature groups. 

The high-temperature group comprises those xenoliths which show 

deformation textures. These textures are considered to have been formed 

during the generation and movement of the kimberlitic magma to depths of at 

least 1301(m. No deformed peridotites are noted at shallower depths than this. 

Pressure and temperature estimates for these xenoliths are greater than 37 

Kbars and 1050 °C. 

The medium-temperature and low-temperature groups both Comprise 

coarse textured xenoliths. Pressure and temperature ranges for the 

low-temperature xenoliths are less than 36 Kbars and 900 °C; and for the 

medium-Temperature xenoliths are 3S to 37 Kbars and 900 to 1050 

°C. Exsolution of clinopyroxene, orthopyroxene, spinal and garnet from 

orthopyroxene and clinopyroxene has occurred in the low-temperature 
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xenoliths. No exsolution is present in either the medium-temperature or the 

high-temperature xenoliths. 

Two xenoliths are exceptions to the above: a high-temperature coarse 

xenolith, which has a mineral chemistry simihr to the high-temperature 

deformed xenoliths; and a low-temperature deformed pyroxenite. 

Two uiStlnct suites of modal metasomatic mineralogy are developed in the 

Jagersfontein xenoliths. These are classified as primary and secondary 

metasomatic suites principally on the degree of chemical and textural 

equilibrium they have developed with their host. 

The primary metasomatic suite is dominated by phiogopite and edenite, 

although very minor rutile and richterite are also present. The phiogopite is 

restricted in its occurrence to medium-temperature xenoliths; and the edenite 

to low-temperature xenoliths. A single occurrence of Ba-phlogopite has been 

noted in an edenite-bearing low-temperature xenolith. 

The primary metasomatic mineralogy has developed a high degree of 

chemical and textural equilibrium with the host peridotite mineralogy. Rare 

replacement textures show that in the low-temperature xenoliths, edenite is 

replacing orthopyroxene; and in the medium-temperature xenoliths, phiogopite 

is replacing clinopyroxene. The host mineralogy has undergone no 

recrystallisation on metasomatism and shows no major element enrichment 

comparable to that shown by the IRPS-rich metasomatised xenoliths from 

Matsoku. Bulk rock chemistry reflects the presence of the metasomatic 

minerals with increased A1203  and K20 in the ptilogopite-bearing xenoliths, and 

increased A1203  and Na20 in the edenite-bearing xenoliths. Incompatible 

elements are also enriched, principally Rb in phlogopite-bearing xenoliths and 

Sr in edenite bearing xenoliths. A general incompatable element enrichment is 

also evident in all coarse xenoliths relative to the high-temperature xenoliths, 

regardless of the presence or absence of primary metasomatic minerals. 

REE in garnet separates from edenite-bearing xenoliths are LREE enriched 

relative to high-temperature xenoliths. This enrichment is considered to be 

related to the modal metasomatic event that emplaced the amphibole (and 

phiogopite). The enrichment, and hence modal metasomatism, has been 

isotopically dated at 0.6Ga (modal Tdm Sm-Nd age). 
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The metasomatism is essentially potassic at depth, where the replacement 

of clinopyroxene enriches the fluid in Na and Ca. At more shallow depths the 

metasomatism is principally calcic and sodic, and in turn enriches the fluid in 

an olivine component. The growth of edenite at shallow depths, less than 105 

km, reflects the limited stability field of amphibole within the upper mantle. 

The edenite and phlogopite are considered to have been emplaced during a 

single episode of metasomatism by the infiltration of a H20-rich fluid. This 

fluid may have been derived from an asthenospherically-derived magma body 

cooling and crystallising within the lower lithosphere (in analogy with the 

situation at Matsoku). 

The secondary metasomatic suite of minerals principally comprises 

phlogopite with lesser amounts of serpentine, spinel, clinopyroxene, calcite, 

ilmenite and pargasite. The mineralogy is developed throughout the whole suite 

regardless of pressure and temperature characteristics, and has occurred 

following the formation of low-pressure and temperature alteration of garnets 

to the anhydrous kelyphite assemblage (see below). This indicates that 

secondary metasomatism occurred at a late stage during transport of the 

xenoliths to the surface. This late stage formation is also illustrated by the 

gross chemical and textural disequilibrium between the secondary metasomatic 

minerals and the host peridotite. Distinctive chemical differences are present 

between the primary and secondary metasomatic mineralogies. 

The secondary metasomatic mineralogy is seen to form a series of distinct 

assemblages, the most widespread of which are the grain boundary 

assemblages, of which phlogopite is the most abundant component. The 

mineralogy of these assemblages reflects that of the mineral phase being 

replaced. Phlogopite and clinopyroxene replace edenite, phlogopite and 

Cr-spinel replace Cr-rich clinopyroxene, phlogopite replaces orthopyroxene or 

diopside, and phlogopite and Al-spinel replace orthopyroxene containing 

Cr-spinel exsolution lamellae. Unlike the primary metasomatic minerals, all 

secondary metasomatic minerals show considerable enrichment in Ti. 

Secondary metasomatic enrichment of Ti, Al and Fe is also shown by the 

development of rims rich in these elements on some primary spinel grains, 

primary metasomatic phlogopite grains and very rarely on some primary silicate 

minerals. The secondary metasomatic mineralogy is considered to have formed 

by the interaction of a CO2-H20-rich fluid, derived from the kimberlite. This 

has infiltrated the xenoliths along grain boundaries and essentially reacted with 
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the pyroxenes. These reactions involve the addition of Ti, Al, K and Fe as major 

components. Such additions are also exhibited by bulkrock major element 

contents. The secondary metasomatic reactions themselves are extremely 

localised, but it is suggested that the bi-products of one reaction form the 

reactants for another. 

Bulkrock incompatible elements are also enriched by secondary 

metasomatism However, it is possible to differentiate between original 

incompatible element contents and those enriched by secondary 

metasomatism In general xenoliths containing greater than 7.5ppm Rb (or 0.15 
Wt% K20) contain a significant secondary metasomatic component. Bulkrock 

REE concentrations show a degree of kimberlitic contamination and are 

considerably LREE-enriched. 

An in depth study of kelyphitic rims to garnets has also been undertaken on 
xenoliths in the Jagersfontein suite. These rims are Considered to have formed 

by a two stage process with an essentially isochemical first stage leading to 

the development of a fine grained two pyroxene and spinel rim. Since the rims 

are ubiquitous to garnets throughout the whose suite, then this stage is 

considered to have occurred during ascent within the kimberlite magma but 

prior to infiltration of the xenoliths by secondary metasomatic fluid. Fluid 

interaction is represented in stage two when the early formed pyroxenes are 

altered to form phiogopite and calcite. Spinels in the kelyphitic rims have 

equilibrated with the garnet adjacent to the garnet, equilibrated with the bulk 

rock away from the garnet and have finally been enriched in Ti, Fe and Al 

during secondary metasomatism. 

Isotopic studies have shown that Rb-Sr and Sm-Nd systematics within 

xenoliths have been constantly re-set upto the time of kimberlite intrusion. 

Modal bulkrock Sm-Nd 1dm ages suggest that the LREE enrichment associated 

with primary metasomatism occurred at around 0.6Ga. 

9.2.1. Geological History Of Xenoliths From Jagersfontejn 

From textural and geochemical evidence a geological history can be 

suggested for the xenoliths found in the Jagersfontejn kimberlite: 
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9.3. MATSOKU 

Peridotite xenoliths from the Matsoku pipe show in addition to a range of 

variously coarse and deformed, Mg-rich and Fe-rich peridotites, a suite of 

xenoliths showing evidence of intrusive magmatic activity and modal 

metasomatism. Although the suite had already been partly described in the 

literature, the research described in this thesis has shed new light on 

magmatic, metasomatic, and other phenomena in these xenoliths. The research 

has also provided a possible model for the development of the magmatic and 

metasomatic features present. 

All of the phenomena described have occurred within a restricted area of 

mantle. Equilibration pressures and temperatures for the suite are around 35 

+3Kbars and 975+50°C. Evidence for magmatic activity in the Matsoku xenoliths 

is portrayed in the first instance by the formation of pyroxene-rich intrusions. 

These sheet-like intrusions, ranging from 1-16cm thick, are intruded into 

typical coarse peridotite and have a finer grain size than the surrounding wall 

rock. By comparison with normal coarse Mg-rich peridotite they show a 

general enrichment of Fe and Ti in their silicate mineralogy (opx +CPX +01 +gnt), 

and commonly in Fe, Ti, Ca, Na, Al. K, Cu, S and Cr in their bulkrock chemistry 

reflecting both the Fe-Ti enrichment in silicates and relatively high modal 

proportions of orthopyroxene and clinopyroxene, and sometimes garnet, 

ilmenite, phlogopite and sulphides. 

On the basis of bulkrock major element chemistry and bulkrock and 

clinopyroxene REE chemistry, the pyroxene-rich sheets are seen to form part of 

a complex fractionation sequence from a host magma with basanitic affinities. 

Several IRPS-free pyroxene-rich sheets can be linked by simple fractionation of 

orthopyroxene and olivine in a rough 2:1 ratio giving a general increase in 

clinopyroxene and garnet in the residual melt. 

Some of the lesser fractionated pyroxene-rich sheets show internal layering 

with clinopyroxene-rich margins and orthopyroxene-rich interiors. Flow 

differentiation of early formed orthopyroxene and olivine is suggested as a 

viable method of segregation, with clinopyroxene-rich melt being concentrated 

towards the margins of the intrusions. 

Cloudy orthopyroxenes, common in these pyroxene-rich sheets, are 
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considered to have been formed by the reaction of early crystallised 

orthopyroxenes with the more fractionated melt leading to enrichment of the 

orthopyroxene in Ti, Fe, Ca and Na. These have subsequently exsolved as 

minute lamellae of ilmenite and clinopyroxene. Fractionation is considered to 

have continued during intrusion of the pyroxene-rich sheets ultimately 

producing a highly fractionated small volume melt. This has infiltrated the 

peridotite towards the end of pyroxene-rich sheet intrusion giving rise to the 

modal metasomatic phenomena. 

The modal metasomatic phenomena consist of a series of veins, zones or 

more diffuse areas of IRPS minerals. Garnet-rich veins also occur in the 

Matsoku peridotites and contain minor amounts of IRPS-minerals. They are 

considered to have formed in the same manner as the IRPS-veins, although 

from an infiltrating melt of a different composition. Two principle IRPS-rich 

assemblages are noted, an ilmenite dominated assemblage and a 

rutile-phiogopite dominated assemblage. Ilmenite also occurs as the principle 

IRE'S-mineral in pvroxene-rich  sheets rich in IRPS-minerals, whereas rutile 

occurs relatively infrequently. It is suggested that the discrete veins of rutile 

and phiogopite represent the highest silicate melt fractionate portion from the 

original magma. This is supported by the considerable REE enriched nature of 

their clinopyroxenes, which have higher LREE contents than clinopyroxenes in 

pyroxene-rich sheets. 

These modal metasomatic phenomena are accompanied by considerable 

modification of the mineralogy and texture of the infiltrated rock. The 

metasomatised areas have undergone considerable recrystallisation and 

frequently show a change in the proportion of silicate minerals. This is most 

frequently an increase in the proportion of orthopyroxene relative to divine. A 

degree of increasing textural and mineralogical modification occurs towards the 

main concentrations of IRPS-mineralogy in some ilmenite-rich zones. Similar 

features are shown by the garnet-rich veins where garnets in the original host 

rock have become poikioblastic. Such features indicate a lateral movement of 

the silicate melt away from the main areas of metasomatism. Cloudy 

orthopyroxene grains in these xenoliths are considered to have formed in a 

similar manner to those in the pyroxene-rich sheets by the interaction of a 

highly fractionated melt with orthopyroxene aithought the orthopyroxenes here 

are the original host peridotite grains. 
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Metasomatism may have occurred at very low oxygen fugacities in the 

region of the Iron-Wustite buffer. Opaques in the IRPS-suite show a complex 

cooling history. Rutile and ilmenite both contain exsolved lamellae and rare 

fringes of Cr-spinel. Sulphides generally form as blebs of pentlandite and 

pyrrhotite intergrown in fine grained flame-like quench texture and are 

surrounded by chalcopyrite. The chalcopyrite has separated Out from the 

sulphide mixture prior to incorporation of the xenoliths in the kimberlite. The 

pentlandite and pyrrhotite were a single M,, phase at the time of eruption 

when they subsequently separated. Phiogopite in the IRPS-mineralogy is 

distinct from secondary metasomatic phlogopites occurring around garnets. 

Hostrocks and walirocks to the modal metasomatic and pyroxene-rich 

intrusions have undergone enrichment in Fe and Ti relative to typical common 

peridotite. All of the minerals in the hostrocks and wallrocks have been 

enriched with the exception of some garnet cores, which have retained 

evidence of original compositions. Zoning profiles for the garnets are, 

however, complex. Fe-Ti enrichment has occurred up to at least a distance of 

8cm from the pyroxene-rich sheet intrusions. It is suggested that an extremely 

small volume highly fractionated melt has infiltrated the peridotites laterally 

from the pyroxene-rich sheets, without modifying the texture of the peridotite. 

This would be an effective carrier of Fe and Ti for considerable distances away 

from the pyroxene-rich sheets. Diffusion metasomatism is also an important 

process here. 

Ultimately silicate melt activity ceased and H20-rich fluids have been 

released from the cooling intrusion. These fluids are considered to have been 

LREE-rich and to have infiltrated to rock surrounding the above magmatic and 

modal metasomatic phenomena giving rise to LREE enrichment at the same 

level as that present in the discrete veins. This final enrichment event has been 

dated at 0.5Ga (model Tdm Sm-Nd age). 

These late stage H20-rich fluids may have been responsible for the 

formation of primary metasomatic phlogopite in the xenolith LBM41. This 

xenolith shows more similarity with the primary metasomatic 

phiogopite-bearing xenoliths from Jagersfontein (and Buitfontein) than any of 

the Matsoku metasomatic phenomena in texture, mineral chemistry and mica 

REE chemistry. 

It is finally concluded that the magmatic and modal metasomatic 
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phenomena sampled by the Matsoku kimberlite might not be as rare an 

occurance as present xenolith suites would indicate. Metasomatism in the 

sub-cratonic lithosphere of southern Africa is gradually appearing to be a wide 

spread phenomena. Crystallisation of asthenospherically derived melts in the 

lithosphere would provide an ideal source of fluid for the primary metasomatic 

phenomena now sampled by the kimberlites. However, although Matsoku shows 

clear evidance of magmatic features in association with silicate melt 

metasomatism and H20-rich fluid metasomatism; and similarly at Bultfontein 

there is the association of the MARID-suite of xenoliths with H20-rich fluid 

metasomatism, it should be emphasised that there is no evidance of 

magmatism in association with the primary metasomatism at Jagersfontein. 



323 

REFERENCES 

Allegre C. J., Shimizu N. and Rousseau D., (1982), History of the continental 

lithosphere recorded by ultramafic xenoliths. Nature 296: 732-735. 

Allsopp H. L, Burger A. J. and Van Zyl C.. (1967), A minimum age for the 

Premier kimberlite pipe yielded by biotite Rb-Sr measurements, with 

related galena isotope data. Earth Planet. Sci. Lett, 3: 161-166. 

Aoki Ic, (1975), Origin of phiogopite and potassic richterite bearing peridotite 

xenoliths from South Africa. Contrib. Mineral. Petrol, 53: 145-156. 

Arai S., (1984), Pressure temperature dependent compositional variations of 

phlogopite micas in upper mantle peridotites. Contrib. Mineral. Petrol, 

87:260-264. 

Arculus R. J., Dawson J. B., Mitchell R. H., Gust D. A. and Holmes R. D., (1984), 

Oxidation states of the upper mantle recorded by megacryst ilmenite in 

kimberlites and type A and B spinel Iherzolites. Contrib. Mineral, Petrol, 

85: 85. 

Artyushkov E. V. and Sobolev S. V., (1984), Physics of Kimberlite Magmatism. In 

Kimberlites I: K/mb erlites and related rocks (Ed J. Ko rn pro bst), 

pp309-332, Elsevier, Amsterdam. 

Bailey D. K., (1982), Mantle metasomatism- continuing chemical change within 

the earth. Nature 296: 525-530. 

Basaltic Volcanism Study Project, (1981), Basaltic Volcanism on the Terrestrial 

Planets pp1286 Pergamon Press Inc., New York. 

Basu A. Ft and MacGregor I. D., (1975), Chromite spinels from ultramafic 

xenotiths. Geochim. Cosmochim. Act4 39: 937-945. 

Basu A. R. and Tatsumoto M., (1979), Samarium-Neodymium systematics in 

kimberlites and in the minerals of garnet lherzolite inclusions. Science 

25: 398-401. 

Basu A. R. and Tatsumoto M., (1980), Nd isotopes in selected mantle derived 

rocks and minerals and their implication for mantle evolution. Contrib. 



324 

Mineral, Petro/ 75: 43-54. 

Bauer H. H., Christian C. D. and O'Reilly J. E., (1978), Neutron Activation Analysis. 

In lnstumenta/ Analysis; PP  579-591. 

Bergman S. C., (1987), Lamproites and other potassium-rich igneous rouks: a 

review of their occurrence, mineralogy and geochemistry. In Alkaline 

Igneous Rocks; (Eds. J. G. Fitton and B. G. J. Upton) Geological Society 

Spec. Pubi. No. 30: 103-190, Blackwell Scientific Publications, London. 

Bhattacharji S. and Smith C. H., (1964), Flowage Differentiation. Scieric 145: 

150-153. 

Bishop F. C., Smith J. V. and Dawson J. B., (1975), Pentlandite-magnetite 

intergrowths in De Beers spinel Iherzolites: a review of sulphides in 

nodules. Phys. Chem. Earth, 9: 323-337. 

Bishop F. C., Smith J. V. and Dawson J. B., (1978), Na, K, P, Ti in garnets, 

pyroxenes and olivines from peridotite and eclogite xenoliths from South 

African kimberlites. Lithos; 11: 155-173. 

Borley C. D. and Suddaby P., (1973), Pyroxenite xenoliths from the kimberlite of 

Jagersfontein Mine. International Conference on Kimber/ites, Cape Town, 

Extd. Abst., (unpaged). 

Boyd F. R. and Nixon P. H., (1978), Ultramafic xenoliths from the Kimberley 

pipes, South Africa. Geochim. Cosmochim. Acta, 42: 1367-1382. 

Boyd F. R. and Nixon P. H., (1979), Garnet lherzolite xenoliths from the 

kimberlites of East Griqualand, South Africa. Carnegie. Inst. Wash. Ybk,, 

78: 488-492. 

Boyd F. R., Jones A. P. and Nixon P. H., (1983), Mantle metasomatism, the 

Kimberley dunites. Carneg. Inst. Geophys, Lab. Report, 82: 330-336, 

Brady J. B. and McCallister Ft H., (1983), Diffusion data clinopyroxene from 

homoginisation and self diffusion experiments. Am. Mm., 68: 95-105. 

Buening D. K. and Busech P. R., (1973), Fe-Mg lattice diffusion in divine. 

J. Geophys. Res, 78: 6852-6862. 



325 

Carswell DA, (1975), Primary and secondary phiogopites and clinopyroxenes in 

garnet lherzolite xenoliths. Phys. Chem. Earth, 9: 417-429. 

Carswell D. A. and Dawson J. B., (1970), Garnet peridotite xenoliths in South 

African kimberlite pipes and their petrogenesis. Contrib. Mineral. Petrol, 

25: 163-184. 

Carswell D. A. and Gibb F. G. E., (1980), Geothermometry of garnet lherzolite 

nodules with special reference to those from the kimbertites of northern 

Lesotho. Contrib. Mineral. Petrol, 74: 403-416. 

Carswell D. A., Clarke D. B. and Mitchell R. H., (1979), The petrology and 

geochemistry of ultramafic inclusions from the Pipe200, northern 

Lesotho. In The Mantle Sample: Inclusions in Kimberlites and Other 

Vo/canics (Eds. F. R. Boyd and H. 0. A. Meyer), pp 127-144, AGU. 

Washington. 

Chen J., (1971), Petrology and chemistry of garnet lherzolite nodules in 

kimberlite from South Africa. Am. Min, 56: 2098-2110. 

Cohen R. S., O'Nions R. K and Dawson J. B., (1982), Pb, Nd and Sr isotopes in 

ultramafic xenoliths: evidence of ancient sub-continental mantle? EOS; 

63: 460. 

Cohen R. S., O'Nions R. K and Dawson J. B., (1984), Isotope geochemistry of 

xenoliths from East Africa: implications for development of mantle 

reservoirs and their interactions. Earth Planet. Sci. Lett, 68: 209-220. 

Cox K C., Gurney J. J. and Harte B., (1973), Xenoliths from the Matsoku pipe. In 

Lesotho Kimber/ites (Eds. P. H. Nixon), pp76-100, Lesotho Nat. Dev. 

Corp., Maseru. 

Craig J. R. and Kullerud G., (1969), Phase relations in the Cu-Fe-Ni-S system 

and their application to magmatic ore deposits. Econ. Geol monograph, 

no 4: 344-358. 

Craig J. R. and Vaughan D. J., (1981), Ore Microscopy and Ore Petrography, 

Wiley, New York. 

Danchin R. V., (1979), Mineral and bulk chemistry of garnet Iherzolite and garnet 

harzburgite xenoliths from the Premier Mine, South Africa. In The 



326 

Mantle Sample, (Eds F. R. Boyd and H. 0. A. Meyer), pp104-126 AGU. 

Washington. 

Danchin R. V. and Boyd F. R., (1976), Ultramafic nodules from the Premier 

kimberlite pipe, South Africa. Carneg. Inst. Geophys. Lab. Rept, 75: 

531-538. 

Davis C. L, (1977), The ages and uranium contents of zircons from kimberlites 

and associated rocks. iid  mt. K/mb. Cont Santa Fe Ext. Abst. (unpaged). 

Dawson J. B., (1968), Recent researchs on kimberlite and diamond geology. 

Econ. Geology63: 504-511. 

Dawson J. B., (1980), Kimberl/tes and their Xenoliths Springer-Verlag, New 

York. 

Dawson J. B., (1984), Contrasting types of upper mantle metasomatism. In 

Kimberl/tes ii: The Mantle And Crust Mantle Relationships (Ed. 

J. Kornprobst), Elsevier, Amsterdam. 

Dawson J. B. and Smith J. V., (1975), Chromite-silicate intergrowths in upper 

mantle peridotites. Phys. Chem. Earth, 9: 339-350. 

Deer W. A., Howie R. A. and Zussmann J., (1966), An introduction to the rock 

forming minerals Longman. London. 

Delaney J. S., Smith J. V., Carswell D. A. and Dawson J. B., (1980), Chemistry of 

micas from kimberlites and xenoliths, II: Primary- and secondary 

textured micas from peridotite xenoliths. Geochim. Cosmochim. Acta, 

41: 857-877. 

Dingle, E., (1973), Mesozoic palaeogeography of the southern Cape, South 

Africa. Pa/aeogeogr. Pa/aeodllmatol. Palaeoecol., 13: 203-213. 

Duckworth S. and Freer It, (1981), In Progress In Experimental Petrology (Eds. 

C. E. Ford), pp36-39, NERC. 

Eggler D. H., (1987), Solubility of major and trace elements in mantle 

metasomatic fluids: experimental constraints. In Mantle Metasomatism 

(Eds. M. A. Menzies and C. J. Hawkesworth), pp21-44, Academic Press, 

London. 



327 

Ehrenberg S. N.. (1982), Petrogenesis of garnet lherzolite and megacrystalline 

nodules from the Thumb, Navajo volcanic field. J. Petrol, 23: 507-547. 

Ellis D. J. and Green D. H., (1979), An experimental study of Ca upon 

Garnet-clinopyroxene Fe-Mg exchange equilibria. Contrib. Mineral. 

Petrol, 71: 13-22. 

Elphick S. C., Ganguly J. and Loomis T. P., (1985), Experimental determination of 

cation diffusivities in aluminosilicate garnet I. Experimental methods and 

diffusion data. Contrib. Mineral. Petrol., 90: 36-44. 

Erlank A. J., (1970), Distribution of potassium in mafic and ultramafic nodules. 

Carnegie Inst. Wash. Ybk, 68: 433-439. 

Erlank A. J. and Rickard R. S., (1977), Potassic richterite bearing peridotites from 

kimberlite and the evidence they provide for upper mantle 

metasomatism. .td  mt. K/mb. Coiif. Santa Fe, Extd. Abst. (unpaged). 

Erlank A. J., Allsopp H. L, Duncan A R. and Bristow J. R., (1980), Mantle 

hetrogeneity beneath southern Africa: evidence from the volcanic record. 

Phil. Trans. R. Soc. Lond, A297: 295-307. 

Erlank A. J., Allsopp H. L, Hawkesworth C. J. and Menzies. M. A, (1982), 

Chemical and isotopic characteristics of upper mantle metasomatism in 

peridotite nodules from the Bultfontein Kimberlite. Terra Cognit 2: 

216-263. 

Erlank A.. J., Waters F. G., Hawkesworth C. J., Haggerty S. E., Allsopp H. L, 

Rickard R. S. and Menzies M. A, (1987), Evidence for mantle 

metasomatism in peridotite nodules from the Kimberley pipes, South 

Africa. 	In 	Mantle Metasomatism 	(Eds. 	M. A. Menzies 	and 

C. J. Hawkesworth), pp221-312, Academic Press, London. 

Finnerty A. A. and Boyd F. R.., (1984), Evaluation of thermobarometers for garnet 

peridotites. Geochim. Cosmochim. Act4 48: 15-28. 

Fraser D. G., Watt F., Grime G. W. and Takacs J., (1984), Direct determination of 

strontium enrichment on grain boundaries in a garnet lherzolite zenolith 

by proton microprobe analyses. Nature 312: 352-354. 

Frey F. A., Green D. H. and Roy S. D., (1978), Intigrated models of basalt 

petrogenesis: a study of quartz tholeiites to olivine melilits from south 



32 

eastern Australia, utilising geochemical and experimental petrological 

data. J. Petrol, 19: 463-513. 

Ganguly J. and Ruiz J., (1987), Time-temperature relations of mineral isochrons: 

a thermodynamic model, and illustrative examples of the Rb-Sr system. 

Earth Planet. Sci. Lett, 81: 338-348. 

Garvie 0. C. and Robinson D. N., (1982), The mineralogy, structure and mode of 

formation of kelyphite and associated sub-kelyphite surfaces on pyrope 

from kimberlite. Terra Cognita, 2: 229-230. 

Garvie 0. G. and Robinson D. N., (1984), The formation of kelyphite and 

associated sub-kelyphite and sculptured surfaces on pyrope from 

kimberlite. In Kimber/ites I: Kimberlites and Related Rocks (Ed. 

J. Kornprobst), pp371-382, Elservier, Amsterdam. 

Casper C. J. and Wyllie P. J., (1982), Barium-phlogopite from Jacupiranga 

carbonatite, Brazil. Am. Mm, 67: 997-1000. 

Gresens R. L, (1967), Composition volume relationships of metasomatism. 

Chemical Geology, 2: 47-65. 

Gurney J. J., Harte B. and Cox K. G., (1975), Mantle xenoliths in the Matsoku 

kimberlite pipe. Phys. Chem. Earth, 9: 507-523. 

Haggerty S. E., (1976), Opaque mineral oxides in terrestrial igneous rocks. In 

Reviews In Mineralogy- Oxide Mineral. (Ed D. Rumble), Mm. Soc. Amer. 

3: 101-300. 

Haggerty S. E., (1979), Spinels in high pressure regimes. In The Mantle Sample 

(Eds. F. R. Boyd and H. 0. A. Meyer), pp 183-196, AGU., Washington. 

Haggerty S. E., (1983), The mineral chemistry of new titanates from the 

Jagersfontein kimberlite, South Africa, implications for metasomatism in 

the upper mantle. Geochim. Cosmchim. Act4 47: 1833-1854. 

Haggerty S. E. and Tompkins L k, (1983), Redox state of the Earths upper 

mantle from kimberlite ilmenites. Nature 303: 295-300. 

Harte B., (1977), Rock nomenclature with particular relation to deformation and 

recrystallisation textures in olivine bearing xenoliths. 	J. Geol, 85: 



329 
279-288. 

Harte B., (1978), Kimberlite nodules, upper mantle petrology and geotherms. 

Phil. Trans. R Soc. Lond, A228: 487-500. 

Harte B., (1983), Mantle peridotites and processes- The kimberlite sample. In 

Continental Basalts and Mantle Xenoliths (Eds. C. J. Hawkeswor-th and 

M. J. Norry), pp46-93, Shirva, Nantwich, U.K. 

Harte B. and Freer R., (1982), Diffusion data and their bearing on the 

interpretation of mantle nodules and the evolution of the mantle 

lithosphere. Terra Cognit 2: 273-275. 

Harte B. and Gurney J. J., (1975), Ore mineral and phlogopite mineralisation 

within ultramafic xenoliths from the Matsoku kimberlite pipe, Lesotho. 

Carnegie Inst. Wash. Ybk, 74: 528-536. 
Harte B. and Gurney J. J., (1981), J. Geol. 89: 749-753. 
Harte B. and Gurney J. J., (1982), Compositional and textural features of 

peridotite nodules from the Jagersfontein kimberlite pipe, South Africa. 

Terra Cognira, 2: 256-257. 

Harte B. and Hawkesworth C. J., (1987), Mantle domains and mantle xenoliths. 

In Proc. I' Int. K/mb. Conf Perth, (Eds. Ross et 84, Australian Journal of 
Earth Sciences. 

Harte B. and Hunter C. J., (1986), Speculation concerning the importance of 

metasomatic melt migration in the formation of pyroxenite sheets in 

garnet peridotite xenoliths from Matsoku, Lesotho. Proc. 4' mt. K/mb. 
Conf Perth, Extd. Abst., pp184-186, Geological society of Australia. 

Harte B., Cox K. C. and Gurney J. J., (1975), Petrography and geological history 

of upper mantle nodules from the Matsoku kimberlite pipe. Phys. Chem. 
Earth, 9: 477-506. 

Harte B., Gurney J. J. and Cox K. 0., (1977), Clinopyroxene-rich sheets in garnet 

peridotites: Xenolith specimens from the Matsoku kimberlite pipe, 

Lesotho. 2id Int. K/mb. Conf Santa Fe, Extd. Abst. (unpaged). 

Harte B., Winterburn P. A. and Gurney J. J., (1987), Metasomatjc and enrichment 

phenomena in garnet peridotite facies nodules from the Matsoku 

kimberlite pipe, Lesotho. In Mantle Metasomatjsm (Eds. M. A. Menzies 



330 

and C. J. Hawkesworth), pp 145-220, Academic Press, London. 

Hawkesworth C. J., Ertank A. J., Marsh J. S., Menzies M. A. and Van Caisteren 

P. W. C., (1983), Evolution of the continental lithosphere: evidence from 

volcanics and xenoliths in southern Africa. In Continental Basalts and 

Mantle Xenoliths (Eds. C. J. Hawkesworth and M. J. Norry), ppl11-138, 

Shirva, Nantwich, U.K. 

Hervig R. L and Smith J. V., (1980), Sodium thermometer for pyroxenes in 

garnet and spinel lherzolites. J. Geology 88: 337-342. 

Hofmann A. W., (1979), Isotope and trace element geochemistry of the earths 

mantle. 	In. Lectures in Isotope Geology, (Eds E. Jager and 

J. C. Hunziker), pp203-206, Springer-Verlag. 

Hops, J., Gurney J. J., Harte B. and Winterburn P. A., (1987), Megacrysts and 

high temperature nodules from the Jagersfontein kimberlite pipe. In 

Proc. dh  Int. K/mb. Con!. Perth, (Eds. Ross et aj, Australian Journal of 

Earth Sciences. 

Hunter R. H. and Taylor L A., (1982), Instability of garnet from the mantle: Glass 

as evidance of metasomatic melting. Geology 10: 617-620. 

Irving A. J., (1978), A rewiew of experimental studies of crystal/liquid trace 

element partitioning., Geoc/iim. Cosmochim. Acta. 42: 743-770. 

Irving A. J., (1980), Petrology and geochemistry of composit ultramafic xenoliths 

in alkali basalts and implications for magmatic processes in the mantle. 

Am. J. Sc,, 280.A: 389-426. 

Irving A. J. and Frey F. A., (1984), Trace element abundances in megacrysts and 

their host basalts: constraints on partition coefficients and megacryst 

genesis. Geochim. Cosmochim. Act4 48: 1201-1221. 

Jagoutz E., Palme H., Baddenhausen H, Blum K., Cendales M., Dreibus G., Spettel 

B., Lorenz V. and Wanke H.. (1979), The abundance of major, minor and 

trace elements in the Earths mantle as derived from primative ultramafic 

nodules. Proc ldh  Lunar Planet. Sd. Coal 10: 2031-2050. 

Johnson J. L, (1973), Petrology and geochemistry of ultramafic xenoliths from 

the Jagersfontein Mine, O.F.S., South Africa. 16t  mt. K/mb. Coni Cape 



33) 

Town Extd. Abs., (unpaged). 

Jones A. P., Smith J. V. and Dawson J. B., (1982), Mantle metasomatism in 14 

veined peridotites from the Bultfontein Mine, South Africa. J. Geol, 90: 

435-453. 

Kempton P. D., (1987), Mineralogical and geochemical evidance for differing 

styles of metasomatism in spinel lherzolite xenoliths: Enriched mantle 

source regions of basalts?. In Mantle Metasomatism, (Eds. M. A. Menzies 

and C. J. Hawkesworth), pp45-90, Academic Press, London. 

Koch R. C., (1960), Activation Analysis Handbook ppl-15. Academic Press, 

London. 

Komer P. D., (1972), Mechanical interactions of phenocrysts and flow 

differentiation of igneous dikes and sills. Gaol. Soc. Amer. Bull, 83: 

973-988. 

Krammers J. 0., (1977), Lead and strontium isotopes in cretaceous kimberlites 

and mantle derived xenoliths from southern Africa. Earth Planet. Sd. 

Lett, 34: 419-431. 

Krammers J. 0., (1979), Lead, uranium, strontium, potassium and rubidium in 

inclusion-bearing diamonds and mantle derived xenoliths from southern 

Africa. Earth Planet. Sd. Lett, 42: 58-70. 

Krammers K. D., Roddick J. C. M. and Dawson J. B., (1983), Trace element and 

isotope studies on veined, metasomatic and "MARID" xenoliths from 

Buitfontein, South Africa. Earth Planet. Sd, Lett, 65: 90-106. 

Leake B. C.. (1978), Nomenclature of amphiboles. Mm. Mag, 42: 533-563. 

Lloyd F. E., (1987), Charactorisation of mantle metasomatic fluids from the West 

Eifel and South West Uganda. In Mantle Metasomatism (Eds. 

M. A. Menzies and C. J. Hawkesworth), pp9l-124, Academic Press, 

London. 

Lloyd F. E and Bailey D. K.. (1975), Light element metasomatism of the 

continental mantle: the evidence and consequences. Phys. Chem. Earth, 

9: 389-416. 



332 
Lock N. P. and Dawson 	E 	1980), Garnet olivine reaction in the upper mantle: 

evidance from pric. rite xenoliths in the Letseng La-Terra kimberlite, 
Lesotho. Trans. P. 	Edinburgh. Earth Sci,, 2: 47-52. 

Loomis T. P., Ganguly J. ar 	phick S. C., (1985), Experimental determination of 
cation diffusivities 	alumino silicate garnets II. Multi component 

simulation and tract'fusion coefficient Contrib. Mineral. Petrol, 90: 
45-51. 

	

Macgregor i. D., (1979), Maf 	id ultramafic xenoliths from the Kao kimberlite 
Pipe. In 

The Mantamp/e- Inclusions in kimberfites and other 
volcanic. 	(Eds. F. F 	yd and H. 0. A. Meyer), pp 156-174 AGU. 
Washington. 

	

Maclean W. H., (1969), Liquic 	phase relations in the FeS-Fe0_Fe203Si02 

	

system. Econ. Geol. m 	graph, no 4: 865-884. 

Mathias M. and 
Rickwood P. C (1969), Ultramafic xenoliths in the Matsoku 

kimberlite pipe. Geol. Sr -,,  S. Afr. Spec. PubI,, 2: 359-369. 

Meaton E. St. P., 
(1966), Basutold- Diamond: Evaluation of selected kimberlites 

and alluvials. Report of thE Ministry of Overseas Development 

Mengel K. and Green D. 
H., (1987 Stability of amphibole and phlogopite in 

metasomatised 	peridotite 	under 	water-saturated 	and 
water-undersaturated conditions (pre-print). 

Menzies, M. A., 
(1983), Mantle ultramafjc xenoliths in Alkaline magmas: evidance 

for mantle hetrogeneity modified by magmatic activity. In 
Continental 

Basalts and Mantle Xenoflth. 
(Eds. C. J. Hawkesworth and M. J. Norry), 

pp92-110, Shirva, Nantwich, U.K. 

Menzies M. A. and Murthy V. R., 
(1980), Enriched mantle: Nd and Sr isotopes in 

diopsjdes from kimberlite nodules. Nature 283: 634-636. 

Menzies M. A., Rogers N., Tindle A. and Hawkesworth C. J., 
(1987), Metasomatic 

and enrichment processes in lithospheric peridotites, an effect of 

asthenosphere_lithosphere interaction In 
Mantle Metasomat/s, (Eds 

M. A. 
Menzies and C. J. Hawkesworth), pp313-364, Academic Press. 

London. 



333 

Mitchell R. H., (1984), Garnet lherzolites from Hanaus-1 and Louwrensia 

Kimberlites of Namibia. Contrib. Mineral. Petrol, 86: 178-188. 

Mitchell R. H. and Carswell D. A.., (1976), La, Sm and Yb abundances in some 

southern African garnet lherzolites. Earth Planet. Sci. Lett, 31: 175-178. 

Misner D. J., (1974), Carnegie Inst. Wash. Pub!, 634: 117-125. 

Modreskie P. J. and Boettcher A. L, (1973), Phase relationships in the system 

K20-MgO-A'203-SiO2-H20 to 30 kbars: A better modal for micas in the 

interior of the earth. Am. Jour. Sc!, 273: 385. 

Nakamura N., (1974), Determination of REE, Ba, Fe, Mg, Na and K in 

carbonaceous and ordinary chondrites. Geochem. Cosmochim. Acta, 38.-

757-775. 

8:

757-775. 

Nixon P. H., (1973), Lesotho Kimber/ftes Lesotho Nat. Dev. Corp., Maseru. 

Nixon P. H. and Boyd F. R., (1973), Petrogenesis of the granular and sheared 

ultrabasic nodule suite in kimberlites In Lesotho Kimberlltes (Ed. 

P. H. Nixon), pp48-65, Lesotho Nat. Dev. Corp. Maseru. 

Nixon P. H., Knorring 0 Von. and Rooke J. M., (1963), Kimberlites and associated 

inclusions of Basutoland: a mineralogical and geochemical study. Am 

Mm, 48: 1090-1132. 

Nixon P. H., Rogers N. W., Gibson I. L and Grey A., (1981), Depleted and fertile 

mantle xenoliths from southern African kimberlites. Ann. Rev. Earth 

Planet. Sc!. 9: 285-309. 

O'Hara M. J., (1970), Upper mantle composition inferred from laboratory 

experiments and observation of volcanic products. Phys. Earth. Planet. 

mt. 3: 236-245. 

O'Hara M. J., Saunders M. J. and Mercy E. L P., (1975), Garnet peridotite, 

primary ultrabasic magma and eclogite: interpretation of upper mantle 

processes in kimberlite. Phys. Earth Chem, 9: 571-604. 

O'Neill H. St C., (1980), An experimental study of Fe-Mg partitioning between 

garnet and olivine and its calibration as a geothermometer: corrections. 

Contrib. Mineral. Petrol, 72: 337. 



334,  
O'Neill H. St C. and Wood B. J., 

(1979), An experimental study of Fe-Mg 

partitioning between qarnet and olivine and its calibration as a 
geothermometer. Cont b. Mineral Petrol, 70: 59-70. 

Oxburgh E. R. and Parmentier 
I, 

 M.. (1978), Thermal processes in the formation 
of continental lithospher 	Ph/I. Trans. R. Soc. Land, 

A288: 415-429. 

Pattison D. ft M. P., (1985), Pe 'genesis of Pe/it/c Rocks in the 8a/ac/7 u//s17 
Therma/Aureole Unpub 	h.D. Thesis, Univ. Edinburgh 

	

Pearce J. A. and Norry M. J., (1. 	, Petrogenetic implications of Ti, Zr, Y and 
Nb variations in volcanic 	s. Contr,b, Mineral Petrol, 69: 33-47 

	

Phlpotts J. A., Schnetzler C. 	and Thomas H. H., 
(1972), Petrogenic 

	

implications of some new 	ochemica( data on eclogite and ultrabasic 

	

inclusions Geocfl/m Cosi 	fl/in. Act4 36: 1131-1136 

Reid A M. and Dawson 
J. B., (197: Olivine-garnet reaction in peridotites from 

Tanzania Litho. 5: 115-12.. 

Reunart T., (1893), Diamonds and 	/d in South Africa William Clowes and 
Sons. London. 

Rickard P., Shimizu N. and Allegre C. J. (1976), 143Nd/144Nd, a natural tracer: an 
application to oceanic basalts. Earth Planet. Sc/. Lett, 31: 269-278 

Richardson S. H., Erlank A. J. and Hart S. R., 
(1985), Kimberlite borne garnet 

peridotite xenoliths from old enriched sub-continental lithosphere. 
Earth 

Planet Sd. Lett., 75: 116-128. 

Richardson S. H., Gurney J. J., Erlank A. J. and Harris J. 
W., (1984), Origin of 

diamonds in old enriched mantle. Nature 310: 198-202 

Ridley W. I. and Dawson 
J. B., (1975), Lithophile trace element data bearing on 

the origin of peridotite xenoliths, ankaramite and carbonatite from 
Lashaine volcano, Tanzania Phys. Chem. Eart4 9: 559-570. 

Ringwood A E, (1975), 
Composition And Petrology Of The Earths Mantle. 

McGrew-Hill, New York. 

Rosenhauer M. Woermann E., Knecht B. and Ulmer C. C., 
(1977), The stability of 



35 

graphite and diamond as a function of the oxygen fugacity in the 

mantle. fd Int. K/mb. Conf. Santa Fe, Extd. Abst. (unpaged). 

Russel D. G., (1985), Experminental and Petrological Studies of Phenociyst 

Assemblages in Scottish Permo-Carbon/ferous Basaltic Rocks. Unpubl. 

Ph.D. Thesis, Univ. Edinburgh. 

Ryabchikov I. D. and Boettcher A. L, (1981), Experimental evidance at high 

pressure for potassic metasomatism in the mantle of the earth. Am. 

Mm, 65: 915-919. 

Schandl E. S. and Clark D. B., (1982), Metasomatism in the mantle beneath 

Pipe200, northern Lesotho. Terra cognita, 2: 265-266. 

Schneider M. E. and Eggler D. H., (1986), Fluids in equilibrium with peridotite 

minerals: implications for mantle metasomatism. Geochim. Cosmochim. 

Acta, 50: 711-724. 

Shimizu N. and Allegre C. J., (1978), Geochemistry of transition elements in 

garnet lherzolite nodules in kimberlites. Contrib. Mineral. Petrol, 67: 

41-50. 

Smith C. B., (1983), Pb, Sr and Nd isotopic evidance for source of southern 

African Cretáceous kimberlite. Nature 304: 51-54. 

Smith J. V. and Dawson J. B., (1975), Chemistry of Ti-poor spinels, ilmenites 

and rutiles from peridotite and ecligite xenoliths. Phys. Chem. Earth, 9: 

309-322. 

Smith D and Ehrnberg S. N., (1984), Zoned minerals from garnet peridotite 

nodules from the Colorado Plateau: implications for mantle 

metasomatism and kinetics. Contrib. Mineral. Petrol, 86: 274-285. 

Smith D. and Wilson C. It, (1985), Garnet-olivine equilibration during cooling in 

the mantle. Am. Min, 70: 30-39. 

Smith J. V., Hervig R. L, Ackermand D. and Dawson J. B., (1979), K, Rb and Ba in 

micas from kimberlites and peridotite xenoliths and implications for the 

origin of basaltic rocks. In The Mantle Sample-Kimberiltes, diatremes 

and diamond. (Eds. F. R. Boyd and H. 0. A. Meyer), pp241-251, AGU. 

Washington. 



336 
Spencer K. J. and Lindsley D. H., (1981), A solution model for co-existing 

iron-titanium oxides. Am. Mm, 66: 1189-1201. 

Spera F. J., (1984), Carbon dioxide in petrogenesis Ill: role of volatiles in the 

ascent of alkaline magmas with special reference to xenolith bearing 

mafic lavas. Contrib. Mineral. Petrol, 88: 217-232. 

Spera F. J., (1987), Dynamics of translithospheric migration of metasomatic fluid 

and alkaline magma. In Mantle Metasomat/sn- (Eds. M. A. Menzies and 
C. J. Hawkesworth), pp 1-20, Academic Press, London. 

Sweatman T. R. and 	Long J. V. P., (1969), Quantitative electronprobe 

microanalysis of rock forming minerals. J. Petrol, 10: 332-379. 

Thirwell M. F., (1979), The Petrochemistry of British Old Red Sandstone Volcanic 

Province. Unpubl. Ph.D. Thesis, Univ. Edinburgh. 

Tsai H., Shieh V. and Meyer H. 0. A., (1979), Mineralogy and 34S/32S ratios of 

sulphides associated with kimberlite, xenoliths and diamonds. In The 

Mantle Sample-Inclusions in kimberlites and other volcanic. (Eds. 
F. R. Boyd and H. 0. A. Meyer), pp87-103, AGU. Washington. 

Varne R., (1970), Hornblende Iherzolite and the upper mantle. Contrib. Mineral. 
Petrol, 27: 45-51. 

Wagner P. A., (1914), The Diamond Fields Of Southern Africa, Transvaal Leader, 
Johannesburg. 

Wedepohi K. H., (1978), Handbook of Geochemistry Springer Verlaag, Berlin. 
Wells P. R. A., (1977), Pyroxene thermometry in simple and complex systems. 

Contrib. Mineral. Petrol, 62: 129-139. 

Wilshire H. C., Pike J. E. N., Meyer E. C. and Schwarzman E. C., (1980), 

Amphibole rich veins in Iherzolite xenoliths, Dish Hill and Deadman Lake, 

California. Am. I. Sci, 208A: 576-593. 

Wilshire H. C., (1984), Mantle metasomatism. The REE story. Geology 12: 
395-398. 

Wood B. J., (1974), The solubility of alumina in orthopyroxene co-existing with 

garnet. Contrib. Mineral. Petrol., 46: 1-15. 



337 
Wood 	B. J. and 	Banno 	S., 	(1973), 	Garnet-orthopyroxene 	and 

orthopyroxene-clinopyroxene relationships in simple and complex 

systems. Contrib. Mineral. Petrol, 42: 109-124. 

Wyllie P. J., (1987a), The genesis of kimberlite and some 
'OW-S'02, high alkaline 

magmas. In Proc. 1h 
Int. K/mb. Con! Perth, (Eds. Ross et a4, Australian 

Journal of Earth Sciences. 

Wyllie P. J., (1987b), Discussion on recent papers on carbonated peridotite, 

bearing on mantle metasomatism and magmatism. Earth Planet. Sd. 

Lett, 82: 391-397. 

Wyllie P. J. and Huang W. L, (1976), Influence of mantle CO2  in the generation 

of carbonatites and kimberlites. Nature 257: 297-299. 



338 

I. Jagersfontein: Bulk Rock Data 

Bulk rock data are presented herein for the J' and 'JJG' series of xenoliths 

from the Jagersfontein kimberlite pipe (see section 2.2 ). All data was collected 

by X-Ray Flourescence analyses. The 'J' series of nodules were analysed by 

B. Harte and others at Edinburgh University. The 'JJG' series by J. J. Gurney 

and others at the University of Cape Town, S. Africa. 
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J 5 2 J103 1104 .1105 .1106 .1107 .1108 j109 J11C 

5102 44.11 42.43 40.69 62.80 41.96 42.30 42.21 41.35 41.35 
*1203 1.32 1.29 1.17 1.69 1.05 1.09 1.01 1.09 1.04 
FE203 6.54 8.55 7.19 7.84 8.50 7.34 8.26 8.32- 8.10 
P60 43.52 43.70 63.67 42.66 64.71 62.65 44.23 43.10-  44.28 
C*0 ) . 56 0.86 0.61 1.34 0.68 0.57 0.70 0.75 0.70 
N*20 0.07 0.18 0.02 0.57 * 0.01 * * 0.03 
K20 0.38 0.06 0.04 0.08 0.02 0.02 0.03 0.05 0.03 
T102 0.0 0.19 0.06 0.05 0.11 0.13 0.14 0.13 0.10 
N0 O.C9 0.12 0.10 0.11 0.11 0.10 0.11 0.12 0.10 

P205 0.01 0.00 0.01 0.01 0.00 0.01 0.00 0.01 0.01 

TOTAL 96.66 97.39 93.57 96.96 97.06 94.22 96.65 94.90 95.74 

Ni 2122 2222 2262 2148 2324 2175 2264 2197 2346 
CR 2610 3947 2363 2812 2387 236? 2612 2631 1850 
V 30 46 26 39 33 34 35 37 30 
SC 5 9 4 8 7 4 6 8 4 
Cu 2 13 6 6 5 7 6 4 9 
2   33 47 39 46 51 40 46 47 45 
SP 43 17 16 18 12 13 15 14 25 
RE 16 3 2 2 3 2 3 3 2 
ZR f 9 5 5 5 8 8 s 

6 2 3 2 2 3 3 3 2 
8  102 37 28 36 45 231 33 3' 4 

7 6 6 7 8 6 7 7 
TN 1 0 * * * * * * * 
1* 2 0 * * 5I C 2 
CE * * * * * * * * * 
ND * * * * a * * * * 
y 3 4 3 3 3 3 3 3 2 

Jill .1112 .1113 .1114 .1115 J116 Jill J118 .1119 

S102 40.91 41.64 40.74 41.62 42.86 40.90 41.98 43.11 62.43 
*1203 0.62 1.07 1.46 1.65 2.34 1.69 3.92 3.84 2.69 
FE203 8.29 8.49 8.36 7.90 8.35 8.36 8.97 8.81 9.09 
P60 44.73 43.62 41.62- 40.96 39.90 41.21 37.32 37.39 40.58 
CAC 0.45 0.67 1.17 1.15 2.19 1.09 3.12 2.79 2.31 
N*20 0.02 0.01 0.03 0.06 0 s. 15 a 0.35 0.10 0.11 
K20 0.04 0.03 0.03 0.25 0.02 0.03 0.14 0.06 0.06 
1102 0.11 0.17 0.18 0.14 0.10 0.14 0.23 0.23 0.15 
"NO 0.12 0.12 0.12 0.11 0.12 0.11 0.13 0.13 0.13 
P205 C.00 0.02 0.C1 0.03 0.01 0.00 0.03 0.02 0.01 

TOTAL 95.29 95.83 93.72 93.84 96_04 93.47 96.21 96.48 97.55 

NI 2356 2219 2131 2172 2040 2122 1909 1907 2148 c  2498 2677 2777 2737 2525 3000 2730 2569 2327 
V 29 51 39 55 51 83 84 60 32 
SC 6 10 7 10 9 16 16 11 4 
CD 5 5 10 11 10 28 25 14 8 7   46 47 47 42 46 50 Si 49 54 
SR 13 21 14 51 20 17 42 30 27 RE 3 2 3 13 2 2 7 4 4 
7   7 12 10 11 6 8 18 15 11 
NP 2 3 2 6 2 2 3 3 2 
8* 37 33 69 24 39 41 124 41 41 

7 7 7 8 7 11 7 7 6 
TN * * a * * * * 1 0 
LA 1 * 4 2 a 2 * * * 
CE * * a a a a * * * 
ND * * a a a * * a a 
V 2 3 4 2 4 4 5 6 4 



112  J121 J122 J123 J124 J133 J134 J135 J13 

S.102 41.4C 42.16 41.16 42.05 42.86 4..66 43.25 43.90 44.57 
&1203 3.91 2.71 1.35 1.26 1.81 2.37 1.61 1.09 1.19 
E203 8.91 7.89 9.24- 9.72 7.87 6..77. 7.56 6.71 6.67. 

N60 42.96 39.85 41.78 40.37 41.74 39.94 41.82. 43.30 43.19 
c*c 0.94 2.33 1.27 2.00 1.37 1.47 1.23 0.66 0.52 
N420 * 0.10 0.18 * * 0.11 0.25 0.02 * 
K20 0.03 0.12 0.03 0.05 0.07 0.32 0.22 0.26 0.26 
1102 0.10 0.11 0.13 0.08 0.08 0.05 0.04 0.10 0.13 

0.12 0.12 0.12 0.12 0.11 0.11 0.11 0.09 0.10 
P205 0_01 0.02 0.01 0.02 0.02 0.04 0.03 0.02 0.02 

TOTAL 95.34 95.35 95.27 95.61 95.89 96.82 96.12 95.95 96.56 

NI 2294 1989 2170 1756 2146 1826 2078 2080 2046 
CR 1788 3192 2550 2901 2401 3118 2699 2626 2566 

5E 50 74 36 41 61 33 31 30 
SC 12 7 14 8 7 9 9 3 4 
Cu 19 4 36 9 10 3 2 3 9 
2   5. 42 63 55 41 40 38 33 30 
SR 18 48 19 24 25 95 127 49 52 
RP 2 4 2 4 5 10 7 12 12 
z   6 10 8 8 9 15 11 8 9 
NP 3 4 2 5 4 11 14 5 5 

81 35 43 49 53 172 284 90 72 
pe 7 7 6 7 7 8 8 8 7 
TM * * * a * 1 0 1 0 

2 * 2 1 2 4 6 1 2 
CE * * * * * 6 * * 

V  3 4 3 4 3 3 3 3 3 

J13 J147 J168 .J149 J150 J157 J158 J159 J163 

$102 63.29 62.90 63.23 3_c3 44.14 41.30 43.21 367 42.92 
AL203 1.26 0.79 0.68 1 .CE 1.13 0.50 0.79 0.62 1.65 
FE203 6.56 7.73 7.93 7.93 6.67 5.6 6.56 7.85 7.31 
PGO 42.71 63.22 43.32 43.23 4_5 45.05 44.91' 44.03 41.73 
co 0.64 0.54 0.46 C .7E 0.42 0.21 0.52 0.48 0.90 
N120 * 0.00 * * * * * 0.06 
K20 0.60 0.07 0.02 D.02 c.: 0.02 0.02 0.01 0.27 
T102 0_11 0.13 0.09 0_C3 0.12 0.05 0.07 0.02 0.10 

0.09 0.12 0.11 0.11 0.09 0.08 0.08 0.11 0.09 
P205 0.04 0.02 0.01 0_cl C.C2 0.02 0.02 0.01 0.62 

TOTAL 95.01 95.51 95.80 94 .02 9.50 93.02 96.14 96.70 94.83 

NI 2080 2199 2196 2218 2010 2269 2162 2285 2070 
CR 2579 3871 3237 2355 273E 1318 2358 358 2628 
v 33 35 34 26 34 11 23 29 36 
SC 6 10 8 6 6 1 3 5 6 
Cu 4 4 3 4 7 1 8 4 3 
ZN 33 41 42 41 35 29 35 40 36 
SR 68 32 20 14 47 29 38 14 46 
RE 18 5 3 2 16 2 3 1 14 
ZR 13 11 8 5 5 6 8 4 9 
NP 9 4 3 2 5 4 4 2 6 
BA 147 47 33 35 121 41•  35 23 110 
PP 8 7 7 F 6 7 8 8 7 
TM 1 0 1 *la 1 * * 
LA 5 0 0 2 0 3 1 2 
CE * * * a * * * * 
ND * * * * * a * * 
V 3 3 3 3 3 2 3 2 3 



Isci,'o:c Jt,170". J 36170 JJc.1707 33G1708 3JL1714 3J.i71S S.JG1716 SJt7i7 

StOP 42.8? 42.13 11.80 10.61 11.73 41,97 43.43 44.46 43.79 
1(02 0.14 ((.10 11.0 0.04 0.14 0.03 0.06 0.OS 0.09 
At 0.77 0.19 0.65 097 1.10 1.11 1.34 1.90 1.39 

:3,04 1,:)) :3,113 1.42 6.84 6.81 6.68 
PiN0 0.13 0.12 0.11 0.11 ((.12 0.11 0.10 0.11 0.10 
MG0 42.',1 11.91 '1(1.21 '11.53 44.44 41.98 42.24 43.71 
CAt' 0.6? 0.73 0.90 0.62 (1.72 0.68 0.67 1.07 0.50 
NA?') 9.08 ILO) ((.0? 0.19 0.07 0.133 0.04 0.18 0.06 
K 2 fl  ,Q (1.04 0.10 4 . 04 0.02 0,03 0.22 0.25 0.29 

0.02 0.01 0.04 (.04 9.02 0.01 0.02 0 . oli 0.03 
LOU 3,25 5.43 3.79 7.1'/ 6.44 3.89 5.29 3.11 3.63 
IOTAI 100.43 100.7.3 11)0.94 99.08 100.96 100.55 100.93 101.07 101.10 

pj (1 (1 (1 2.13 1.83 2.02 <1 (1 <1 
$8 <1 1.7% 1. 0.5 1.75 2.46 2.15 5.00 21.35 5.91 
ZR 5.74 5.32 7.15 3.89 7.77 4.48 6.86 12.20 8.64 
I <I (1 <1 (1. (1 <1 <1 1.77 (1 
SR 16.27 15.93 33.32 9.13 8.04 18.81 42.11 134.62 46.75 
II (3 <3 (3 <5 (3 (3 <3 (3 <3 
RD 1.65 1.98 3.89 <1 (1 2.14 10.63 7.20 11.37 
IH <( (5 (.3 (.3 <3 <3 <.3 <3 <.3 
PR <4 4.05 (4 (4 (4 <3 <3 <3 (3 

JJt1718 JJGI7IS' 331<172? 33G1723 J311724 JJ1;17?S JJ117?6 JJGI.727 JJGI72B 

510? 43.71 44.82 44.50 43.74 42.04 11.20 41.73 42.21 45.22 
0.03 0 O 0.05 0.09 0.07 0.09 0.10 0.06 0.0/ 

At 210-,,, 1.28 1.6? 0.53 0.65 1.13 1.18 1.29 0.10 1.01 
203 6.39 6.57 6.13 5199 8.25 8,07 8.15 6.42 5.98 

0.10 0.11 0.09 0.10 0.1? 0.11 0,17 0.10 0.10 
42.00 40.95 42.10 41.19 42.06 45.45 10.95 45.48 44.3:3 

CA0 0.61 0.85 0.76 0.50 ((.78 0.71 1.66 0.31 0.58 
NA?') 0.08 0.06 0.32 0.12 0.05 0.08 1.26 0.01 0.17 
K 2 0.28 0.18 0.04 0.29 0.07 0.01 0.25 0.05 0.23 

0.02 0.03 0.01 0.05 0.04 0.01 0.08 0.04 0.06 
LO) 5 1 V5 1.70 4.89 6.63 6.19 3.83 3.71 5.25 3.71 
0)IA( 100.5;' 100.79 100.20 101.07 100.76 101.40 100.12 100.85 102.3? 

Pill 1.30 <1 (1 (1 1.91 <2. <1. 2.07 (1 
NB 4./9 4.61 6.30 1.62 2,68 1,70 3,40 5.85 6.8.3 
3k 4.80 is 10.56 13.20 4.54 5.90 7.90 6.03 14.02 

<1 '.1 <1 <1 (1 2.33 1.59 <1 (1 
SR 40.59 34.71 45.50 50.12 17.87 8.63 45.52 27.24 54.69 
II <3 13 <.5 <. (3 <3 <3 <3 (3 
RI: 14.62 9.19 7.69 9.20 2.98 (1 6.75 1.77 8.31 
rH <3 <3 (1 1.5 <3 <3 13 <3 (3 

<3 1.96 (3 (3 (4 5.48 <4 <3 <3 

33G1729 JJG17 3Jc17:c2 3.11,5733 J361734 JJC1235 J3616 J3G1737 iJ(1738 

SIC? 42.42 41.60 38.88 43,75 44.02 44.37 39.4 39.70 45.65 
1(1)2 0,15 0.58 0.12 0.0<' 0.09 0.10 8,ic 0.11 0.05 
At 203 2.85 2.41 11141 1.1? 0.81 2.08 0,3 0.99 2.09 
(P?133 9.16 7.16 :3.25 6.37 6.18 8,11 6.JA 77.65 1.03 
MN0 0.13 0.10 (1.11 0.10 0.06 0.13 0.00 0.11 0.12 

.39. 31 37.60 411,48 42.41 11.07 37.81 44.10 44.65 3/.91 
CALl 2.60 1.4'0 0.72 0.42 0.53 2.24 0.29 0.78 1.82 
P4A20 0.16 0.119 1) .;M 0.02 0.1)6 0.08 0.01 0.06 0.11 
K20 0.09 1.49 0.17 0.04 0.13 0.09 0.11 0.11 0.12 
P205 0.02 0.07 9.04 0.01 0.02 0.01 0.05 0.03 0.02 
LO) 3.03 6.46 7.97 6.15 3.78 5.00 8.60 9.77 4.99 
1i)IAL 100.58 100.29 100.05 101.15 101.39 102.11 100.45 100.68 102.20 

MI' <i <1 (1 <1 <1 <1 1.32 <1 
NB 1.56 20. 1.64 2.55 4.26 (2 6.94 3.20 8.29 
ZR 10.74 25. 9.55 3.33 8.36 6.77 10.16 8.79 6.86 
Y 2.56 <2 1.61 <1 (1 1.89 (1 <1 (1 
SR 3571 164. 42.94 19.07 39.77 32.59 37.76 24.76 98.48 
U <3 <3 <3 (.3 (.5 <3 (3 (3 (3 
RD 343 80, 7.58 1.54 7.03 4.66 4.93 4.55 4.86 
IH (4 <3 (.3 (.5 (5 <3 (3 <3 (3 
PB <4 (4 <4 (3 (3 <4 (3 (3 (3 



3Jti1739 JJ,1741 33G1742 JJCi14. 33C1744 3311746 YJC1747 JJc.1748 .JJC1749 

$102 43.87 42.56 44.85 .14.i4 13.25 46.43 41.06 12.22 40.31 
flup 0.02 0.03 0.01 0.01 0.08 (1.51 0.03 0.13 0.08 
AL2(13 1.63 0.69 1.47 1.25 1.71 15.09 0.49 (1.75 0,34 

7.50 6.32 6.39 6.48 /.42 9.11 6.63 8.60 13.42 
0.11 0.10 9.10 0.10 0.1? 0.18 0.09 (1.13 0.11 

MQJ 42.89 43.65 41.60 13.60 11.15 13.18 41.78 42.90 43.17 
CAL' 1.00 0.32 0.65 0.50 0.85 13.28 0.21 0.41 0.36 
NA20 0.06 0.05 0.02 0.02 0.0/ 2.08 (3,03 0.05 0.03 
K?)' 0.11 0.13 0.02 0.0? 0.74 0.16 0.10 (1.04 0.01 
'2US 0.02 0.02 0.01 0.03 0.02 0.05 0.1)2 0.01 0.01 
LO) 2.97 5.45 5.36 3.0? 4.91 0,23 5.43 3.59 6.48 
101AI. 100.94 100.19 101.43 99.83 100.50 100.50 99.43 99.50 99.85 

MI' <1 <1 <1 <1 <1 <1 <1 <11 (1 
P48 3.15 4.04 2.69 1.46 6.53 4.01 1.S3 (2 <1 
ZR 4.10 5.29 3.17 3.06 8.79 28.33 4.99 5.13 2.61 
V <1 (1. (1 <1. <1 3.37 It <1 <1 
SR 36.73 53.08 11.04 11.86 42.81 136.94 29.92 11.79 4,54 
II (3 <3 <3 7.8? (.3 (3 (3 (3 (3 
RB 4.82 5.41 <1 2.65 10.36 6.29 3.35 1.56 
f  (3 <3 (3 <.5 <3 <3 <3 <3 <3 
PR <4 3.96 (3 6.15 <4 5.77 <4 

JJG1750 JJ1751 3311753 33G1754 3G1755 )3 (47S6 JJt1757 33617S8 3JL17S9 

9102 41.11 39.56 43.32 42.83 39.4? 39.30 12.9? 42.77 44.91 1(02 9.18 0.05 0.21 0.20 0.05 0.11 0.28 0.06 0.05 
AL?03 0.74 0.61 3.57 3j 0.94 ISO 1.41 0.21 0.81' FE?03 1.6.3 6.72 9.15 8.92 8.41 7.82 6.76 5.80 6.50 MN(' 0.13 0.10 0.14 0.14 0.12 0.12 0.10 0.07 0.11 

40.64 44.47 37.45 36.84 43.14 38.62 40.81. 45.93 42.24 CA0 0.56 0.22 3.05 3.02 0.35 1.71 0.54 0.25 0.93 t4A20 0.03 0.12 0.21 0.IS 0.02 0.03 0.06 0.09 0.07 
K21i 0.13 0.07 0.18 0.07 0.14 0.20 0.79 0.06 0.17 P21)S 0.08 0.01. 0.03 0.19 0.03 0.08 0.04 0.05 0.03 L01 7.88 6.69 2.51 4.03 7.43 8.20 5.45 4.41 5.22 
lOTAL 99.85 99.16 100.45 100.52 100.59 99,25 99.1/ 100.33 101.74 

1.35 <1 <1 (1 <1 (1 1.37 1.34 <1 P48 5.02 2.95 1.99 2.91 4./8 5.93 10,22 8.59 8.65 ZR 1.76 5.30 12.69 14.10 8.16 9.27 12.73 14.91 13.20 
<1 <1 .3.90 3.18 <1 (1 <1 1.31 <1 SR 46.61 21.12 35.86 57.01 78.77 35.22 51.46 80.33 83.50 Ip (3 (3 (3 (3 (3 <3 (3 <.3 <3 RN 4.31 3.25 6.28 9.24 2.86 3.21 38.00 9.16 9.02 

rH (3 (3 (3 <4 <3 (4 (3 (.3 (3 PH (4 3.67 (4 4.72 (4 <4 <3 <3 

JJL1760 JJG1761 33G1762 JJC1763 JJf1764 I3G176. 331-1766 JJG1767 3J1i768 

S102' 42.51 39.73 41.00 40.52 39.94 43,91: 44.?? 12.24 41.25 
1(1)2 0.09 0.06 0.09 0.06 0.13 11,0:3 0,20 0,09 
AL?(13 1.66 0.74 0.56 1,97 0.72 4.48 2.66 1.27 1.84 i;I.J3 7.26 6,02 6.79 7.16 9.02 '/.1.0 7.411 6.31-3 /.25 
P114(1 0.il 0.09 0.09 0.11 0.12 0. ill (1.12 (3.10 0,1? 
MCI) 40.94 44.83 41.93 41.24 42.76 ,s'.,99 5/1:' 37,3:3 
CA0 1.34 0.25 0.68 0.58. 0.32 3611.7? 0.7? 2.00 
NA±I) 0.06 0.02 0.03 0.02 0.04 0..'9 0.1'! 3.05 11:30 
K20 0.09 0.04 0.09 0.03 0.06 0,11 0.34 0.52 0.80 

0.03 0.03 0.05 0.01 0.01 0.02 0.09 0.05 11.06 
LU:' 4.64 7.63 8.01 7.44 6.88 1.6/ 5.13 8.55 4.31 
fIlIAL 99.34 100.11 99.88 99.96 100.62 100.25 100.21 1011.06 100.40 

mil 8.02 2.34 (1 (1 1.94 1.99 (1 2.16 <1 
NB 5.52 4.01 5.02 <1 1.90 5.55 11.30 9.80 .39.75 
ZR 9.17 7.00 9.00 5.78 5.42 15.37 11.66 14.31 42.83 V <1 <1 <1 <1 (1 4,7;) <1 (1 1.90 
SR 35.93 15.64 33.37 8.95 8.97 93.83 177.44 88.111 266.49 
II <3 <3 (3 <3 <3 <3 (.5 <3 (3 
RH 6.35 2.19 4.90 Ci 1.97 4.04 12.13 23.39 19.30 
IH <3 <3 <3 <3 <3 <4 <3 <.5 3.49 
PH <4 3.58 (3 (3 <4 <4 (4 (3 4.19 



J3ti788 ))t1789 i3G1790 JJ1791 JJG1792 J3G1793 JJCI794 JJG179S 

39.98 53.93 41.84 42.39 42.02 42.80 44.73 43.00 
13.20 9.08 0.13 0,09 0.09 0.07 0.11 

0.38 0.51 0.99 0.70 0.35 1.30 1.56 0.49 
2.36 6.65 6.82 7.43 7.88 6.58 6.35 

0.10 0.07 33.09 0.10 0.10 0.13 0.10 0.09 
11.13 18,10 13.48 13.55 44.63 42.41 42.33 42.84 
0.19 72.61 0.3? 0.71 0.52 1.13 0.93 0.59 
0.01 3.98 0,3)2 0.08 0.1.0 0.06 0.11 0.19 
0.04 0.06 0.23 0.15 0.12 0.07 0.42 0.25 
13,332 4.03 0.04 0.05 0.03 0.02 0.03 0.05 
(:33 0.71 6.24 9.36 4.82,  4.41 4.01 6.03 
100.92 99.73 100.52 100.56 100.86 101.00 101.38 100.59 

501. .3.93 49./ 9./1 /.23 2.130 7,14 8.19 1.19 
7.46 107.15 7.31 15.9? 12.15 7.40 9.53 12.83 7.90 
(1 6.51. <i 1.76 (1 <1 (1 U 
9.49 288.58 29.54 55.60 46.31 17.20 81.15 58.18 48.97 
.3.81 2.87 <3 <3 4.00 <3 <3 
2.75 <2 10.49 9.06 7.22 3.03 19.55 11.21 

<3 <3 (3 <3 <3 (3 
(3 (1 (3 (3 (3 (3 (3 (3 (3 

JJGI 75'6 

45.71: 
0.0s 
1 .43 
6.4'; 
(1. 10 
43. 4'; 
0 .60 
I) . 

0.29 
I) , 02 
2. 27 
11)1 .15 

34\ 

,1769 3Jt1770 IJ1771 33G1772 33G1773 33G1774 33G1/7'. J31776 JJ(.1777 

sb? AS.211 10.6? 43,34 40.65 36.41 26.99 42.10 12.9? 39.67 
1(3? 1,337 0.04 0.04 0.01 0.72 0.'5 0.1/ (3.1/ 0.09 
Al(I 7.18 0.36 1.17 0.26 3.35 1.64 0,5k: 3.41 0.80 
3 ))4  8.90 1.82 6.51 8.21 13.34 7.6/ :3.32 8.)13 :3.5/ 

0.11 0.10 Dii 0.17 0.29 0.12 0.14 0.1? 
M11) 41,09 11.15 11.60 13.3/ 30.09 31.05 43.96 36, 8S 43.00 
CAt' 7.04 0.30 0.61 0.26 7.92 24.04 1.10 2.74 05 

13.08 0.01 0.01 0.0.4 0.08. 0.02 1)11 0.18 0.oj 
K21' o.os' 0.09 0.30 0.01 2.00 0.13 0.15 0.13 0.02 

'3.02 0.03 0.03 0.03 1.30 1.86 0.0.3 U. 0.5 0.33? 
LO) 5.61 6.4', 4.81 6.19 8.20 4.82 5.21 s.o 
II.JIAI 100.23 100.56 99,1S '19.76 /9.06 99.53 100,40 it) j,O; 100.11) 

MI' 
NB j,93 3.28 5.8'? 2.1.3 3.18 3.51 .'.#J 8.6 i:) 
ZR 4,17 6.48 7.32 4.31 6.34 8.12 71.64 14.35 8.51 
y (1 (1 <1 <1 (2 <2 2.09 1.48 (1 
SR 20.91 19.9? 53.46 5.66 35.97 9.00 77.19 39.23 14.89 
II (3 <3 <3 <3 4.63 <4 <' <.4 
R14 5.32 2.10 17.99 <1 3.67 <2 (:25 3.1? 
rH <3 <3 <3 (3 <4 <4 (3 <.s 
P8 <3 (3 <3 (3 (4 (5 (4 (4 (3 

J)C177B 3J(-i'/'/9 J)(1780 J3(1781 3JG1782 JJG1783 JJCI785 331.1787 

SIC? 14.88 31i.40 43.53 42.96 44.30 42.17 45.06 43.10 39,41: 
III)? 00.01 11.07 0.07 0.12 0.07 0.19 0.12 0.10 0.05 
At 210-1 00.98 0.30 0.86 0.92 1.39 0.75 0.58 0.27 0.16 
p1203 6.?'? 7.56 5.94 7.20 6.34 6.89 7.14 6.61 5.60 
liN(' 0.10 0,08 0.09 0.10 0.10 0.10 0.13 0.10 0.01: 
MG0 liii 13.53 42.05 44.99 41.6/ 43.63 39.10 40.45 11.22 
CAL,  0,28 0,16 0.56 0.70 0.52 0.80 1.21 5.79 0.21 p4i) 0.01 0.01 0.06 0.07 0.01 0.13 0.13 0.:0 0.01 
K?(I 0.01 0.03 0.12 0.10 0.30 0.46 0.26 0.1? 0.02 p,jj'; 0.01 0.02 0.05 0.04 0.02 0.04 0.03 9.02 0.011 Lo:i 4.80 9.66 5.56 4,39 4.49 4.07 5.4Y 2.94 11.89 I u)IA3 91.08 100.36 99.49 100.47 99.82 99.80 99.85 100.36 99.2'; 

Ml' 
NB 1.41 2.32 9.90 6.19 5.42 7.41 7.59 3.613 5,82 
ZR 2.44 5.97 13.45 11.66 6.62 12.56 14.34 29.08 9.08 

<1 <1 (1 1.37 <1 <i 2.1/ (1 
SR 13.41 7.06 53.11 47.11 37.72 60.92 66.77 79.46 27.39 
II (5 <3 3.5) <3 <3 3.08 <3 (3 (.3 
RH (1 2.69 8.79 5.00 13.72 23.56 16.08 9.09 (1 
[H (3 (3 <3 <3 <3 (3 (3 (3 (3 
P8 (3 (3 <3 <3 (3 <3 <3 <4 (3 



)JC./9' liG3798 JJ(4i802 

SlO? :8.s'c 42.0/ 44. 1.5 
0.07 0,07 

AL(Li 1.3•, 1.2 
lJ 1.3S W .i1 6.52 

0.1(1 0.1..' 0.1.0 
42.41 1..68 

CAt' (1.65 96? 
0.01 0.0/ 11.16 
0.01 (1.04 
11.01 0.01 0.04 

LOl S'-' I,09 
rIlrAl 100.44 109,j5 100.50 

Ml' 
4.03 3.0 '112 

7.01 9.26 
V <1 <1 
SR 7.65 12.11 77.31 
II (.S 2.9'? (3 

<1 2.10 4.50 
ru <3 

p  < (3 < 
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IL Jagersfontein Petrological Discriptions and Mineral Chemical Analyses 

Brief petrological notes and mineral chemical analyses are presented herein 

for peridotite xenoliths from the Jagersfontein Kimberlite pipe. Several of the 'J' 

series of nodules were analysed by B. Harte and others prior to 1983. The 

remainder of the 'J' series and all of the 'JJG' and 'K7/' xenoliths were analysed 

by the author. All analyses were undertaken on the Cambridge Mk V Electron 

Microprobe at Edinburgh University. All of the authors analyses were collected 

using Wavelength Dispersive Analyse (WDS). Some of the data collected by 

others was by Energy Dispersive Analyses (EDS). 

Additional analyses of minerals occurring in the kelyphitic associations are 

given in tables 5.1, 5.2, 5.3. 

High-, Medium- and Low-Temperature prefixes refer to the classification 

scheme for the Jagersfontein nodules outlined in section 2.4.3 and figure 2.2. 

Error margins and precision data are presented in appendix 6. 



343 
A 	MO*iIC-PO(PIIyTOdS*& l4QI-T 

Gws.t Lhsrzollt. 

Olivine is dominant giving the appearance of a dianne in hind specimen. Orthopyroxune is 
subordinate with minor garnet and Clinopyrox.n.. Olivins is totally recrystallised to nsoblasts, 
Opx is present as porphyroclasts with some r.cry stall is.ation evident. Garnet and cpa form 
small porphyroclasts. Garnets are almost totally replaced by kelyphitic rims, which contain 
much abundant coarse spinal. Phlogopite is rare in the kelyphite and also Occurs as very 
minor grains along grain boundaries. Serpentinisatton of grain boundaries is common. 

wrt Oxide. Olivine Opt Cpx Gnt 
Si02 10.59 57.73 54.94 41.23 
?i02 .16 .57 
P.1203 .70 2.21 15.32 
Cr203 .77 3.05 9.86 
FeO 8.55 5.17 3.17 7.15 
110 .47 .36 
Kno .13 .25 .38 
190 49.30 34.24 17.19 19.62 
CeO .92 15.89 5.98 
1a20 2.61 

Total 	 99.35 	100.27 	99.50 	99.54 

.12 	Coarse Low-T 

Spine] Lherzolite 

Dominantly olivine and Opx. with two patches of symplectic intergrowth between Cpx and 
Spinet. Opx contains exsolution lamellae of Cpx and Spinet Independent spinet grains also 
present Grain size up to 5mm with frequent 1200  triple junctions. Has phlogopite and spinet 
along the grain boundaries. 

Wt% Oxide Olivine Opx Cpz Spinel 
Si02 41.63 56.95 54.99 

i02 
P.1203 1.19 1.31  
Cr203 .27 1.13 54.10 
FeO 7.18 9.53 1.07 :5.15 
hO 51 .10 
14120 .05 .07 
egO 52.63 34.95 1.6.93 13.1.0 
CaO .16 23.73 
halO .55 

102.00 	98.37 	99.71 

is 	Coarse Low-I 

Lherzolfte 

Composed of approxir"atly equal proportions of olivine and orthopyroxene Symplectic 
intergrowths of spinal and Cpx also present. Spinal also occurs as blebs along grain 
boundanes Minor spinal and Cpx (?) •xsolution lamellae in the Opx. Considerable alteration 
along the grain boundaries. 

Vtt Oxide olivine Opa Cpx Spinet 
5102 42.34 56.78 54.49 
?i02 .04 
A1203 2.82 2.11 30.58 
Cr203 1.00 1.29 39.92 
FeO 7.23 4.51 1.41 13.45 
hO .43 .04 .07 
Nno .13 .04 .05 
1190 52.06 34.50 17.41 15.07 
CeO 1.24 23.40 
1e20 

Total 	:00.95 	1 02.30 	AO. 42 	99.33 



A 	Coarse Low'-T 

SØnd Hanburgfts 

RsIitiveIy tine grimed. principally ollylne and Op* With symplictic intergrowths of 
clinopyro*sne and spinal. S011141111 also occurs as small blt8s along grain boundarie& probably 
primary. Quits fresh rock. 

Vt% Oxide Olivine api Cpx Spinel Spinel 
SiO2 42.18 56.86 54.39 .86 
TiO2 
*1203 2.50 2.00 31.74 32.73 
Cr2O3 .75 1.18 37.30 37.37 
F.0 6.37 4.53 1.33 1.3.56 13.36 
SiO .53 .05 .08 
_ .05 

0190  51.71 34.76 17.30 15.21 15.20 
CaO .80 23.69 
Ra20 

.19 

Total 	101.35 	100.03 	99.06 	98.94 	09.17 

.J7 	Coarse Low -T 

therrolite 

Mainly olivine and Opx with minor Cpx. 2ontains symplectic Spinel-Cpx intergrowths. Also 
contains coarse primary-textured spinel grains. May have Cpx •xsolutiOn lamellae in the Opx. 

Wt% Oxide Olivine Opx 
SiO2 41.35 56.61 
TiO2 
*1203 3.34 
Cr203 .87 
hO .37 
Nino .35 .1.1 
FeC 7.17 4.52 
hgo 50.71 33.35 
CeC .34 
Na2O .14 

Total 	 99.45 	:00.26 

.i8 	Mosaic porphyroclastic High- 

Garnet Lherzolite 

Mainly olivine and Opx. Olivine occurs as fine grained neoblasts. Opx as porphyroclasts which 
show considerable recrystallisation to a fine grained mosaic. Cpx occurs as small grains in 
the Opx mosaic. Garnets surrounded by well formed kelyphitic rims, some totally replaced. 
Very minor phiogopite and spinal occur in the ke8phite, and also minor phlogopte around 
some of the porphyroclasts. 

Wt% Oxide Olivine Opx tnt Pbloq 
Si02 41.59 58.43 41.32 38.42 
Ti02 .36 .21 1.13 3.96 
*1203 .57 15.34 13.51 
Cr203 .67 9.21 
FeO 8.81 5.35 7.36 3.81 
iO .43 

IWO .04 .10 .20 .17 
MkjO 50.45 34.34 19.71 21.52 
CaO .06 .85 5.9 .10 
R20 
£20 9.49 

Total 	101.23 	100.93 	LOO .1.8 	90.99 



,44 
A 	Porpbyroct.stic HIgh-T 

Ohvine occurs as poipflyrociasts and neoblasts. Ops shows minor rscrystalllsation at grain 
edges- Gamut shows kelyphitic alteration with abundant phlogopita and spinal present. 
Ptilogopite also abundant along grain boundaries away from the garnets and occasionally 
inks up with that in the kelyphite. No other grain-boundary phases present 

Vt% Oxide Olivine Ops Got Phloq Spinel 
Si02 41.59 58.32 41.16 39.1.6 .50 
Ti02 .33 3.90 
A1203 .43 14.51 13.64 9.15 
Cr203 .51 11.59 49.46 
FeO 8.50 5.09 6.91 4.41 22.44 
NiO .45 
Nno .15 .32 .20 

gO 49.89 34.94 18.61 21.41 13.25 
CaO .10 .85 7.58 .27 

a2O 
120 9.64 

Total 	100.52 	100.31 	100.68 	91.56 	98.87 

Phiogopite and spinel analyses are from kelyphitic na 

J10 	Coarse Low-T 

Garnet Amphibole Harzburgite 

Mainly olivine and Opx, has two main patches of amphibole [not probed] Gannets have 
kelyphitic rims. Possible primary spinal present as well as secondary octohedra with 
phiogopite occurring along grain boundaries. 

Wtt Oxide Spinel Pb.loq 	Opi 	Olivine Garnet 
Si02 	.08 37.54 57.67 40.35 41.51 
Ti02 	.11 	2.25 	 .08 	.01 
A1203 15.26 15.39 .73 	.08 22.14 
Cr203 	54.77 	2.21 	.20 	.07 	2.29 
FeO 	17.21 	3.93 	4.56 	7.13 	8.12 

	

.80 	.07 	.12 	.10 	.54 
Xgo 	11.97 21.32 35.96 51.34 20.15 
C&O .17 	.37 	4.98 
a20 	 .68 	.34 	 .02 

120 	 3.60 

Total 100.20 93.47 99.45 99.42 99.75 

ill 	Coarse Low-T 

Amphibole Harzburgite 

Contains large coarse grains of amphibole [richteritel and mainly olivine with minor spine] 
and sulphides [contained within the amphiboleL Secondary Cpx present around and within 
the amphibole. 

Wt% Oxide olivine Amphibole Spinel 
[1] [2] 

Si02 39.98 53.53 .23 .27 
Ti02 .02 .06 .35 
A.1203 4.23 7.47 6.81 
Cr203 .03 .91 56.57 57.23 
PeO 8.27 2.78 23.77 23.26 
UiO .25 
NDO .08 .08 .84 .83 
IS90 50.34 21.42 9.72 9.83 
CaO 5.80 
1a20 6.56 
120 1.01 

Total 	98.34 	96.34 	38.64 	98.29 

Spine! [1:- Car, 3f primary textured grain 
[2]- Rim If primary textured grain 



J12 	Coarse Low-I 

Ampho. h.aburglte 

Mainly amphibole, olivine and orthopyroxene. All are coarse grained up to 6mm. Contains 
secondary calcite. llm.nit.. Pitlogopit. and Possibly Cpx. Amphibole is an edenitic ho,nbiende 
and lacks the usual phiogopits reaction rim around it. Most of the calcite and ilmenite are 
contained in a wide fracture running through the sample. 

itS Oxide OPK Oli'ein. AMP tie 
3602 58.48 41.86 46.26 .00 
TiO2 .02 .12 59.00 
*1203 .02 .02 10.70 .77 

203 .33 2.06 2.59 
P.O 4.88 7.83 2.51 16.05 
010 .10 .06 .06 .18 
N190  35.29 50.82 19.11 21.29 

.18 .01 9.95 
*a20 .06 3.76 
120 1.06 
hO .30 

Total 	100.16 100.60 	95.89 	99.82 

J13 	Coarse Medium-I 

garnet phlogopite pyroxenhte 

Coarse grained with grainsizes up to +6mm. Cpx is a major component and appears to be 
associated with the primary textured phiogopite, which it frequently contains grains of. Cpx 
also Contains numerous inclusions of olivine giving the appearance of having overgrown 
them. Primary textured phlogopite grains are around 2mm and occasionally have euhedral to 
sub-euhedral grain shapes. garnet Is present as small badly altered grains in an area full of 
secondary textured phlogopite, calcite and serpentine. Opaques are also present. In the hand 
Specimen Cpx occurs In patches so that other areas are Cpx free. Phiogopite lacks the usual 
highly pleochroic rims seen in other primary textured phiogopites. 

its Oxide 	Cpx Olivine Phioqopites 
(1) 	(2) 

SiO2 	55.78 	41.24 	40.50 	38.56 
Ti02 	 .36 	.02 	1.58 	2.91 
*1203 	1.78 	.03 	11.75 	13.33 
Cr203 	2.03 	.02 	.37 	.78 
P.O 	 2.55 	9.04 	3.36 	4.37 
020 	 .09 	.13 	.04 	.04 
igO 	 16.43 	49.82 	24.22 	22.01 
CaO 	 19.25 	.02 	.00 	.00 
Na20 	 1.95 	 .13 	.36 
120 	 10.74 10.11 

Total 	100.22 100.32 92.69 92.47 

Phloqopites (1]- Primary textured 
(2)- Secondary textured in association with garnet 

J16 	Deformed High-T 

Garnet Harzburgite 

Most of the olivine is recrystallised, though olivine porphyroclasts do remain. Opx is 
recrystallising, though many porphyroclasts are around, showing grain margin 
r.crystallisation. Garnets are small, up to 1.5mm. They have thin kelyphitic rims. Only very 
minor phlogopite is present 

itS Oxide Opx Olivine 
3102 56.47 39.80 
T102 .23 .04 
*1203 1.15 .03 
Cr203 .51 .08 
7.0 6.29 10.52 - .14 .14 

Ego 32.73 48.12 
coo 1.49 .09 
1111020 .43 

Total 	99.44 98.82 



J17 	Pophyroc$ssdc low-I 

Garn.t Spn.l Mnphbole Pyrosenits 

Nodule is olivine free. Consists of deformed porphyroclasts of Cox and Opa set in $ mosaic 
of granuloblastiC Ops and Cox. Cox POrphytOClaStS contain eLsolved blabs and lamsilse of 
garnet and larnallse of Opa. Opx contains essolved lamellas of Cpa and spinet. Garnet and 
spinal are also present in the granulOblastiC area Garnet grains are very small, around 
<05mm and have messy kalyphitiC rims. some garnets have b.en totally replaced by the 

kelyphute. No secondary textured pPilogopute is present. Secondary alteration is almost absent. 
Primary textured grains of amphibole are present which contain pyroxerie granuloblasts 
suggesting that the amphibole emplacement post-dates the deformation and rscrystallusatiofl 

event seen in this nodule 

WtS Oxide Opx Garnet Cpx Spinal _ANIP 
Si02 57.58 41.38 54.89 .09 45.02 

Ti02 .05 .02 .00 1.02 .47 

A1203 .58 22.00 1.14 14.29 11.35 

Cr203 .16 2.1.3 .64 53.31 1.71 

?e0 7.03 11.95 1.88 22.60 3.26 

MiO .94 

Kno .11 .42 .30 .70 .03 

lagO 34.40 17.05 16.2 10.01 18.66 

CaO .16 5.59 23.35 11.09 

Na20 .02 .75 3.26 

120 .88 

!otal. 	100.09 100.54 99.37 :02.02 96.67 

J18 	Transitional porphyroclastic High-T 

Garnet Harzburgite 

Composed of roughly equal proportions of olivine and Opx, with a minor amount of garnet. 
Grain boundaries are irregular and triple junctions show a wide range of angles. Serpentine 
and other alteration products are present along many of the grain boundaries and along 
fractures. Garnets have thin kelyptlitiC rims with a phiogopute and spinal outer rum. Neoblasts 

have developed to a small extent at triple junctions. 

Wt% Oxide Olivine 	 Orthopyroxenes Garnet Phiog 

(1] 	[2] 	[3 	[1] 	[2] 

Si02 	42.21 41.70 41.15 58.15 57.18 41.89 38.09 

Ti02 	 .36 	 3.12 

A1203 	 .61 	1.32 	17.95 	:3.04 

Cr203 	 .46 	.43 	8.36 

FeO 	6.54 8.38 10.50 4.28 6.27 	5.33 	4.68 

	

.25 	.21 

aiO 	.39 	.33 	.43 

iego 	52.06 51.28 49.74 
CaO 	 .06 

£20 

Total 	102.10 101.75 101. 	99.43 99.33 	100.28 	02.29 

Olivine 	(11- Core of oorpnyroclast 

[2]- Rim of porptiyroclast 

(3]-  Neobiast 
Orthopyroxene (1)- Core of coarse grain 

[2]- Rim of coarse grain 

Phlogopite 	[1]-  In kelypb.itiC rim 

.08 
35.25 33.02 20.32 2..39 

.60 	1.25 	5.08 
0.95 



AS 	Tvslond po.-pftyrodasdc lgh-T 

Predominantly olivine with lesser amounts of Opx. Cpx and garnet. The ollvines have a 
distinct tabular form giving the rock a well defined fabric. The growth of a small number of 
neoblasts has occurred along grain boundaries. Grit and Cpx are v minor. Utile afteiation is 
present. Garnets have kalyphutic rims with obvious spinal grains. 

Its Oxide 	Olivine lx cpx Get 
SiO2 57.85 54.68 42.46 
Ti02 .10 
P.1203 .80 1.57 18.69 
Cr203 .33 1.23 5.83 
?eO 4.77 3.17 6.48 
111100 .21 
11190  34.25 19.13 21.08 
CaO .17 18.01 5.61 
1a20 1.16 .67 
120 

Total 	 99.50 99.46 99.36 

320 	Mosaic porphyroclastic 

Garnet Lherzoilte 

predominantly olivine and orthopyroxene with very minor amounts of garnet and Cpx. The 
olivine occurs as a fine grimed aggregate of neoblasts with occasional porphyroclasts. The 
Opx forms mainly porphyroclasts but has recrystaltised along the grain boundaries to give 
rim of neoblasts around the grains. Both olivine and Opx have undulose extinction. Spinet 
occurs in a minor amount In the garnet kelyphite, other alteration products are also present 
along grain boundaries. Secondary phiogopite occurs in a very minor amount. 

ItS Oxide Olivine Opx Cpx Garnet 
3i02 41.37 57.79 55.15 41.71 
Ti02 .12 .26 .32 
£1203 .56 1.45 17.72 
Cr203 .45 1.64 6.66 
?eO 7.79 4.74 2.87 6.32 
hO .38 
IO .07 .27 
IS90  50.31 34.55 18.23 21.01 
CaO 1.14 18.45 5.74 
ha2O .57 

Total 	99.92 	99.35 	98.62 	99.75 

J21 	L.aminar fluidal mosaic porphyrociatjc High-T 

Garnet Iherroifte 

Olivine predominites as a mosaic aggregate of neoblasts. Opx Commonly occurs as pareliel 
elongate lenticular shapped with a large amount of recrystallisation along their grain 
boundaries. Fluidal strips and trails of Opx neoblasts are common. A small amount of pale 
green Cpx is present Garnet quite common though Shows no sign of deformation. The rock 
has developed a strong fabric. Phiogopite in association with spinal is common around the 
garnet. Very rare phiogopite not in association with the garnet is also present but appears 
secondary as shown by its discordance with the foliation of the rest of the nodule. Fe-oxide 
[?] presumably from alteration of the olivines is locally concentrated. 

ItS Oxide 011vjn x Cpx Garnet 
SiO2 40.48 57.36 55.85 41.57 
11.02 .20 .61 .20 
£1203 .98 2.78 17.82 
Cr203 .16 1.13 6.68 
P.O 13.12 7.38 4.79 6.24 
110 .40 
MW .11 .13 
1090  46.04 32.76 17.65 20.76 

1.03 15.50 5.62 
1a20 1.91 

Total 	100.02 	All. 11 	100-34 	99.02 



M 	Ruêd.l mosaic 14gh-T 

011vine pi.dominites as a mosaic matrix of neoblasts. This contains lenses of elongate Opx 
which shows sxstsnsive recrystallisation often totally recrystallissd and forming well defined 
trails into the olivine mosaic. Serpentinisation of the Ofivinis mosaic s widespread and, to a 
lesser degree amongst the Opx porptiyroclasts. Garnets are large and have well very dense 
kelyphitic rims with abundant spinel grains and rare grains of phlogopite. No phlogopite 
present in the rock matrix 

Wt% Oxide olivine Opx Garnet 
Si02 42.63 58.38 42.71 
Ti02 
A1203 .94 18.45 
Cr203 .43 6.95 
FeO 7.72 4.51 6.35 
hO .24 
MCI .12 
ISgO 50.26 33.88 20.76 
CaO .96 5.41 

Total 	100.85 	99.42 	100.85 

.124 	Coarse low-T 

Garnet Amphibole Iherrolite 

Olivine dominant, Opx moderately abundant, garnet and Cpx sparse The Cpx only occurs as 
inclusions within the olivine and garnet. Garnets are odd shapped and include numerous 
inclusions of Cpx, Opx and olivine A poor kelyphitic rim has developed around the garnets 
with a discontinuous rim of phlogopite. Spinel is also present. Alteration to serpentine has 
occurred along grain boundaries and secondary phlogopite is also occasionally quite 
abundant. Secondary spinal and also Cpx also present. Small grains of amphibole are present 
Surrounded by alteration rims which contain phlogooite. However a larger grain [3mm) does 
have a well formed phlogopite rim. This grain also contains ar inclusion of Opx. Tiny 
amounts of opaques also occur in the phlogopite rim around the amphibole. This rim is 
notably most poorly developed at the amphibole-olivine interface. Grain sire is very coarse 
up to 6mm, some quite regular grain boundaries are present. 

Witt Oxide Olivine Opx Cpx Garnet Amp 
Si02 41.30 58.00 54.0 42.23 46.2.7 
Ti02 .33 
A.1203 .61 2.04 22.24 10.76 
Cr203 .25 1.70 2.37 2.08 
FeO 8.20 5.15 1.87 9.97 2.71 
hi0 .44 .36 
MOO .40 .06 
ISgO 51.40 35.40 15.70 19.54 19.31 
CaO .16 21.80 4.93 13.2,2 
Wa20 1.53 3.70 

2O 36 

Total 	101.34 99.57 09.34 100.58 96.41 

.125 	Coarse Low-T 

Garnet ther?olite 

Predominantly olivine and orthopyroxene with only minor amounts 3f garnet and Cpx. A weak 
elongation of the minerals gives the rock a slight fabric. Sinel is present as fingery rims 
around the garnet Opx and Cpx in one area. It also occurs as quite :oarse blebs of a primary 
textured nature Both Opx and Cpx have exsolution blades of spinel. and the Opx contains 
lamellae of Cpx. Serpentinisation is common. Secondary texturen phlogopite is abundant 
along grain boundaries, secondary spine] may also be present. 

Wt% Oxide Olivine oPX Cpx Garnet 
Si02 41.14 57.83 54.34 42.30 
Ti02 
A.1203 .73 2.28 21.47 
Cr203 .26 1.02 2.91 
LeO 8.12 5.01 1.95 9.69 
NiO .47 

MW .55 
1S90 49.42 34.88 2.5.20 19.42 
CaO .43 21.62 5.36 
11a20 2.74 

Total 	 99.1.5 	99.2 	?9.-- 4 	100.40 



flS 	PorpI,ystk HWT 

Otivini is dominant over Op& moderate amounts of garnet and Cpx are present Most of the 
olivine forms coarse, strained porphyroclssts with plenty of nioblasts being present also. Opa 
forms mainly porphyroclasts though some recrystsllisat6on along grain boundaries is present. 
Ssrpentlnous material is common along grain boundaries. Garnets are surrounded by broad 
kelyphitic rims which contain some silicate phases tOpxCpxj spinal is also present 

ItS Oxide Olivine (r Cpz Garnet 3pLa.l 
31,02 41.46 58.29 55.81 42.81 .19 
?i02 .59 
£1203 .80 1.75 20.77 16.15 
Cr203 .28 .86 2.96 20.79 
TaO 8.38 5.06 3.22 6.91 13.06 
510 .37 .11 .13 
lO .25 .11 
UgO 51.16 34.23 19.61 21.50 19.58 

1.15 17.88 4.89 
1a20 1.03 
Y203 .19 

Total 	101.37 99.92 100.28 100.09 100.64 

Spinal is from the kelyphitic ne 

J27 	Coarse low-I 

Garnet Amphibole Lherzolite 

Olivine is dominant over Opx. Cpx occurs as one grain only included in an Opx Garnet 
occurs as small roundish grains and also as exsolution lamellae in the Opx. Garnets have 
quite coarse kelyphitic rims which may contain silicates. A phlogopite and spinal is also 
present around the garnets. Primary textured spinal is also present as well as exsolution 
lamellae in the Opx. Cpx lamellas may also be present in the Opx. Amphibole [edenutic 
hornblende] present and looks in textural equilibrum with the major silicate phases. The 
amphibole is surrounded by a phlogopite alteration rim. Phlogopite is also present along 
many grain boundaries, secondary Cpx may also be present Serpentinite alteration is quite 
common. 

Wt%Oxide Olivine Opx Cpx Garnet Amp Spinel 
S102 41.30 57.58 54.57 41.82 45.72 .20 
'5i02 .01 
£1203 .63 1.82 21.87 10.76 15.64 
Cr203 .21 1.67 2.73 2.22 56.06 
PtO 6.86 4.29 1.30 7.91 2.11 15.91 
ItO .49 .30 
MMO .37 .07 
UgO 52.03 35.46 16.30 19.80 1.50 12.28 

.16 22.38 5.15 10.64 
1420 1.25 3.62 
520 .53 
7203 .32 

Total 100.68 98.33 99.29 99.65 95.47 101.30 

W.B. Garnet and spinal have very similar compositions in both •xsolution 
lamellae and grains 



347 
fl$ 	Coarse Low-I 

Garnet Amphibo4e Lherzo4l*e 

predominantly olivine and Opx with lesser amounts of garnet and amphibole Slide is divided 
into two areas. at the top of the slide the grain size is coarser then at the the bottom; and 
olivine is the dominant phase. Many of the grain boundaries in this oart of the slide have 
been rounded off by serpentinisation. In the south part of the slide the grain size s finer and 
the mineralogy is more diverse with all the phases present in significant amounts Secondary 
textured ptilogopite is abundant and possibly occurs with Cox and Spinel also Primary 
textured spinal is present as are spinal easolution lamellae in Opx and spinal Octohedra in the 
ksiypllite Surrounding the garnet. 

Wt% Oxide Olivine oPX Aap Garnet Spinel 
SiO2 30.89 57.08 46.76 41.67 .16 
TiO2 .37 .39 
A1203 .64 10.28 21.69 13.10 
Cr203 .25 1.96 3.07 54.23 
FeO 8.44 5.30 2.97 9.25 21.83 
Rio .57 
)SnO .18 .43 
MgO 51.24 34.60 19.27 19.35 10.60 
CeO .24 10.52 4.91 
a2O 3.38 
120 1.09 
V203 .26 

Total 	101.32 	98.10 	95.90 	100.37 	100.41 

Spinel axi.alvses is from primary textured grains 

J29 	Transitional porphyroclastic High- 

Garnet Liierzolite 

Olivine is dominant though its grain size is very variable, have crstaIs up to 1cm in size and 
range all the way down to small neoblasts. The Opx is elongated into trails. Both show a 
high degree of serpentinisation. Cpa is present as small irregular grains. Small garnets with 
thin kelyphitic rims are quite abundant. The Opx trails and frac:ure patterns in the olivine 
appear to define a fabric in the rock. Spinel and phiogopite occur n the garnet kelyphite 

Wt% Oxide Olivine Cx Cpx Garnet 
Si02 41.57 57.90 55.61 41.64 

Ti02 .34 .37 
A,1203 .70 2.13 16.41 

Cr203 .49 2.40 7.64 

FeC 8.71 5.59 3.32 7.32 

WiO .36 
Kno .17 .17 .25 

NqC 49.61 34.79 17.75 20.31 

CaO .15 16.92 5.83 
Ra20 .99 2.37 

Total 	100.25 101.07 101.18 99.40 



J31 	Defoimed High-T 

Garnet Kirbu.'gft. 

Olivine is totally recrystalilsed to a mosaic of neoblasts. Opx is present as n.oblasts and also 
as porphyroclasts, which show r•crystalllsatlon along their grain boundanes. A laminar 
structure is indicated by the Opx neoblasts. Garnets are large. around 3mm and have very 
narrow kelyphitic rims, which are mantled by phlogopite, though notably this manteling is 
incomplete. Serpentinisation is bad in places. 

Wt% oxide Olivine OPX Garnet 
SiO2 42.34 58.33 42.63 
TiO2 .2.5 .56 
A1203 .73 18.97 
Cr203 .49 5.74 
FeO 7.88 4.80 6.60 
11151110 .18 
!4g0 50.95 35.06 21.43 
cao 1.18 5.25 

Total 	101.36 	2.00.44 	101.36 

.J33 	Laminar Mosaic Porphyroclastic High-' 

Garnet Lherzolite 

Most of the olivine in this nodule has been recrystellised to neoblasts, though porphyroclasts 
of olivine are also quite common. Opx is considerably recrystallised along its grain margins 
and strung Out neoblasts of Opx along with elongate porphyroclasts define the laminar 
texture. Garnets are small, around 1mm, and have thick brown fiberous kelyphitic rims. In 
some instances the garnet has been totally replaced. The kelyptiite is usually mantled by 
phlogopite Cpx has not recr'ystallised and has typically badly fractured margins. A garnet 
inclusion noted in an Opx porphyroclast has a kelyphitic rim but lacks any phlogopite. 

Wt% Oxide Olivine Opr CPX Garnet 
Si02 41.54 58.01 55.67 42.96 
?i02 .21 .91 
A.1203 .95 2.54 19.96 
Cr203 .47 1.51 4.37 
FeO 9.59 5.95 3.74 7.50 
lino .26 .24 .00 .28 
MgO 49.94 34.33 18.46 21.39 
CaO .2.2 1.15 16.22 4.76 
Ma20 2.38 

Total 	101.89 	101.31 	2.00.22 	102.13 

J52 	Coarse Low-T 

Amphibole Harzburgite 

Fairly typical harzburite with amphibole, and primary spinel Opx is generally messy and 
contains exsolution lamellae o#spinel and possibly also Cpx. Serpentinisation and secondary 
textured phlogopite are common along grain boundaries, possibly also spinal and Cpx. All 
amphibole grains have rims of phlogopite with possibly secondary Cpx. 

Witt Oxide Olivine Opx Amp Spinels 
(1) (2) 

Si02 41.36 57.75 45.02 .19 
A.1203 .56 11.40 17.49 16.34 
Cr203 .19 2.22 52.92 53.33 
PeO 6.95 4.46 2.03 16.47 15.83 
i0 .50 

)g0 52.22 35.68 19.27 12.61 13.11 
CaO .23 11.22 
a2O 3.24 
K20 .53 

Total :01.33 98.37 94.93 99.49 98.36 

SpLnels tL- ?r.ary 9raLns 
2j- 5x5a2.utQfl Lae1.ae 



J30 	Cows. Low-I 

Garnet AnpITho4s Lhwsolts 

Predominantly olIvine with moderate Ops. Garnet ampliiboi. and Cpa also piesoni.. Garnet is 
rare, only two grains prss.nt one is Included in, and includes Opx. This one has little 
k.lyphitIC alteration though sprn.I is evident The other garnet has a very thin kslyphrflc rim 
in which silicate phases may be pr.su,t. Amphibole occurs is two small grains. 1mm and 
2mm rsspsctivly. Both are surrounded by an alteration rim containing phlogopits and 
secondary Cpa. Suiphids blabs are also apparent, Sirpentinisarion is present. Some of the 
sslIcat.li have quits regular boundaries. Exiolution of Cpa and Spinal is apparent in the Opa. 

itt Oxide Olivine 051x A, CAPE Cpa Garnet 
[1[ [21 

S102 41.52 57.80 46.44 54.76 53.98 41.93 
T102 .21 .76 
A.1203 .56 9.83 1.99 .69 22.05 
Cr203 .26 2.33 1.60 .63 2.05 r,o 8.70 5.59 2.95 1.81 3.56 9.53 
itO .41 
MOO .12 .10 .11 .53 
11190  48.77 34.89 19.02 15.72 17.98 19.09 
coo 1,80 10.00 22.31 20.03 5.16 
1a20 3.77 1.24 .57 
120 1.11 

Total 99.25 99.52 95.66 99.44 98.32 100.34 

Clinopyroxene 	[1]- Priaary textured spinels 
121-  Secondary textured 5piflels 

.335 	Porphyrociastic High- 

Garret Lherzolite 

Olivine shows considerable recrystallisation, though some porphyroclasts are present. Opx is 
present mainly as porphyroclasts though neoblasts are abundant. A weak laminar structure is 
indicated. Garnets are large, up to 6mm, and have coarse narrow kelyphitic rims. Vary little or 
no phiogopite is present Cpa has fractured rims. 

itt Oxide Olivine Cpa Garnet 	opX 
Si02 	40.51 54.96 42.20 57.24 
1i02 	 .47 	.10 
A.1203 	.06 	2.27 20.44 	1.02 
Cr203 	 .39 3.03 .24 
V.0 	9.24 3.56 7.29 5.55 
121110 	 .10 	.06 	.27 	.11 
090 	49.41 18.99 21.05 33.61 
CaO 	.06 	16.16 	4.54 	1.14 
1a20 	 1.72 	 .27 

Total 	99.38 98.52 99.29 99.19 

.337 	Laminar Porphyroclastic High-I 

Garnet therzolite 

Rock is very badly altered which makes it difficult to ascertain the degree of recrystallisation 
present. But it appears to be transitional with only minor amounts of olivine recryslallising. 
Cpa may Show some neoblasts along its grain bouraries, but remains uncertain. Garnets are 
around 2-2.5mm and have narrow kelyphitic rims, these are surrounded by phlogopite. which 
is seen to contain laths of calcite. Secondary textured phiogopite is evident elsewhere in the 
nodule around the neoblasts and in badly altered areas. 

itt Oxide Garnet Pb.Ioq Opa Olivine Cpx 
(11 

SiO2 41.63 38.67 57.10 40.39 54.29 
TiO2 .56 2.98 .13 .02 .21 
A1203 19.29 13.18 .89 .01 1.96 
Cr203 4.68 1.22 .33 .04 1.35 
YsO 6.93 4.64 5.13 3.66 3.26 
moo .33 .04 .13 .12 .12 
qO 21.15 21.96 34.32 49.48 18.78 

GaO 4.98 .00 1.06 .05 16.67 
420 .34 .24 1.66 
120 10.38 .04 

Total 99.55 93.46 99.33 93.77 98.34 



AN Weak P)rod_dc HIQI-T 

Genist lsrao*1, 

Olivine is totally recrystallised to neoblasts. though rare porphyroclasts irs present Ops shows some vary fine grimed recrystallls.ation along its grain boundaries but for the most 
part is porphyroclastic. Garnets are large, up to 6mm, and have thick kslyplsltic rims in which 
other silicates are visible. Phiogopito is very rare around these rims and appears to be absent 
from the rest of the nodule. Undulose extinction is common in the porphyrOcjaSiL Cpx is not 
recrystallised but is considerably fractured. 

Wt% Oxide olivine Ops Cpx Garnet 
SiO2 41.19 57.67 55.19 42.43 
TiO2 .16 .25 .63 
*1203 .90 2.02 20.48 
Cr203 .28 .94 3.10 
VIGO 9.28 5.77 3.55 7.25 
Ito .25 .20 
1 .10 .11 .06 .23 

ligO 49.59 34.50 19.05 21.52 
CaO 1.16 17.40 4.70 
1a20 1.27 

Total 	100.41 	100.75 	99.73 	100.34 

J38 Mosaic Poiphyroclastic High-I 

Garnet Lherzollte 

Very rich in Cpx and garnet. Good laminar structure developed also fluoidal. Olivine has 
recrystallised and Opx porphyroclasts show considerable recrystallisation. Garriets are small 
and rounded. <1mm, and have narrow and fiberous kelyphitic rims. Much secondary textured 
phlogopite is present both around the garnet and elsewhere in the nodule around neoblasts. 
Alteration amongst the neoblasts is bad with abundant serpentine and Fe-Oxides along grain 
boundaries. Cpx has very messy fractured rimS. 

Wt% Oxide Garnet Olivine Opx Cpz 
SiO2 42.78 40.92 57.22 55.73 
?i02 .60 .19 
*1203 21.23 1.11 2.54 
Cr203 2.00 .19 .79 
Poo 7.11 9.27 5.39 3.60 
0111110 .14 .11 .16 
190 21,73 49.50 34.05 16.37 
Cao 4.34 1.18 16.06 
.20 1.48 

Cia .39 

Total 	99.93 100.20 	99.30 99.75 

J43 deformed High-I 

Garnet Hai'zburgite 

Olivine is totally recrystallised to a mosaic of nai*lasts. Opx is considerably recrystallised 
though some porphyroclasts do remain. Undulose extinction in the Opx is common. 
Secondary alteration in the neoblasts is bad with much serpentine and Fe-oxides along the 
grain boundaries. Garnets are small. <1mm, and have thick fiberous kelyphitic rims. 
Phiogopite is present in some of the kelyphitic rims along with coarse spinal grains. 
Secondary textured phlogopite is also present in a vein/fracture. 

Itt Oxide Garnet Opx Olivine 
Si02 41.99 57.80 40.93 
*1203 17.90 .81 
Cr203 7.10 .42 
1.0 6.68 4.93 8.34 
111100 .20 .13 .13 
190  20.57 34.87 50.04 
coo 5.86 .99 .05 
ItO .46 

Total 100.30 99.95 99.95 



349 

.M6 	POpISYTOCI$S& 1*gh-T 

l3smet LMrzoltt• 

Olivine and Opx predominate, Opx has an odd faint brown colour. Olivine occurs as both 
neoblasts (mosaic) and porphyroclasts. Some Opx neoblasts also present. Minor grains of Cpx 
also present. Garnets are sparse and show an extensive development of ketyphitic rims. 
Some of the garnets nave been completely replaced. S.rpenrtisation 5 present throughout. 
and both Cpx and Opx iave thin brown alteration rims. 

Will Oxide olivine Ops Cpx Garnet 
5i02 41.50 57.28 54.71 41.55 
?i02 .19 .37 
A1203 .72 2.32 20..7 
Cr203 .31 1.40 3.58 
LeO 9.44 5.33 3.26 7.99 
lO .28 

gO 49.58 33.91 17.15 20.85 
CaO .82 17.94 4.70 
a20 1.80 

Total 	100.90 	98.53 	98.77 	99.49 

J47 	Mosaic Porphyroclastic High-T 

Garnet Ihersolite 

Olivine occurs almost entirety as a mosaic aggregate of neoblasts and as occasional rare 
porphyroclasts. The Opx is brown-pink in colour and is elongate in an E-W direction. Cpx is 
also elongate in this direction. Opx shows recrystallisation with the development of trails of 
neoblasts into the olivine mosaic. Occasional lenses of Opx neoblasts are present. 

Will Oxide Olivine Opx Cpx Garnet 
SA02 41.15 58.34 55.58 42.86 
Ti02 .16 .36 
A1203 .34 2.72 21.74 
Cr203 .'S .34 1.90 
LeO 9.77 5.99 3.54 8.37 
hO .42 
Hoc .15 .11 .29 

90 48.98 24.32 7.74 21.36 
CaO .91 17.67 4.42 
ha2O 

74 	:00.92 	100.22 	100.63 

.148 	Fluoidal Mosaic Porphyroclastic fgh-T 

Garnet Lherzolite 

predominantly olivine neoblasrs with occasional porphyroclasts of olivine. Opx occurs as 
porphyroclasts, often elongate giving a slight fabric to the rock. Many of the Opas show 
recrystallisation along grain boundaries with the development of trails of Opx neoblasts in 
the olivine mosaic. All porphyroclasts show undulose extinction. A Small number of irregular 
snapped garnets are present with thin brown kelyphitic rims. Between many of the neoblasts 
is a coating of black ?Fe-oxide. 

Witt Oxide Olivine OPI Cpx Garnet 
5i02 41.37 58.44 55.30 42.76 
Ti02 .04 .21 .42 .80 
A.1203 .06 1.11 2.82 19.64 
Cr203 .03 .76 1.01 3.68 
LeO 10.59 6.36 4.34 8.09 
hO .38 .15 .07 .03 
1111110 .10 .14 .13 .29 
lO 48.10 32.90 18.35 20.70 
CaO .06 1.13 :4.37 4.51 
ha20 .35 .24 2.28 

100.78 130.91 :00.29 .J0." 



.MS 	Pwpliyi-od.etic 8Ià-T 

Olivine occurs mostly as an aggregate of neoblasts (mosaic), but also as porphyroclasts. 
Garnets have well developed kalyphitic rim with secondary spinals. The pyroxenes have a 
roughly N-S trending elongation giving the rock a weakly defined fabric. Opx has 
rscrystalllsed to small neoblasts along grain boundaries. 

ItS Oxide olivine oPz Cpx Garnet 
5102 40.70 58.03 54.42 42.28 
TiO2 .24 
£1203 .58 1.14 18.83 
Cr203 .34 .99 4.81 
FeO 8.85 5.05 3.05 7.20 
110 .37 .24 .23 
111110 .16 
090  49.31 34.38 18.85 20.44 
CaO 1.04 19.26 5.53 
8.20 .55 

Total 	99.39 	99.66 	98.49 	99.33 

.150 	Mosaic Porphyroclastic High-T 

Garnet thrzoflte 

Consists of a mosaic aggregate of olivine neoblasts, with porphyroclasts of olivine. Opx and 
Cpx The Opx shows some recrystallisation along its grain boundaries. All phases show 
undulose extinction, the Opx often shows'kinking" of its cleavage. The garnets are badly 
altered. Some small grains f spinel are present in the kefyphitic rim of secondary origin. 
Occasional rounded grains of sulphides are also present as inclusions within Opx, appear to 
be primary. A reasonable amount of serpentinisation is present along grain boundaries 
especially between the olivine neoblasts and along fractures in the porphyroclasts. 

ItS Oxide Olivine OPIX Cpx Garnet 
5102 41.27 58.02 55.53 42.96 
TiO2 .11 .16 
£1203 .83 2.74 21.51 
Cr203 .10 .82 1.96 
P.O 9.67 5.78 3.63 8.04 
110 .48 .18 
Mbo .15 .32 
11490  48.50 33.88 17.45 20.93 
CaO .82 17.70 4.43 
1.20 1.86 

Total 	100.07 	99.72 	99.89 	100.15 

.151 	Po'phyroclastic High-T 

Garnet l.herzollte 

Olivine occurs as both porphyroclasts and as a mosaic aggregate of neoblasts. Opx also 
present and shows recrystallisation along grain bndaries. some 'kinking' of the cleavage 
has occurred. Both pyroxenes show undulose extinction. The garnets are pink and are 
surrounded by kalyphitic rims containing spinal and phiogopite. NOTE secondary amphibole 
is present in association with secondary phiogopite. Sulphides also present. 

ItS Oxide olivine OPX Cpx Garnet Amp Pbloq 
5102 40.82 57.88 55.47 42.78 42.42 38.67 
702 .13 .41 1.55 2.74 
£1203 .85 2.91 21.86 14.88 15.51 
Cr203 .55 .93 .51 
P.O 10.74 6.63 4.00 8.87 5.91 4.48 
hO .48 .17 
I0 .11 .13 .29 .17 .15 
ISgO 47.64 33.52 17.43 20.83 17.00 21.44 
CeO .93 17.43 4.35 10.65 .10 
8.20 1.95 2.92 
820 1.05 9.76 

Total 	99.79 	100.24 	100.15 	99.91 	97.14 	92.91 



3S'o 
J100 	Mosaic High-I 

Lherzol*te 

Consists mainly of ollvrne which is totally rscristallis.d to a mosaic of neoblasts. Opx occurs 
in distinct bands of elongate porphyroclasts and strings of n.oblasts. which define a 
laminated structure. Cpx isn't recrystallisang and has typical fractured rims. It occurs in are 
with the Opx. The olivini area is considerably altered with much serpentine and Fe-oxides. 
Some of the bad alteration is present in the Opx areas also. A coarse secondary textured 
opaque is present, either dmenite or sulphide. 

Wtt Oxide Olivine Opx Cpx 
SiO2 39.74 56.74 55.49 
1102 .19 .57 
&1203 .92 3.03 
Cr203 .32 
FeO 14.03 8.72 6.05 
111DO .19 .15 

45.55 32.07 18.07 
CaO i.15 15.49 
fla2O 1.66 

Total 	100.37 100.16 100.83 

.1102 	Deformed High- 

Garnet Harzburgite 

Olivine has been considerably kelyphatised to a mosaic aggregate Many olivine 
porphyroclasts do however remain Opx is mostly present as porphyroclasts though some 
recrystallisation has taken place along grain boundaries garnets are small, around 1.5mm and 
have been nearly completely replaced by kelyphite. PhLogopite is abundant around the 
kelyphite and also surrounding the neoblasts. 

Will Oxide Garnet Olivine Opx 
Si02 41.93 41.23 57.47 
A1203 18.34 .52 
Cr203 5.78 .25 
?eO 6.67 9.44 4.99 
MnO .34 ..3 .24 
eio .47 
gO 19.92 50.32 35.30 

CaO 6.50 .99 

Total 	100.49 	:.00.58 	99.75 

.1104 	Fluiodal Mosaic High- 

Garnet Harzburgite 

Mosaic fluoidal. Olivine is total 1 r'ecrystallised. Very few porphyroclasts .f Opx remain. Opx 
neoblasts define the fluoidal texture. Garnets are small 2-3mm and rounded, and have thick 
fiberous kelyphitic rims. No internal silicate mineralogy is discernible in the rim. Abundant 
serpentine and crilorite are present. Secondary textured phiogopite is present in the kelyphitic 
rims. 

Wt% Oxide Garnet OPx Olivjne 
Si02 41.79 57.47 40.91 
1102 .29 .07 
A1203 18.67 .84 
Cr203 6.26 .44 
FeO 6.23 4.65 7.58 
Mno .32 .11 .09 
90 21.09 34.97 51.07 
CeO 5.30 1.03 .00 
Na20 .23 

Total 	99.79 99.32 99.65 



J105 POPWe.eItk Mak- 

OlMno is COnsidirably rscryst.IlIs.d and now surrounds otivhss and Opx porphyroclasts, Op, 
shows some r.crystalftsatlon. though for the most pert is porphyroclastic. (Jedulose 
extinction is very prominent in the porphyroclasts. Garnets are large. up to 4mm. and have 
fiberous klyphatic rims with abundant coarse spinel grains on the kelyphits sxtanor Some 
phlogopite is present in a discontinuous rim around the phlogopite. and is occasionally seen 
to contain laths of calcite. 

It S Ox id* Garnet Phloq Cz olivine 
S102 42.16 37.94 57.63 40.52 
TiO2 .23 2.56 .04 
*1203 19.65 15.41 .77 .01 
Cr203 4.85 2.39 .31 
?eO 7.00 3.73 5.05 8.53 
MW .35 .07 .14 .14 
Ego 20.86 21.89 34.92 49.74 
CaO 5.07 .00 .83 .08 
*a20 .56 .16 
£20 9.98 

Total 	100.17 94.52 99.85 99.02 

J107 	Deformed High-T 

Garnet Harzburgit. 

Olivine is totally recrystallised to quite coarse neoblasts. Opx shows some recrystallisation 
with porphyroclasts still being abundant. Opx neoblasts tend to be finer grained than the 
olivine neoblasts. Considerable grain boundary alteration is present, Fe-oxides being 
abundant. Some laminar structure is indicated by Opx recrqstallisation. Garnets are very large, 
up to 8mm, and have very narrow kelyphitic rims, most of which is phlogopite. Also contains 
Ni-Fe sulphides along its grain boundaries of uncertain textures 

ItS Oxide Pbloq Garnet Opz Olivine 
Si02 39.67 41.74 57.17 40.90 
T102 3.58 .52 .23 
*1203 14.76 18.68 1.06 .02 
Cr203 5.58 .41 .06 
7.0 3.33 6.17 4.76 7.94 
OW .05 .32 .09 .12 
1111190  14.76 21.22 34.65 51.25 
CaO .00 5.22 1.04 .01 
5.20 .51 .37 
£20 9.47 

Total 	93.77 99.42 99.78 100.30 

J108 Deformed High-I 

Garnet Harzburgite 

Olivine is totally recrystallised. Opx is considerably recrystaltised, though some 
porphyroclasts do remain. These show alteration along their boundaries to rieoblasts. The 
Opx defines the laminar structure. Garnets are small and are totally surrounded by kelyphite. 
Secondary textured phlogopite is also present in the kelyphite. Alteration wise the rock is 
quite fresh. 

Itt Oxide Garnet Opx Olivine 
91.02 41.77 57.48 40.24 
T102 .95 .23 
*1203 17.79 .96 .03 
Cr203 6.35 .48 
7.0 7.05 5.19 8.67 
MIDO .36 .15 .16 
ISgO 20.85 34.15 49.50 
CeO 5.21 .97 .11 
5.20 .34 

Total 	100.33 99.95 98.71 



1114 	PoIphyrodu8k l-T 	 351 

Wormed nodule, contains olivine neobl.sts and also olMn. porphyroclasts. Opx is also 
present as noblasts and porphyroclasts. Garnets are smallish around 2.5mm, and are 
considerably kelypliatised. Some of them contain numerous salEcate inclusions, which may be 
forming as a result of garnet breakdown. One garnet howsv,r. Contains a •uh.drai primary 
textured inclusion of Opx. Secondary textured phlogopite is abundant around the garnet 
(elyphitic rims. A prominent vein of phlogopite is present. which cuts across the sample. 
Several other concentrations of phlogopite are present, these occasionally include neobiasts 
of olivine and Opx. The phlogopite in the garnet kslyphrte s rioted to contain aths of 
calcite. 

Wt% Oxide Garnet Olivine opX Spinel Ptiloqopitea 
corer. kelp 

Si02 42.59 41.48 58.26 .15 39.92 40.21 39.87 
TiO2 .21 .01 .02 is 3.28 3.91 3.11 
A.1203 19.76 .03 .93 52.07 2.23 13.34 13.87 
Cr203 4.32 .06 .29 14.82 
FeO 6.60 7.91 4.87 12.22 4.39 4.30 3.87 
IthO .28 .08 .12 .32 .05 .02 .01 
Hgo 21.57 50.28 34.43 20.82 23.61 22.25 22.20 
CeO 5.03 .05 1.17 .09 .01 .00 
a20 .03 .20 .32 .34 .35 

K20 9.05 9.89 9.99 

Total 100.33 99.93 100.30 100.58 92.97 93.68 92.28 

1115 	Porphyroclastic High-T 

Garnet lherzoiite 

All the olivine has totally recrystallised to neoblasts, leaving only porphyroclasts of Opx and 
Cpx. Some of the Opx has also recrystallised and now defines a weekly fluoidal fabric. 
Garnets are large, up to 5mm, and have very narrow kelyphrtic rims. These rims are lined 
with secondary textured phlogopite. Rare patches of secondary textured phlogopite are also 
found within the olivine neoblast areas. Cpx Shows no evidence of recrystallisation and has 
typical alteration margins as seen in many deformed nodules 

Will Oxide Olivine Garnet Cpx oPX phiog 
Si02 40.27 42.34 54.69 56.3: 37.95 
Ti02 .50 .17 2.97 
A1203 .01 21.21 2.15 .96 15.54 
Cr203 .05 2.53 .69 .23 
FeO 9.15 7.32 3.57 5.91 4.10 
HBO .07 .28 .33 .9 .33 
tg0 49.71 21.53 19.40 34.22 21.26 

Cato . 	.00 4.63 16.57 1,18 .35 
1a20 1.50 .25 .79 
K20 9.02 

Total 	99.56 	100.24 	98.59 	99.65 	92.10 

4117 	Coarse High-T 

Garnet Lher2olite 

Coarse grained with grains up to 3-4mm. The nodule is badly altered in places. Cpx has the 
same type of altered rim texture seen in hot deformed nodules. Grains don't even show 
undulose extinction. Garnets arl,large. around 3mm and have thin kelyphulic rims which are 
mantled by phlogopite. The kelyphite is quite coarse grained and contains obvious coarse 
spinal grains. In places the phlogopite appears to have eaten :he kelyphitic rim away. Garnet 
is quite abundant. No primary textured spinal is present Sio Other secondary textured 
phlogopite is present 

Wt% Oxide Olivine oPX CpX Garnet 
Si02 40.73 57.41 55.38 42.70 
Ti02 .18 .22 .74 
A.1203 .89 2.60 21.90 
Cr203 .14 .63 1.67 
LeO 9.82 5.83 3.98 7.49 
Rio .46 .18 
l0 .12 .19 .14 .18 

90 49.35 33.84 19.22 21.74 
CeO 1.11 15.78 4.32 
WO 1.53 

Total 	100.18 	99,77 99.48 100.74 



ills 	Pipr.dc lU.-T 

OWvIne is mostly r.CrystaIlIs.d with rete porphyroclasts being prisint. Opx is also showing 
some degree of recrystallisation. Cpx has fractured rims and is not rscrystafllsing. Garnets 
are small. <1mm and have thickish coarse kutyphitic rims. Ptilogopite is present around some 
of these. Other silicate minerals are present in some of the rims. Alteration isn't too bad, 
chlorite and Serpentine being present 

Vt% Oxide Olii'in. OPz Cpx Garnet 
SiO2 41.00 57.14 54.69 42.52 
TiO2 .20 .32 .70 
*1203 .83 2.49 21.25 
Cr203 is .73 2.02 
Pao 9.41 5.89 3.45 7.87 
NINO .15 .23 .24 
W 49.62 33.65 17.69 21.22 
Cao .00 17.26 4.36 
1*20 1.85 

Total 	100.60 98.74 98.71 jQj 

J122 	Porphyrodastic High-I 

Garnet Lherzollte 

Olivine is totally recrystallised to a fine mosaic of neoblasts. Opx and Cpx form 
porphyroclasts. The Opx porphyroclasts show recrystallisation to neoblasts. Cpx is not 
recrystallising and shows typical alteration rims and considerable internal fracturing. Garnets 
are large, up to 3mm and have quite coarse ketyphitic rims, in which silicates along with 
spinel are present Phlogopite rims are incomplete. Alteration is poorly developed other than 
along and in clinopyroxenes. 

ItS Oxide Olivine Garnet Opx Cpx Phlog 
Si02 41.53 40.43 55.64 52.89 37.71 
TiO2 .01 .48 .22 .43 2.81 
*1203 .06 20.33 1.06 2.24 14.63 
Cr203 .06 4.23 .32 1.25 
?eO 9.93 7.53 5.88 4.92 4.34 
l0 .13 .31 .13 .10 .06 

90 49.35 22.08 34.05 17.28 21.78 
COO .08 4.77 1.08 16.50 
1*20 .38 2.34 .88 
120 .05 8.64 

Total 	101.14 	100.21 	99.67 	97.99 	91.06 

J123 	Porphyrodastic High-T 

Garnet Harzburgit. 

Olivine is recrystalllsed, though many olivine porpflyroclasts remain. Opx shows occasional 
recrystallisation along its grain boundaries. Garnets are and roundish, up to 3mm, and have 
thick fiberous kolyphitic rims, which are mantled by phiogopite. Phlogopits in these rims 
occasionally encloses rieoblasts from the olivine mosaic. Minor secondary textured phlogopite 
occurs elsewhere in the nodule around neoblasts. 

ItS Oxide Garnet OPK Phioq 
SiO2 41.56 57.48 38.79 
Ti02 .34 .06 2.36 
*1203 17.33 .76 14.41 
Cr203 6.74 .29 
?IRO 8.43 6.34 4.36 

.37 .15 .05 
ago 18.63 33.88 21.74 
CaO 6.55 1.26 .02 
1*20 .06 .43 
120 9.68 

Total 	99.33 	100.28 	91.84 



JIM 	Coin. Low-T 	 392 
Cannel spine8 Lh.noat. 

Consists mainly of olivine and Opx with minor amounts of primary textured spinal. Cpx and 
garnet are also relatively abundant Camels are small. <1mm and are free of the usual 
kalyphite mess. They are surrounded by phlogopite where they occur between other grains, 
but are totally free of phlogopite where they occur as inclusions in olivine. Spinal grains are 
present with some of the garnets suggesting that some degree of breakdown has occurred. 
Alteration i5 fairly abundant both along grain boundaries and .ithin grains. esoacially within 
Opx. An opaque is present along some of the grain boundaries 

Wt% Oxide Olivine 0pX CpX Garnet 
Si02 41.22 57.87 54.69 42.34 
A.1203 .72 2.49 21.93 
Cr203 .23 2.28 3.01 
FeC 7.58 4.69 1.62 7.87 

.13 .40 
1190 51.15 36.32 15.58 20.20 
CaO .23 20.91 4.86 
R&20 2.06 

Total 	100.38 100.39 99.60 100.31 

J134 	Coarse Low-T 

Garnet Amphibole Spinal Iherrolite 

Nodule is coarse grained with grains up to 5-6mm. Numerous very regular boundaries are 
present. Nodule contains lots of small grains of primary textured amphibole. around 1-2mm 
Most have alteration rims containing phlogopite and secondary textured Cpx. Numerous small 
garnets are present, and garnet exsolution lamellae are present in Opx. One such Opx grain is 
being eaten away by amphibole leaving the garnet lamellae protruding into the amphibole. 
Some of the garnet grains are euhedral. An unknown opaque is also present. Primary textured 
spinet is present and spinet grains are seen in the garnet kelyphite Kelyphitic rims appear to 
contain other silicates as well as phlogopite. 

Wt% Oxide Olivine Opx Cpx Garnet AMP 
5i02 41.39 57.68 54.40 41.87 46.58 
Ti02 .22 
A1203 .67 1.96 21.78 10.13 
Cr203 .12 2.01 2.56 2.20 
FeO 9.19 5.21 1.91 9.69 2.31 
NiO .51 
- .14 .60 

1190 50.86 35.55 .5.98 19.72 19.73 
CaO .19 21.17 4.36 0.30 
a2O 1.68 3.38 
K20 .99 

0.95 	99.56 99.01 100.08 96.34 

J135 	Coarse Low-T 

Garnet Spinal Lherzolite 

Coarse grained with grains up to 5- .6mm. Rock is composed mainly of olivine and Opx and 
contains minor amounts of garnet. Cpx and spinet Garnets are very small and are totally 
surrounded by secondary textured phlogopite. Abundant secondary textured phlogopite is 
also present along grain bounries. Spinal occurs as coarse primary textured grains, as 
exsolutiOn lamellae in Opx, as a symplectic intergrowth with Cpx, as secondary textured 
grains in kelyphilic rims and as secondary textured grains .n phlogopite along grain 
boundaries. One soinel-Cox svmolectite is rioted in direct association with garnet, a possible 
support for the subsolidus reaction of garnet to spinal and Cpx Cpx is also exsolved from 
Opx. 

Wt% Oxide Garnet 0PX Spinels Phiog Olivine 
core rim 

Si02 42.34 58.05 .04 .11 39.44 40.37 
TiO2 .01 .01 .07 2.74 3.02 .00 
A1203 22.40 .65 15.39 9.07 13.00 .02 
Cr203 2.55 .21 55.15 53.92 .31 
FeO 7.76 4.30 16.33 20.52 .1.39 6.83 
10 .48 .11 .74 .72 .35 .09 
1190  19.95 36.39 13.18 13.31 23.51 51.31 
GaO 5.30 .20 .32 .00 
11a20 .04 .39 
120 9.10 

Total.00.49 	79.62 100.91 130.39 ?3.1 	99.13 



J1IS Coin. Law-I 

Spinal Hanbaft. 

Mainly consists of 011vin• and Opx with minor amounts of spinal. Spinal Is present as primary 
textured grains and also as a syvnpl.ctit. with Cpx. This Cpx is being replaced by secondary 
textured plilogopit.. abundant secondary textured phiogopits is also present along grain 
boundaries along with spinal. Opx has sxsolvsd Cpx and spinal lamellas. 

itt Oxide (x Olivia. 
3i02 57.06 40.96 
Ti02 .01 
*1203 2.09 .03 
Cr203 .39 

4.36 6.72 
.10 .06 

Ago 34.63 51.05 
CEO .87 
ea2O .05 

Total 99.56 98.82 

J146 	Coarse Low-T 

Garnet Harzburgite 

Coarse grained, grains up to 5-6mm. Garnets are small and frequently occur as inclusions in 
olivine and Opx. All have kelyphitic rims regardless of the host. Though rims of secondary 
textured phlogoptte only occur where the garnet is reached by a fracture through the host or 
where the garnet occurs along a grain boundary. Some of the kelyphitic rims appear to 
contain other silicates. The rock has a notable tabular appearance. alteration is bad with 
abundant serpentinisation, but Only very minor secondary textured phlogopite. 

itS Oxide Garnet OPX Phioqopite olivine 
[1] [2) 

Si02 40.66 59.55 40.93 40.30 40.43 
Ti02 	. .56 .10 2.58 2.32 .10 
*1203 14.55 .66 11.91 13.42 .01 
Cr2O3 10.68 .51 .16 
FeO 7.13 5.09 3.83 3.84 8.56 
1111100 .43 .14 .04 .05 .24 
111190  18.41 35.41 23.45 22.16 50.13 
CeO 7.30 .90 .00 .09 .00 
Na20 .15 .34 .36 
120 9.11 9.83 

Total 99.71 101.25 92.20 92.37 99.63 

uSC 	Coarse Low-I 

Spinal Lherzolite 

Coarse grained. with grains up to 8mm. though most are around 3-4mm. Rock contains 
primary textured grains of spinal as well as exsolved lamellae of spinel, spinel in grain 
boundary association with phiogopite and spinal in symplectic association with phiogopite. 
Islands of Cpx remain in this symplectit., suggesting that the syrnplectrte was originally with 
Cpx- Cpx lamellae are also present in the Opx. This nodule is quite badly altered. 

It 

itt Oxide Spiael Pts.ioq OPK Olivine PtLlog 
(11 	(1] 	 [2] 

S102 	.04 38.75 58.67 41.61 39.33 
T102 	.01 	.56 	.01 	 3.57 
*1203 15.44 16.08 .71 	 13.73 
Cr203 	54.42 	2.09 	.18 
1.0 	15.20 3.38 4.26 6.66 3.77 
JO 	.66 	.01 	.09 	.05 	.00 
1111190 	13.52 22.83 35.99 51.32 22.19 
CeO 	 .00 	.17 	.01 	.00 
1a20 	 .83 	.04 	 .47 
120 	 8.99 	 9.59 

Total 	99.29 	93.52 100.12 	99.65 	92.66 

SpLnel 	[11- In syspiectit.. Originally with Cpx, but now with phloq 
Phiog 	[11- Replacing 	x in ay.plectjt. 

121- In Grain Boundary a55ocation 
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J157 	Cos. low-I 

Grnet Harzburgit. 

Coarse grained with grains up to 7mm. The flodull is badly aItsed and contains much 
serpentinous material. Primary textured spinal is present and shows typical black alteration 
rims. Garnets are very small, around 1mm and are considerably kelyphatised. The kelyphute is 
fibarous and has a distinct rim of phlogopite around it. One inclusion of garnet in Opx has 
the same sort of kelyphutuc development. Only phlogopite rim is almost absent, two small 
fractures connect the garnet with grain Ooundaries. 

Wtt Oxide Garnet Spinels OPI Pbloqopites Olivine 
core :a 

Si02 41.80 .34 .02 57.89 38.36 38.47 41.10 
Ti02 .01 .37 .24 .03 3.26 2.99 .00 
&1203 20.08 10.39 10.31 .70 14.03 14.39 .03 
Cr203 4.84 58.97 58.75 .36 .02 
FeO 6.22 14.40 15.93 3.77 2.57 2.83 6.13 
ito .39 .69 .72 .09 .03 .05 .10 
MgO 22.47 14.52 13.57 36.23 22.43 22.50 51.87 

CaO 4.59 .28 .00 .00 .01 
Na20 .13 .33 .10 
£20 9.92 9.49 

Total 100.40 99.28 99.53 99.54 90.93 90.81 99.26 

J159 	Mosaic laminated fiuoidal High-I 

Garnet Harzburgite 

Deformed. Olivine is totally recrystallised to quite coarse neoblasts Opx is present as much 
finer grained neoblasts and as porphyroclasts also, many of which show recry stall isation 
along their grain boundaries as well as within the grains. Lindulose extinction is common. 

The Opx neoblasts define a E-W trending fabric along which the porphyroclasts are also 
elongated. Garnets are small, < 1mm, and are considerably kelyphatised. with the formation 

of a thick brown fiberous rim. Minor phlogopite is present in the keivphitiC rims, which may 
also contain other silicates. Grain boundary alteration isn't too bad and no other secondary 
textured phlogopite is present. 

Wt% Oxide Olivine Garnet 
Si02 40.30 42.87 59.98 
?i02 .00 .32 

&1203 15.74 .63 

Cr203 .07 10.05 .38 

FeO 8.32 6.92 5.32 

PIDO .08 .33 .14 

90 50.63 18.21 34.48 

CaO 7.47 .92 

5a20 .06 

Total 	 99.80 	101.59 	101.63 

J163 	Coarse Low-T 

Spinal therzolite 

Coarse grained with an average 6-ain size of around 4-5mm. Opx s packed with exsolutuon 

lamellae of spinal and Cpx. Abundant secondary textured spinel and phlogopute is present 

along grain boundaries. Primary textured spunel is present, but 5 minor. Possible other 

secondary silicates may be present along grain boundaries. Cpx is minor (1 grain) and is 
oadly altered along its margins. Olivine is badly fractured Several Cox grains exhibit undulose 

extinction. 

Wti Oxide Olivine Opx Spinel Phlog 

Si02 40.94 57.96 .01 40.36 

Ti02 .01 .06 3.19 

&1203 .03 .73 15.06 13.48 

Cr203 .11 .23 53.96 

FeO 7.88 4.86 17.33 3.91 

PIDO .21 .38 .78 .03 

l90 50.87 35.34 11.99 22.55 

CaO .68 .30 

a20 .37 .46 

920 9.52 

Total 	100.34 	30.27 	39.19 	93.58 



4J0863 Costs. Mswn-T 

Contains a major anhydrous mineralogy of olivine and Cpx Coarse grimed, average average 
grain size of 5-5mm. Olivine is cut by numerous bands of serpentine and have highly 
b,r.fringent alteration rims. Most of Cpx is badly altered and has similar fretted rims to some 
hot nodules - all broken and fractured on a very fins scale. Some original unaltered cores are 
present to the Cpx. Phiogopite is very abundant and appears to be replacing Cpa along with 
the production of calcite. Phlogpite cores are similar to primary textured phiogogites and 
several grains Show highly pleochroic rims associated with high TiO2  rims. Spinet is also 
present as small grains which appear to be concentrated around and associated with the Cpx 
breakdown. Possibly demonstrates the reaction Cpxf1uid - phlogopite +CilCjti+pjn.i 

Wt% Oxide Olivine Spinel Cpz Phioqopitee 
111 [21 (1) [2) U] [2] (31 5102 40.54 .08 .99 54.03 52.65 42.04 38.92 39.37 T102 3.51 4.05 .36 .63 .90 3.17 3.36 AJ203 .04 5.93 5.33 1.20 1.08 11.50 13.85 13.49 Cr203 55.26 47.94 1.20 1.62 .26 2.00 1.57 PeO 9.52 22.53 26.87 2.94 2.27 3.63 3.99 1.20 MW .13 .87 .87 .09 .07 .01 .03 .04 NgO 49.23 12.34 12.71 17.35 16.99 25.80 21.90 22.65 coo .02 20.66 22.92 .00 .130 .00 1a20 1.45 .96 .21 .44 .53 z.20 

10.72 10.28 9.76 

Total 99.48 100.52 98.76 99.27 99.13 95.07 94.58 94.97 

Spinels 	[1]- Cores of primary textured grains 
[2]-  Ries of primary textured grains 

Cpx 	 [1]-  Cores 
(2]- Rims 

Phiogopites [1]- core of phlogopite replacing Cpx 
margin of phlogopite replacing Cpx 
phlogopite in,  Cpx 

JJG866 	Coarse low-T 

Phlogop)te Amphibole Spinal Harzburgite 

Coarse grained, grains up to 5mm. Primary mineralogy consists of olivine and orthopyroxene. 
These occasionally show well developed straight grain boundaries. Amphibole and primary 
textured phlogopite are also present and show the same range of grain size. All these 4 
phases are in textural equilibrum. Secondary textured phlogopite is also present Secondary 
textured phlogopite and secondary textured clinopyroxene are seen to be replacing the 
amphibole both along the grain boundaries and along lines within the amphibole. The nodule 
is quite fresh and shows little other secondary alteration other then serpentinous alteration 
along grain boundaries and within the olivine along fractures. 

WtS Oxide Olivine opx Cpx Amp Ptloqopitrs Spinels 
(.1] [1] (2] [11 [2] 

SiO2 4060 57.31 53.33 45.56 39.19 38.69 .34 .09 
Ti02 .03 .16 .21 .82 .37 1.01 .00 
A.1203 .12 .68 2.15 9.99 14.08 14.12 30.84 53.24 
Cr203 .16 3.14 1.71 2.24 .67 32.61 15.12 
leO 8.72 5.40 2.77 2.88 2.69 2.90 14.96 7.38 
Kno .13 .11 .15 .09 .02 .02 .44 .07 
11113  49.50 35.48 14.47 19.91 24.98 24.96 16.79 22.43 
CeO .01 .15 19.71 10.35 .00 .00 
Ra20 .05 288 3.72 1.28 .96 
K20 .05 1.09 8.06 3.05 
SaO .00 .10 3.80 

Total 	98.14 99.37 98.81 95.45 93.46 94.51 96.99 98.33 

Clinopyroxene [1]- Secondary textured 
PhiOgopites 	(1]- Secondary textured phlogopite 

[2]- Primary textured phlogopite 
Spinels 	(11- Core 

[2]- Rim 



3c4 

JJG1716 	Coarse Low-I 

Garnet Spinel Amphibole Lherzolite 

Contains a single large amphibole grain some 6-7mm across which has no strongly 
developed alteration rim other than where it abuts a garnet grain. The amphibole contains 
several large inclusions of other silicates including olivine, orthopyroxene and garnet. Notably 
the amphibole grain has three grains of Opx around It which are roughly all in optical 
continuity with each other as well as the Opx inclusion. Possible evidence for the amphibole 
replacing Opx. Garnet is very abundant forming small grains up to 1.5mm, these have well 
developed kelyphitic rims. Kelyphate is best developed adjacent to amphibole and is well 
formed. Coarse grains of interstitial type spinel [primary] are present as well as rare 
axsolution lamellae in Opx. Cpx exsolution lamellae are also present 

Wt% Oxide Amp Got Opx apinel Cpx Olivine 

Si02 46.1.7 41.12 57.82 .25 53.99 40.04 
Ti02 .48 .10 .09 .90 .16 .07 
A.1203 10.48 22.22 .79 15.80 2.29 .11 
Cr203 2.30 2.85 .26 50.92 1.68 .06 
?eO 2.32 8.02 4.55 16.47 1.55 7.23 
MoO .13 .56 .17 .79 .13 .14 
MgO 19.67 20.49 36.36 14.42 16.09 51.23 
CaO 10.14 4.98 .21 21.49 .02 
Na20 4.43 .07 .10 2.03 .06 
K20 1.11 .02 

Total 97.23 100.41 100.35 99.55 99.43 98.96 

JJG172O 	Coarse Medium-I 

Lherzolite 

From the primary mineralogy only olivine and Cpx were suitable for analyses Opx is badly 
altered and mostly replaced by secondary textured phlogopite and serpentine, and only very 

poor analyses were obtained. 

Wt% Oxide olivine Cpx Phioq lie Spinel 

rim core 

Si02 40.23 54.81 53.43 38.62 .60 .27 

'fi02 .24 .52 3.51 53.54 3.63 

A,1203 .01 .98 1.03 13.80 .02 6.24 

Cr203 1.29 2.09 1.76 .65 54.46 

FeO 9.21 2.54 2.98 4.02 39.61 21.35 

MoO .09 .10 .13 .03 5.66 .79 

MgO 49.52 16.58 17.07 21.67 1.26 12.50 

CaO .00 21.31 19.99 .00 
Na20 1.43 1.23 .37 
K20 10.36 

Total 	99.04 99.18 98.36 94.12 101.34 99.24 



JJG1723 Coarse Medium-I 

Phiogopite Spinal Lherzoilte 

Coarse grained with grain size up to 6mm. Olivine and Opx dominate. Spinel occurs as 
separate grains Primary textured phlogopite is also present and occurs as coarse grains 
replacing Cpx, with the production of Cr-rich spinel. Coarse spinel s again noted to be 
occurring with the replaced Cpx. Some of the phlogopite has high birefringent rims similar to 
other primary micas with secondary alteration and Ti02  rich alteration. Serpentinisation is 
abundant. Some of the Opxs have lamellae of Cpx in. Secondary phlogopite is very minor.  

Wt% Oxide 	Spinels Olivine Opx Cpx Phloq 
[1) (2  [3] (4] [21 [I] 

Si02 .18 .20 .13 .25 41.08 41.65 58.41 55.58 42.07 
T102 .72 1.68 2.48 9.41 .02 .00 .00 .11 .45 
A1203 3.87 7.77 6.98 7.80 .01 .00 .61 1.73 12.58 
Cr203 65.63 58.50 57.90 27.76 .06 .02 .30 4.97 .90 
FeO 16.87 16.60 17.32 36.01 8.99 6.91 3.93 2.08 3.13 
MnO .92 .86 .13 .61 .12 .08 .09 .12 
NgO 12.98 14.20 15.32 16.68 51.40 53.02 37.53 15.54 26.37 
Cao .29 17.80 .04 
Na20 .12 3.44 .40 
K20 10.10 

Total 101.17 99.83 100.99 98.54 101.68 101.68 101.28 101.47 96.06 

Olivine [1]- Core 
[2]- Rim 

Spinels (1]- Symplectic spinel 
[2)- Spinel included in primary textured phlogopite 
31- Core of primary textured phlogopite not anrited with 

symplectite or primary textured phlogopite 
jq]- 	a to above grain 

1727 	Coarse Medium-T 

Spinel Lherzoiite 

Dominently olivine and Opx. Cpx is minor and appears to be interstitial. Olivine is strong 
serpentinised and very fractured. Grain size is up to 7mm. Secondary alteration is abundant, 
some calcite and minor phlogopite is present. Occasional well developed boundaries are 

present between grains and 1200  triple junctions are present. Cpx appears to be being 
replaced by phlogopite, and is full of minor spinel inclusions. Some larger .2mm grains of 

spinet are also present. 

Wt% Oxide Clinopyroxene Olivine Opx Phloq Spinel 

rim core [1] [2] 

Si02 54.52 54.65 41.79 58.83 40.64 .20 .17 

?i02 .21 .17 .01 .07 3.67 3.47 4.33 

A1203 1.28 1.26 .23 13.61 10.09 8.00 

Cr203 3.50 3.17 .02 .25 1.47 51.87 53.18 

FeO 1.76 1.89 6.01 3.64 3.57 18.83 18.67 

n0 .08 .11 .08 .09 .83 .79 

P4g0 16.40 17.22 53.80 37.99 24.13 14.62 14.93 

CaO 19.23 18.89 .28 .05 

Na20 2.48 2.33 .03 .12 .49 

K20 9.86 

Total 	99.46 	99.68 	101.74 	101.25 	97.49 	99.92 	100.05 

Spinel (1]- Primary textured grain 
[2]- Inclusion in Opx 
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JJAG I TA 	Cors Msum-T 

Garnet Uirzofite 

Dominantly oli'ne and Opx. Garnet and Cpx are minor The rock is coarse grained with 
average grain size around 5-6mm. Cpx notably contains numerous spinet inclusions and is 
being replaced by phlogopite and probably calcite also Garnets are small and have well 
developed kelyphitic rims. The later show late stage phlogopite replacement of the typical 
brown kelyphitic material. A garnet included in a Cpx grain lacks any well developed rim. The 
kelyphitic rim is rich in phiogopite and spinal and also Other silicates, it is quite coarse 
grained. 

Wt% Oxide Cpx (x Gat Olivine Phloqopite Spinels 
11 (2) 111 [2 1, Dl 

Si02 54.68 57.71 42.19 42.41 35.09 40.30 .19 .22 4.93 
Ti02 .02 .00 .05 2.39 2.84 .19 3.54 2.99 
A.1203 4.13 .78 19.82 .00 14.20 14.51 10.32 11.09 17.08 
Cr203 4.40 .43 5.10 .04 4.85 2.26 59.34 51.06 43.14 
?eO 1.99 3.91 6.46 6.61 4.45 3.25 16.65 20.17 17.44 
lO .11 .08 .38 .07 .19 .12 .85 .81 .58 
NgO 13.95 35.31 21.09 51.91 21.41 22.70 13.06 13.36 15.26 
CaO 16.58 .26 4.40 .08 .04 
Ma20 4.22 .19 .52 .34 
120 9.1. 10.23 

Total 	100.08 	98.67 	99.47 101.3 7 	92.28 96.59 100.60 100.24 131.32 

Cpx 	- Cpx is full of primary textured spinei inclusions 
Phiogopites (1]- Phiogopite in kelyphitic rim 

[2]- Secondary textured phlogopite in vein 
Spinels 	(11- Primary textured inclusion in Cpx 

Secondary textured in vein with phlogopite 
Secondary textured in phiog in kelyphitic association 

.JJG174O 	Coarse Low-T 

Spinal Harzburgite 

Coarse grained grain size up to 7-10mm. occasional well developed 1200  triple junctions. A 
grain boundary assemblage is well developed consisting of secondary textured phlogopite 
with stringers of spinel of uncertain texture. Grain boundary assemblages are best developed 
at Opx-Opx interfaces. An area of symplectic intergrowth of spinal and secondary textured 
phlogopite is present, the phlogopite is presumably replacing Cpx. Occasional coarse spinet 
grains are present up to 2mm. Opx contains exsolution lamellae of Cpx and spinal. Some 
secondary calcite is also present. Olivine is fractured and contains serpentinous alteration 
material. 

Wt% Oxide Olivine Opx Spinels 
[1 D]  [5] 

Si02 40.31 56.71 .81 .24 1.33 .31 .08 .38 
Ti02 .31 .93 .62 5.38 .38 .32 .31 
A1203 1.56 21.88 5.97 9.13 .9.95 28.67 42.90 
Cr203 .30 .22 44.29 55.50 46.35 48.24 40.19 26.10 
FeO 7.33 4.53 :5.35 23.42 24.02 :6.27 :4.83 :3.31 

.33 .10 .65 .90 .18 .4 .32 .37 

Mgo 51.33 34.98 :5.21 11.37 11.30 4.4. 15.14 19.51 
CaO .30 .57 
Sa20 .03 

Total 	 98.90 	98.71 	99.51 	98.02 	97.79 	99.50 	99. 

Spinels 	[l]- Grain associated with sulphides of uncertain affinity. 
(21- Syaplectite spot 'A 
131-  Syaplectite spot 8' 

In vein with phiogooite 
Stringer along grain boundary, 'it phlogopite 
Inclusion in Opx grain. 



JA1174ft Qm6wfte 

Vt% Oxide Qcaln -A- Grain -1- Grain -C- Grain -0.- 
(11 (2) Ill (21 (11 (2) (1) (2) 9102 40.77 40.43 41.43 39.03 40.85 39.11 40.61 38.73 ff02 1.01 .84 .91 1.81 .56 2.63 .38 3.18 1.1203 11.98 10.32 11.41 11.63 10.29 11.21 10.40 12.60 Cr203 .79 .67 .26 .74 .28 1.54 .21 1.06 PlO 2.98 3.44 3.24 3.76 4.02 3.96 3.94 4.73 

1000 .02 .02 .02 .03 .03 .03 .03 .05 
090  25.27 27.53 26.18 24.97 26.34 24.97 26.41 23.44 cao .00 .03 .00 .03 .00 .06 .00 .01 1.20 .25 .20 .21 .19 .25 .22 .19 .24 120 11.64 10.06 11.60 11.22 11.34 10.15 11.67 11.24 1.0 .00 .05 .07 .05 .07 .01 .00 .24 

Total 94.70 93.59 95.34 93.46 94.03 93.87 93.83 95.51 

JJG 1755 	Deformed High- 

Garnet Iiarzburgfte 

Average grain size In the range 2.5-3mm, Only olivine Is recrystallised to small neoblasts, 
olivine porphyroclasts are also present Garnets are very small around 1mm in width and 
have well developed kelyphitic rims. Serpentine alteration is abundant No other grain 
boundary minerals are present Minor secondary textured phiogopite is also present along 
grain boundaries. Phlogopite rims in the kelyphite are seen to contain calcite The kelyphitic 
rim is noted to contain other silicate minerals. 

Wt% Oxide Ilenite Garnet Cpx Spinela 
(1) (1) (2] [1) (2] (3) 

SiO2 1.86 42.01 53.34 53.45 .21 .15 .23 
ff02 49.20 .07 .22 .37 .39 .37 3.64 
1.1203 .00 18.02 5.01 5.51 35.93 13.76 10.98 
Cr203 .08 7.37 1.75 2.23 31.78 48.44 48.33 
P.O 28.96 6.92 3.90 2.84 14.77 19.30 21.59 0630 13.33 .41 .30 .19 .69 .76 .80 

1.74 19.51 17.93 15.75 17.11 14.19 13.18 
CaO 6.08 16.44 18.04 
1.20 1.76 2.04 

Total 95.17 100.38 100.65 100.41 100.89 99.70 98.75 

Z1.enite 	[1]- In secondary textured phioqopite 
Cpx 	 [1] -  In Kelyphitic ne 

[21- in kelyphitic ne 
Spne1s 	(1]- In Ke1yphitc na, adjacent to garnet 

[2]- in kelyphitic rim. away from garnet 
(31- In secondary textured phiogopite, not associated with garnet 

JJG17S7 	Coarse 1.0w-I 

Garnet Harzburgite 

Coarse grained nodule, full of secondary phiogopite especially along the Opx-Opx grain 
boundaries. Secondary calcite also present as well as minor unidentified opaques. Some of 
the Opxs have a outer high birefringent alteration rim. Ops contains exsolved lamellae of Cpx. 
Possibly also lamellae of spinel. Occasionally have coarser spinel grains along grain 
boundaries surrounded by secondary textured phiogopite. Garnet is minor and has an 
interstitial type of appearance, occurring sandw•'-hed between two Opx grains. Ilmenite is 
also present. 

Witt Oxide Gat Cx Olivine 
[1] [2) (1] [2] 

Si02 42.16 57.38 57.14 41.48 41.23 
Ti02 .00 .01 .01 
1.1203 22.70 .86 1.60 .03 .03 
Cr203 1.85 .52 .55 
reQ 7.89 4.25 4.27 7.00 6.60 
moo .50 .08 .08 .09 .09 

19.60 35.64 35.05 50.82 51.13 
CaO 5.13 .13 .43 .01 .00 
1.20 .04 .11 

Total 	99.83 	98.91 	99.23 	99.43 	99.07 

Orthopyrox.n. (1]- Rims 
(2]-  Cores 

Olivine 	[1]- Rims 
[21- Cores 



JJO1761 	Co.ii. Low-T 

Very coarse grimed nodule with Fain size up to 20fnm. most grains around 10mm Olivine 
and Orthopyroxens dominant Garnets are large and round. UQ to 5mm and have well 
developed talyphutic rims (i.e section 6.3.11 Olivine is fractured by bumerous serpentine 
fluid cract.s Little secondary material occurs along grain boundanis. though minor 
DfllogoOmto and calcite, and possibly another Silicate phase s present especially in wide 
fractures PliogOpIte is however abundant in the kolyphitic rims. 

dt% Oxide olivine OPR Garnet Ii. 
:11 [2 i [11 (2) 

Si02 40.6" 40.21 57.54 56.31 41.36 2.)1 
Ti02 .30 .01 .20 .29 .25 s:.)7 
A1203 .78 1.14 15.65 
Cr203 .34 .06 .56 .57 7.40 
?eO 5.55 7.85 3.43 5.25 5.22 36.35 
110 .04 .06 .05 .09 .35 6.75 

52.31 50.19 36.15 34.30 22.58 2.33 
CaO .00 .00 .27 .91 3.84 
1a20 .16 .21 

Total 	98.60 	98.39 	98.94 	99.05 	99.94 	99.34 

WtS Oxide 	Phioqopites 	 Spinelli 
[1] 	[2] 	[31 	111 	[2] 	131 	:1] 	15; 	(6] 

Si02 38.19 38.25 38.28 1.01 .12 .26 .18 .31 .58 
TiO2 3.77 3.53 3.39 .53 .58 2.00 4.15 3.42 3.27 
A.1203 14.62 14.70 13.40 45.79 43.85 24.43 13.92 10.75 9.15 
Cr203 2.32 2.02 1.00 18.30 20.91 38.31 39.97 49.39 33.51 
FeO 4.32 4.29 4.21 12.95 15.15 18.23 25.63 21.57 41.60 
l0 .05 .05 .06 .46 .55 .70 .76 .90 .90 
)4gO 20.98 21.48 23.00 19.80 18.44 15.64 14.29 13.57 10.45 
CaO .01 .01 .0.1 
a20 .32 .44 .53 
2O 10. 

1.20 10.34 10.22 9.96 

'total 94.93 94.99 93.35 38.94 99.60 99.58 99.21 99.92 99.36 

Olivine 	(1]- Core 	(2)- Rim  
OPx 	(1)- Core 	(2]- Rim 
P .oqopIes [1- In ielyphitic ra, adjacent to garnet. 

[2)- In kelyphitic :is. away from garnet. 
[3]- Secondary textured in fracture. 

Spneis 	- see figure 
(1] - (6] are in order of Increasing distance fro. garnet 
ie1rphite interface. 

JJG1771 	Coarse Low-T 

Graphite Spin& therzolfte 

principally olivine and Opx. Grain size averages 5-6mm Cpx contains ixsolu'tion lamellae of 
Cpx and spineL Olivine contains occasional trails of inclusions. Cpx is very minor and occurs 
as small grains lying at triple junctions and along grain boundaries. 98 appears to be 
associated with abundant spinal grains. Symplectites of spinal and Cpx are also present-
Spinal 

resent
Spinel also occurs along grain boundaries with phiogopite and serpentine. The nodule also 
contains ath shapped grains of graphite and also a Cu-Ni-Fe sulohide mineral in the form of 
blebs. 

Wt% Oxide Cpx Ops Spinels Olivine 
[1] 12] 

Si02 54.46 57.71 .32 2.30 41.03 
TiO2 .08 .04 .32 .12 
A1203 1.50 .64 16.27 36.19 
Cr203 1.03 .16 53.72 30.85 
FeO 1.29 4.40 16.82 12.54 6.95 
MW .06 .08 .73 .65 .03. 
1490 16.67 35.90 12.26 18.11 51.25 
CaO 23.21 .12 
ea2O 1.05 .02 

Total 	99.37 99.07 100.13 100.76 99.24 

Cpx 	'..- !u11 ofrar'i textured spinel inclusions 
;pirt.ls.- ?rmary cextured occurring .n Cpx 

- Secondary :exred occurrnq along grain Ocundar:es. !hs s 
aratl MrS '15.5 



4!3177 	.4d_T 

Contains waft dev,lopnd keiyplwtJc dma Contalnin abmi 	and C Piow,., eipite several attempts no good analyses of Phases other 9W ,m.i were obtain ou,., and Opx In the rest of the rock were  not snalys.d. 

itt Oxide spinal to Laip Car oot 3102 .52 42.53 
?102 .27 .67 
A1203 40.17 21.62 
Cr203 5.43 1.89 
110 11.43 7.91 

.16 .31. 
-- 21.86 21.93 
CeO 4.34 

Total 	 99.84 	 101.2 

.1.10 1773 Coarse Low-I 

Spinal Harzburglt. 

Opx contains syrnplectic spinal. Also present are smatter Primary textured spinels with an 
;ntersttial type of appearance. The nodule is vary fresh and has little alteration especially 
along grain boundaries. Olivine is however serpentinis.d. The lack of secondary alteration is  
further demonstrated by the Spinels which are uniform in composition with low Ti02  
contents. Coarse grainad, average grain size 4mm, up to 7mm.. 

itt Oxide Olivine Opx Spinela 
(1) (2] (1) [2) [3) 

6102 *0.91 56.05 56.54 .12 .20 .17 
T102 .00 .01 .02 .02 .02 
A1203 .00 2.52 1.71 21.40 27.57 28.72 
Cr203 .76 .45 50.00 41.31 40.21 
110 6.65 4.42 4.75 11.91 12.42 12.45 
l0 .04 .09 .11 .71 .59 .57 
ago 51.10 34.49 35.21 16.07 16.56 16.75 
CeO .00 .59 .26 
Na.20 .03 .02 

Total 	98.71 	98.96 	99.05 	100.24 	98.67 	98.89 

Olivine [1]- Cores 
(2]- Rims 

5pne1s [1)- spinel grain, core and rim. 
(2]- (3)- spin.ls in cyxplectite with Opx. 

.U01730 Coarse Me3um-T 

Garnet Phiogopit. Harzburglte 

Coarse grimed with grains around 4-5mm. Garnets are small, around 1-2mm and are nearly 
totally replaced by kulyphitic alteration. The klyphiti is quite coarse and contains abundant 
coarse spinet and phiogopite grains. Very minor primary textured phlogopite is also present. 
Alteration is bad though secondary textured phiogopite isWt very abundant Odd alteration 
rims are present around some of the Opxs 

OttOxideGarnetSpinelaPhioqopit.. Olivioa  _z 
(1] [2) (11 [2] 131 

3102 41.19 .09 2.23 38.26 40.05 40.45 40.87 57.18 
TiO2 .08 .25 2.27 2.67 .40 .27 .00 
51203 19.14 50.29 9.00 14.92 12.37 12.86 .01 .80 
Cr203 6.15 16.18 51.72 1.93 1.02 1.09 .41 
P.O 6.42 12.53 19.74 3.59 2.96 7.59 1.39 4.00 
Nno .43 .47 .88 .08 .04 .01 AS .06 
ago 20.08 19.67 13.44 21.84 25.32 24.87 51.75 35.14 
CeO 4.96 .02 .00 .00 .00 .30 

420 .83 .49 .43 .19 
£20 9.36 9.55 10.06 

Total 	98.4599.4899.2793.6892.1492.6199.1098.12 

Spinals 	(11- in klypflitic nC, adjacent to arnet 
(2]- In kolyphitic rim, far from garnet 

Phlog 	(1]- :n icolyphitic rim, adjacent to garnet 
[2]- Primary 
(3)- Pr imary 
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.1.10 1781 Coarse Low-I 

Garnet Harzburglte 

Coarse grained nodule, principally olivine and Opx. Much serpentinute alteration with 
secondary textured phiogopite abundant in fractures. Garnets are nearly totally replaced by a 
very messy kelyphite and only small relics of garnet are now left Lots of phiogopite, spinal a 
and other silicates are present in the rim, which shows no obvious structure other than the 
phiogopite is on the outside. The phiogopite in association with the kelyphita contains 
numerous laths of calcite. 

Wt% Oxide Garnet Phioqopite Olivine OPx 
[11 [21 tI( [2] 

Si02 40.28 38.19 38.28 40.83 40.63 56.95 
Ti02 .35 3.00 2.84 .09 
A1203 14.05 .5.46 14.58 .01 .02 .72 
Cr203 12.27 3.02 2.25 .59 
FeO 5.92 3.86 3.97 6.82 7.32 4.19 
MnO .45 .05 .05 .04 .04 .09 
PgO 19.30 20.39 21.86 50.80 50.36 35.22 
CaO 6.58 .31 .12 .00 .01 .64 
Na20 1.06 .72 .21 
K20 9.24 9.88 

Total 99.20 94.57 94.54 98.50 98.37 	98.70 

Wt% Oxide Spinels 
[1] [2] (3] (1) [5] 

Si02 .22 .17 .13 .18 .16 
'ri02 5.13 6.31 1.40 2.25 2.68 
A1203 11.71 6.80 18.99 16.87 12.74 
Cr203 45.85 44.02 48.19 47.92 50.99 
FeO 22.57 27.88 15.61 17.22 18.14 
MnO .80 .82 .83 .82 .88 
P4g0 13.61 12.35 15.15 14.51 13.66 

xvtai ,.i, 99.ia j.U(J.30 99.77 99.25 

Olivine [1]-  Cores 
[2]-  Rims 

Spinels [1]- Core of coarse spinel with calcite inclusions 
[21- Margin of coarse spinel with calcite inclusions 
(3]-]5] Spinels in kelyphitic rim in increasing order of 

distance from the garnet. 

JJG 1789 	Coarse Low-T 

Clinopyroxenite 

Average grain size of 4mm, range from 7mm - <.2mm. Rock is composed principally of Cpx, 
with very minor phlogopite, calcite and spinel. The later three occur as trails of inclusions 
cutting across grains and occasionally across several grains together. Grain boundaries are 
very uneven and irregular with very little secondary alteration. 

Wt% Oxide Cpx Spinel Phioqopite 
core rim 

Si02 54.81 .27 39.81 38.92 
Ti02 .21 6.19 1.95 2.19 
A1203 .51 3.16 10.33 12.03 
Cr203 1.46 46.66 .60 .67 

FeO 2.16 29.47 4.89 4.08 
MnO .09 1.01 .07 .03 
490  16.71 11.26 25.67 23.59 

CaO 22.25 .17 .18 
Na20 1.23 .47 .53 

K20 8.28 9.68 

Total 99.43 98.02 92.25 91.10 



.J.JG 1790 	Coarse low-T 

Amphibole Harzburgite 

Opx contains abundant lamellee of spinal and possibly also Cpx. Abundant secondary textured 
phiogopite is also present, as well as phiogopite and spinal. Primary textured spinal is also 
present and has well defined alteration rims. Olivines are badly fractured and altered to 
serpentine and chlorite. The nodule is coarse grained with an average grain size of around 
6mm. 

Wt%0zide Spinel Phloq Olivine Cpx 
(1] [2] 111 

Si02 .05 5.02 36.99 40.67 51.33 
'ri02 .03 .02 2.21 .46 
A.1203 16.88 44.19 15.80 .00 1.64 
Cr203 53.67 10.79 1.58 .70 
FeO 16.03 10.52 4.03 7.02 3.29 
KnO 1.09 .29 .05 .05 .13 

g0 12.73 21.05 21.93 50.88 19.66 
Ca0 .01 .00 18.40 
Na20 .50 .68 
K20 9.53 

Total 100.49 91.87 92.61 98.62 99.30 

Spinels [11- Primary textured grain 
[2]- Secondary textured grain along grain boundaries with phiogopite 

This was the least Si contaminated analyses 
Cpx 	[1]-  Secondary textured 

	

JJG1792 	Coarse Medium-T 

tjiet Spinel Lherzolite 

Coarse grained with grains up to 3-6mm. The nodule consists mainly of olivine and Opx. A 
large area of spine] is also present, this being primary textured. Garnet is also present in 
direct contact with the spine] The garnet also includes a large inclusion of Primary textured 
spine]. The coarse spinal also occasionally appears to have a rim of Cpx. Secondary textured 
phlogopite is present along grain boundaries and in the garnet kelyphitic rim, The nodule is 
reasonably altered with serpentine along grain margins along with chlorite. Opx is badly 
altered. The kelyphitic rim may contain silicate minerals. Some of the secondary textured 
phiogopite contains laths of calcite. 

Wt% Oxide Garnet 	Spinel 	 _Cpr Olivine 
[11 	[2) 	[1] 	[2[ 	[3) 	[1] 	[2) 	[II 

Si02 	40.66 40.39 	.98 	.11 	.10 53.61 10.58 40.72 
ri02 	1.33 	1.57 	3.02 	.09 	.99 	.53 	.03 	.00 
A1203 18.07 17.52 9.25 9.74 8.28 2.62 .01 .00 
Cr203 	5.68 6.09 48.91 61.76 60.34 2.83 .12 .01 
FeO 	7.32 7.51 24.31 14.37 16.45 3.11 9.85 7.06 
MnO 	.29 	.35 	.92 	.89 	.90 	.12 	.11 	.06 
1490 	19.17 18.66 12.41 13.E4 13.14 16.48 48.89 51.53 
CaO 	7.44 	7.90 	 17.82 	.03 	.00 
Na20 	 2.25 	.03 	.03 

Total 	99.94 99.98 99.50 100.60 100.20 99.37 99.64 99.42 

Garnet 	[1]- Core 	 [2)- Rim 
Spinels 	[1]- In kelyphite 	[2]- Primary Core 	[3]- Primary Rim 
Cpx 	[ii- Average analyses large standard deviations 
Olivine 	[1]- Core 	 [2]- Rim 

Wt% Oxide Phioqopite 	 Opx 
[1] 	l2[ 	[3] 	[1] 	[2] 

Si02 	37.74 38.50 39.49 57.01 56.80 
Ti02 	2.87 	3.20 	3.48 	.00 	.19 
&1203 	14.10 13.30 13.39 	.72 	.83 
Cr203 	3.10 	1.85 	1.18 	.36 	.39 
FeO 	4.06 	4.25 	4.16 	3.64 	4.01 
MnO 	 .07 	.06 	.05 	.06 	.06 
P490 	21.55 21.76 22.67 36.44 35.56 
CaO 	 .01 	.03 	.01 	.06 	.61 
Na20 	.47 	.48 	.46 
920 	9.83 10.21 10.47 

Total 94.08 	94.14 	95.36 98.30 	98.58 

Phiogopite  In kelyphitic rim adjacent to garnet 
 In kelyphitic rim away from garnet 
 Grain boundary core - rim 

Opx  Core 
 Rim 
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JJG 1795 	Coarse MedIum- 

Phiogopite Spinal lherzollte 

The nodule consists mainly of olivine with lesser Opx. Primary textured phlogopite is present 
which is replacing Cpx, whith the production of spinal. The primary textured phlogopite has 
typically highly pleochroic rims. The Cpx is full of spinal inclusions. Secondary textured 
phlogopite is present especially along grain boundaries. The nodule is very coarse grained, 
with grains up to 9-10mm. 

Wt% Oxide Cpx Spinel Pbloqopite Olivine Opx 

[1]11. [21 111 [2] [3] 
Si02 54.52 .18 .12 40.32 40.81 40.14 40.27 56.99 
Ti02 .26 4.13 1.04 .57 .59 2.75 .06 .11 
A1203 3.47 10.37 9.65 12.27 12.74 12.34 .11 .85 
Cr203 3.73 49.88 59.26 1.09 1.13 1.38 .09 .46 
FeO 2.06 20.73 17.41 2.61 2.67 3.54 6.70 4.08 
MnO .18 .78 .85 .09 .09 .08 .17 .18 
MgO 14.58 13.84 13.15 26.13 25.18 23.21 51.76 35.88 
CaO 17.16 .04 .03 .03 .04 .30 
Ra20 4.12 .58 .59 .70 .07 .22 
K20 .01 9.64 10.29 9.86 

Total 99.10 99.90 101.49 	93.32 94.13 94.03 99.26 99.05 

Clinopyroxerie [1]- Badly altered, best analyses 
Spinel 	[1]- Primary textured grain average rim 

(21- Primary textured grain average core and core-rim of 
inclusion in Opx 

Phlogopites 	[1]- Primary textu:ed grain core 
Primary textured grain rim 
Secondary textured grain 

JJG2469 	Coarse Low-T 

Garnet Spinel Ounite 

Garnets ar 'ery large, with well developed kelyphitic rims containing phlogopite, spinel and 
possibly other silicates (Cpx. Opx ?). Garnets are very irregular in shape and are interfingered 
with primary textured spinel Other secondary textured phlogopite is also present along grain 
boundaries and in minor fractures. Most of the rock is olivine though minor Opx is present. 

Witt Oxide Garnet Spinel Phioqopite Opx Olivine 
[1] [2] [1] [2] 

Si02 42.35 .05 .10 38.08 38.20 58.30 41.37 
ri02 .04 .45 .42 3.23 2.91 .03 
A1203 19.01 48.04 10.13 16.08 16.34 .84 .07 
Cr203 7.28 19.60 61.79 1.68 2.47 .46 
FeO 5.32 12.19 13.19 3.69 3.58 3.48 7.56 
MoO .30 .28 .74 .05 .07 .05 .09 
MgO 24.13 20.56 14.93 21.95 21.67 36.78 50.42 
CaO 2.33 .00 .00 .17 .05 
Na20 .45 .47 .11 
20 9.87 9.73 
BaO .15 .23 

Total 	100.76 101.17 101.30 	95.22 	95.67 100.22 	99.55 

Spinel 	[1]- In keyphitic rim adjacent to .aarnet 
(2)- In keiyohxtc rim away from garnet, also pr.mary textured 

Phiogopites 	[1]- In kelyphitic rim away from garnet 
(2)- In kelyphitic rim adjacent to garnet 



K71229 	Coarse Medium-I 

Olivine Cllnopyroxenfte 

Rock appears to be Opx free from the thin section. Coarse grained with grains up to 3-4mm. 
Cpx contains numerous inclusions of spinel which are concentrated along grain boundaries, 
fractures and alteration zones. This may indicate that spinal is being produced on breakdown 
of Cr-rich Cpx on alteration. Secondary textured phloopite is fairly abundant. Lots of chlorite 
and serpentine are present, some odd coLoured alteration zones are also present. Also 
contains a Ni-Fe-sulphide 

Witt Oxide Spinel Olivine Clinopyroxene Phloq 
[2] [II [1] [2] [3] [1] 

Si02 .41 41.04 40.68 53.71 54.24 55.02 40.36 
Ti02 3.91 .47 .31 .29 3.23 
A1203 8.59 .05 .06 1.05 1.69 1.75 12.53 
Cr203 51.32 2.09 3.28 2.92 .86 
FeO 20.45 7.60 9.67 2.03 2.06 2.05 4.02 
InO .80 .10 .14 .05 .10 .09 .04 
MgO 14.17 50.08 48.31 16.75 15.90 16.37 24.07 
CaO .03 .07 22.50 19.41 19.43 .00 
Na20 1.09 2.43 2.30 .34 
K20 

9.95 
BaO 

.04 

Total 	99.65 	98.90 	98.92 99.74 99.41 100.22 	95.44 

Olivine 	[1]- Rims 
(2]- Cores 

Cpx 	 (1]- Rims 
Cores 
Inclusion 

Phlogopite [1]- In vein core-rim 

K71237 Coarse Medium-I 

Garnet Lherzoiite 

Badly altered nodule, It Contains a large area of Cpx which is being replaced by a mixed bag 
of minerals including Calcite, phlogopite, serpentine and possibly secondary spinet. Spinel is 
abundant as inclusions in the Cpx and as possible relics from the Cpx now in the badly 
altered area Some of the phlogopite has the same appearance as primary textured 
phiogopite seen in other nodules, and shows typically highly pleochroic rims. Nothing definite 
however was Concluded from work on the probe. The nodule as a whole is very Coarse 
grained with abundant grains greater than 10mm. Many regular boundaries are also present 
Considerable alteration is present in the mineral grains as well as along their boundaries. 

WtS Oxide Grit Olivine Cpx Opx Spinels 
[i[ i21 [1] [2] [3] (3] 

Phlo 

Si02 41.02 40.22 40.40 53.93 55.86 .05 .49 .05 .65 39.79 Ti02 .39 .00 .00 .18 .20 6.71 1.14 3.49 4.59 3.25 A1203 17.19 .08 .05 2.30 2.12 9.03 40.42 9.37 11.53 13.60 Cr203 8.66 3.39 1.79 .11.26 21.55 50.41 44.39 1.44 FeO 6.20 7.21 6.87 2.08 4.51 30.02 17.37 22.49 24.03 5.12 MoO .42 .10 .10 .09 .10 .77 .36 .70 .65 .07 MgO 20.37 50.58 51.08 16.10 33.63 11.84 17.55 12.43 12.88 21.93 CaO 6.06 .03 .04 18.38 1.01 
Na20 2.74 .39 

.00 

20 .17 

BaO 10.46 
.06 

Total 100.31 98.67 98.87 98.99 99.60 98.67 98.97 98.93 98.72 95.88 

Olivine [1]- Rim 
(2)- Core 

Spinels [1]- Spinel in kelyphite, Furthest away from garnet 
Spinel in kelyphite, next to garnet 
Inclusion in Cpx 
Inclusion in Opx 
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K7/2S7 	Coarse Low-T 

Garnet Amphibole Lhezollte 

Coarse grimed, grains up to .6mm. Alteration products are abundant and include serpentine 
as well as chlorite. Very minor phlogoprte is also present along grain boundaries. The nodule 
consists mainly of ollvine and Opx with minor Cpx and garnet. Garnets are large and irregular 
snapped and have very well developed kelyphitre rims. which contain abundant silicate 
minerals Notably a garnet inclusion in an Opx grain also has a well developed kelypnitic rim. 
though it lacks any phiogopite rim unlike the other garnets. Opx was also detected in the 
kelyphitic rims but only poor quality analyses were obtained Cpxs are being replaced by 
secondary textured phlogopite. Grain boundary spunels were also noted but were too fine to 
analyse. 

Wt% Oxide Garnet Cpx Cpx Opx Olivine Spinels AMP 
(1] [2] (1 (2) 

$602 43.12 56.46 55.28 60.00 42.84 .24 .21 48.00 
Zi02 .00 .09 .04 .00 .50 .00 .27 
A1203 22.13 2.41 3.37 .66 .02 28.78 58.49 2.0.63 
Cr203 2.36 1.65 .37 .20 34.09 7.41 2.10 
?eO 9.57 1.50 5.92 5.08 7.95 17.60 13.85 2.43 
i0 .42 .04 .83 .18 .08 .55 .31 .34 
IlgO 19.05 15.46 17.91 33.70 49.27 14.92 19.12 18.63 
CaO 4.77 21.58 17.12 .19 .01 10.12 
1a20 1.77 .52 .00 3.38 
K20 1.01 

Total 	100.42 100.96 101.36 	:0o.01 100.16 96.68 99.39 96.63 

Clinopyroxene [1]- Coarse Primary grain 
(2)- Secondary textured grain in kelyphite 

Spinels 	(1)- Spinel in Kelyphite, Furthest from garnet 
121- Spiriel in kelyphite, adjacent to garnet 

K7/318 Coarse low-I 

Garnet Rutile therzolite 

Contains rutile with perovskite alteration rims. limenite is also present. The rock consists 
mainly of olivine and Opx with lesser amounts of Cpx and Garnet. The garnet occurs as very 
small grains along grain boundaries and have an interstitial type of appearance. They have 
practically no Kelyphitic rims, they are also surrounded by phlogoprte Nhich is both texturally 
and chemically indistinguishable from grain boundary phiogopite. Opx contains iamellae of 
Cpx and spinel. Cpx appears to contain lamellae of Opx The is quite badly altered along grain 
boundaries. Grain size is up to 5mm 

wtt Oxide Cpx 	Opx Olivine Garnet 	Phiog Rutile Perovskite 

Si02 	54.73 57.99 41.02 32.39 40.54 	.21 	.2.0 

TiO2 	.03 	.01 	 .30 	2.49 	93.31 	54.18 

A.1203 	2.59 	.72 	.04 	22.09 	12.2.6 	.03 	.10 

Cr203 	1.26 	.19 	 2.34 	1.19 	3.26 	.06 

FeO 	1.57 	5.04 	8.19 	8.48 	4.00 	6.68 	.94 

HBO 	 .05 	.06 	.08 	.41 	.04 	.15 	.12 

IS90 	16.11 35.66 49.96 20.05 23.81 	2.64 	.05 

CaO 	21.33 	.28 	.01 	4.75 	.00 	 34.09 

a20 	1.87 	.07 	 .25 	 1.56 

920 	 10.03 

Total 	99.54 100.02 	99.29 	100.21 	94.50 	96.27 	91.20 

N.B. Perovskjte forms rims around the rutile. Umenite mantled by 
provskte yes also detected. 



7/345 	Coarse Msdkan-T 

Contains abundant grains of primary textured phiogopite with a grain size up to 6mm. Th. 
phlogop. Occasionally has highly pleochroic rims that are full of inclusions of calcite. The 
phiogopite appears to have replaced Cpx. The rest. of the nodule is dominantly ollvine and 
orthopyroxune and is extensivly ssrpentlnhsed. Secondary textured spinel is a also present. 
Avirags grain size is around 6-7mm. Some of the primary textured mica is deformed and has 
an unduloss extinction. 

Wt% Oxide Cpx iic.*, Olivine 0Vx Spinel 
[11 [2) [31 [11 (2) 

5102 54.08 41.87 41.20 38.72 41.04 40.77 57.06 .01 ?i02 .14 .64 .63 3.26 .11 3.06 &1203 .37 10.73 10.71 13.73 .06 .08 .61 6.35 Cr2O3 1.69 .28 .31 1.14 1.19 54.61 PeO 2.08 2.95 2.95 4.01 7.88 9.70 3.81 21.56 MW .05 .05 .04 .06 .14 .14 .07 .86 l0 16.89 25.41 25.21 21.99 50.29 49.11 35.19 12.32 CaO 22.17 .00 .00 .00 .01 .04 .83 14120 1.31 .01 .02 .24 .29 120 10.71 10.48 10.14 
BaO .00 .00 .01 

Total 	99.59 92.65 91.55 93.29 	99.42 99.83 99.15 98.75 

Micas 	11)- Coarse primary textured grain, core 
(21- Coarse primary textured grain, low pleochroic rim 
131- Coarse primary textured grain, high pleochroic rim 

Olivines [1.]- Average core-rim of coarse grains 
(2)- Grain included in primary textured phiogopite 

K7t387 	Coarse Low-T 

Garnet Harzbft. 

Wt% Oxide 	Olivine PRX Cpx Phloqopites Spinels 
(1] (2) (11 [1) (2] (1) (2] 

SiO2 40.45 40.16 57.79 49.01 38.79 38.17 .00 .04 
TiO2 .11 .80 3.04 5..27 .09 .87 
*1203 .06 .08 .78 9.48 15.03 12.24 57.11 38.84 
Cr203 .31 .80 1.96 .05 8.74 26.50 
FeO 7.59 8.85 4.63 3.82 3.74 7.38 11.52 14.93 
MW .11 .12 .08 .18 .05 .09 .14 .33 
ligO 50.67 48.92 35.72 14.82 21.59 20.46 18.51 17.72 
CaO .03 .05 .53 18.80 .00 .00 
ea2c .16 1.54 .14 1.31 
120 10.23 8.20 

Total 	98.91 98.19 100.11 .00.25 94.57 94.15 98.75 99.23 

Olivine 	[1]- Core 
[2]- Rim 

Cpx 	[11- Cpx in kelyphitic rim 
Phiogopites (1)- Secondary textured phlogopite in kelyphitic rim 

(2]- Secondary textured phiogopite in vein 
Spinels 	(1)- Secondary textured spinel in kelyphite, adjacent to garnet 

(21- Secondary textured spinel in kelyphite, away from garnet 



0/400d Coarse -T 

PtMogoØ. Har2bu,Wt. 

Coarse grained with a grain size up to •Omm. Consists princip.Ih of Olivine and Opx. On 
coarse grain of primary textured phogopi4e is pr.sent which appears to possibly have been 
replacing Ops. The grain is weHiy pleochrouc and has a bigfiPy pleochrosc rim In places which 
Is best developed where other grain boundanes intersect the edge of the phiogopits grain. 
Secondary textured phlogopit, is also present along with spin& and calcite. Serpentiriisation Is abundant and appears to be JISSOclated with the production of an opaque  phase. possibly 

ItS Ovid. 09x olivine Ptiloqopjtee 
11 

Si02 57.84 40.35 40.11 38.21 
Ti02 .39 4.37 
*1203 .69 .05 12.77 12.95 
Cr203 .37 1.05 .56 
7e0 3.95 6.50 2.25 4.40 
MW .06 .09 .72 .02 
090  36.41 52.03 25.48 21.81 
CaO .24 .00 .00 
5a20 .14 .47 .39 
520 10.80 10.72 
BaO .29 .12 

Total 	99.70 	99.02 	93.63 	93.55 

Phiogopites (1- Core and low pleochroAc na of coarse primary textured grain 
[2]- High pleochroic na of coarse pni.a:y textured grain 
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Ill. Matsoku: Bulk Rock Data 

Bulk rock data for xenolith specimens from the Matsoku kimberlite pipe are 

presented herein. Major and minor element data, including Rb, Sr and Ba were 

collected at the University of Cape Town, S. Africa, by X-ray Flourescence 

analyses. Ta and Hf data were collected by the author at the Open University 

Milton Keynes, by INAA (see appendix 6). 
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Sample Sample Index 

This index refers to samples used in diagrams and text. 

LBM11 	Mg-Rich, Coarse peridotite. Analysis includes 0.08ppm Ta. 
LBM12 	Fe-rich. Coarse peridotite. Analysis includes 0.08ppm Ta. 
LBM13 	Fe-rich, Porphyroclastic granoblastite. 
LBM16 	Mg-rich, Deformed nodule. 
LBM18 	Fe-rich, Coarse peridotite. 
LBM22 	Host to discrete vein. Analysis includes 1.17ppm Hf and 2.82ppm Ta. 
LBM22b 	Discrete IRPS-rich vein. Analysis includes 10.4ppm Hf and 16.8ppm Ta. 
LBM32 	IRPS-rich zone. Analysis includes 0.81ppm Hf and 0.47ppm Ta. 
LBM33a,b.c 	Fe-rich, Coarse banded peridotite. 
LBM36a,b 	Fe-rich, Coarse banded peridotite. 
LBM37 	Fe-rich, Coarse peridotite. 
LBM38a 	Wallrock to pyroxene-rich sheet. 
LBM38b 	Pyroxene-rich sheet, rich in IRPS-minerals. 

Analysis includes 1.17ppmHf and 5.83ppm Ta. 
LBM41 	Mg-rich peridotite rich in clinopyroxene-phlogopite aggregates. 

Analysis includes 0.46ppm Hf and 0.19ppm Ta. 
LBM55a 	Wallrock to pyroxene-rich sheet. Analysis includes 0.45ppm Hf and 0.56ppm Ta. 
LBM55b 	Pyroxene-rich sheet. Analysis includes 1.95ppm Hf and 0.70ppm Ta. 
LBM60a 	Wallrock to pyroxene-rich sheet. 
LBM60b 	Clinopyroxene-rich margin to pyroxene-rich sheet. 
LBM62b 	Clinopyroxene-rich margin to pyroxene-rich sheet. 
LBM88ba1 	Pyroxene-rich sheet. Analysis includes 0.42ppm Hf and 0.36ppm Ta. 
LBM88ba2 	Wallrock to pyroxene-rich sheet. 
LBM88ba3 	Wallrock to pyroxene-rich sheet. Analysis includes 0.21ppm Hf and 0.07ppm Ta. 
LBM88ba4 	Wallrock furthest away from pyroxene-rich sheet. (No major-minor element data). 

Analysis includes 0.28ppm Hf and 0.25ppm Ta. 
LBM90bal 	Whole pyroxene-rich sheet. Analysis includes 0.55ppm Hf and 0.33ppm Ta. 
LBM90ba2 	Wallrock to pyroxene-rich sheet. Analysis includes 0,23ppm Hf and 2.36ppm Ta. 
LBM90ba3 	Clinopyroxene-rich margin to pyroxene-rich sheet. 

Analysis includes 1.04ppm Hf and 0.62ppm Ta. 
LBM90ba4 	Pyroxene-rich sheet. Fine part of interior. 
LBM90ba5 	Pyroxene-rich sheet. Coarse part of interior. 
LBM90ba6 	Clinopyroxene-rich margin to pyroxene-rich sheet. 
LBM101ba1 	Host to discrete IRPS-rich vein. Analysis includes 0.23ppm Hf and 0.21ppm Ta. 
LBM101ba2 	Discrete IRPS-rich vein. 
LBM108ba1 	Hostrock to zone rich in IRPS-minerals. Analysis includes 0.28ppm Hf and O.lgppm Ta. 
lBMlO8ba2 	Zone rich in IRPS-minerals.Analysis includes 1.93ppm Hf and 7.21ppm Ta. 
LBM131bal Whole pyroxene-rich sheet. 
LBM131ba2 Clinopyroxene-rich margin to pyroxene-rich sheet. 
LBM131ba3 Clinopyroxene-poor interior to pyroxene-rich sheet. 
LBM139ba1 	Whole pyroxene-rich sheet, rich in IRPS-minerals. 
LBM139ba2 Clinopyroxene-rich margin to pyroxene-rich sheet. 
LBM139ba3 Clinopyroxene- poorinterior to pyroxene-rich sheet. 
LBM171a 	Wallrock to pyroxene-rich sheet. 
LBM171b 	Pyroxene-rich sheet. 
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IV. Matsoku Mineral Chemistry Analyses 

Mineral chemical analyses for xenoliths from the Matsoku kimberlite are 

presented herein. All of these analyses were collected by the author. In addition 

to those presented, further analyses were undertaken on xenoliths previously 

analysed by B. Harte at the Carnegie Institute of Washington, U.S.A., partly to 

confirm these analyses, but also to constrain more accuratly the mineral zoning 

present. These later analyses, along with those undertaken during the study of 

the zoning in a garnet in LBM88 (see section 6.4.1.3) are not presented. 

Sulphide analyses from several nodules are presented separetly in table 6.1. 
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LBMI 3 

GNT GNT 01. 	OPX SPINEL CPX OPINEL CPX 
1 	2 	 1 	1 	2 	2 

Si02 41.60 41.53 41.12. 55.80 .00 52.55 .00 52.96 
ri02 	.37 	.35 	 .38 	.21 	.36 	.17 	.27 
A.1203 21.62 22.26 .32 2.64 41.21 3.44 41.70 3.50 
Cr203 1.36 1.58 	 .43 23.94 .84 23.21 .98 
FeC :0.50 10.31 6.41 6.51 17.92 2.39 17.81 2.39 
mw 	.63 	.57 	.39 	.14 	.31 	.08 	.28 	.08 
990  18.34 18.20 49.39 34.15 16.05 15.53 16.11 15.57 
CaO 	5.77 	5.73 	.32 	.33 	 23.14 	 22.42 
Na20 	 .34 	 1.16 	 1.21 

Total 100.39 100.23 100.37 100.21 99.64 99.59 99.28 99.38 

Garnet 	 1: Grain 
2: txsolut:on lamellae in OPX 

Spinel 	 1: Exsolution lamellae in OPX 
2: Grain 

Clinopyroxene 1: Exsolutjon lamellae in OPX 
2: Grain 

LB143 0 

	

GNT 	CPX 	OL 	OPX 
Si02 	41.47 	53.30 	41.36 	57.79 
Ti02 	.44 	.43 	 .13 
A-1203 	20.72 	3.00 	.02 	.84 
Cr203 	3.43 	1.75 	 .28 
FeO 	7.88 	2.82 	8.75 	5.18 
KnO 	.41 	.14 	.10 	.08 
P4g0 	20.58 	15.94 	48.76 	35.00 
CaO 	4.62 	18.14 	.02 	.49 
Na20 	 2.69 	 .18 

Total 	99.55 	98.71 	99.01 	99.97 

t.BM3 5 

G3T CPX Ru'rILE OPX 	OL GNT 

1 	 2 
Si02 	42.25 	55.05 	.09 	57.77 	40.89 	41.98 
Ti02 	.38 	.52 	95.35 	.14 	.04 	.32 
A1203 	20.66 	2.90 	.01 	.33 	.03 	22.11 
Cr203 	3.28 	1.49 	3.74 	.23 	.01 	..99 
FeC 	9.20 	2.96 	.41 	5.64 	9.39 	3.34 
MnO 	.39 	.10 	.34 	.13 	.09 	.41 
MgO 	20.63 	16.08 	.38 	34.79 	49.87 	20.23 
C.aO 	4.71 	18.45 	 .49 	.01 	4.36 
Ka20 	 2.57 	 .16 	.02 

Total 100.71 100.02 99.42 100.18 100.35 99.75 

Garnet 	1: Distant to IRPS-mineralisation 
2: Adjacent to IRPS-ainera1isaton 



t.4 1. 

OL OPX CPX ?HLOG 
Si02 40.36 56.96 53.32 40.36 
TiO2 .08 .25 1.18 
A.1203 .01 .63 2.15 :2.42 
Cr203 .01 .45 3.24 
e0 8.39 5.39 2.66 3.39 

Phto .09 ..i .18 .15 
49.90 34.84 15.58 24.77 

cao .45 18.26 .31 
a20 2.66 .11 

R20 .32 :0.73 

Total 99.26 98.91 98.55 94.23 

LBMS 8 

COARSE HALF 	 FINE HALF 
CPX 	OL 	OPX 	CPX 	OL 	GUT 

S102 	55.95 	41.67 	58.92 	55.51 	41.45 	41.82 
?602 	.27 	.02 	.09 	.29 	.03 	.33 
A.1203 	2.59 	 .79 	2.52 	 19.43 
Cr203 	2.64 	 .35 	2.73 	.02 	5.20 
LeO 	2.85 	9.59 	5.75 	3.03 	10.13 	9.21 
pino 	.13 	.09 	.11 	.12 	.10 	.51 MgO 	15.47 	48.85 	34.38 	15.19 	48.61 	19.12 
CaO 	:8.23 	 .41 	17.96 	 5.20 
a20 	2.63 	.02 	.16 	2.67 	.02 

K20 	.03 	 .03 

Total 100.7300.24 100.96 100.85 100.36 100.82 

GNT SPINEL OPX OPX CPX CL ILM 
1 1 

Si02 41.60 2.11 56.65 56.89 54.05 40.10 .37 
1i02 .39 .23 .14 .14 .38 54.62 
A1203 20.69 50.93 .84 .86 2.97 .04 .26 
Cr203 3.13 10.06 .30 .26 1.81 3.52 
LeO 8.43 15.42 5.69 5.72 2.94 9.51 26.43 nO .39 .29 .10 .39 .38 .08 .24 M90 20.57 19.26 34.58 34.74 15.84 49.07 14.45 CaO 4.62 .49 .47 18.48 .02 
Na20 .16 .17 2.57 

Total 99.37 98.28 99.06 99.33 99.12 98.82 99.53 

SpLnel 1: In 	pool' 
Orthopyroxenel: In 'pool' 
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t.6 8 

	

GN'r 	ON'S' 	G,  NT 	CPX 	CL 	09K 	1L94 

	

1. 	2 	3 
Si02 	41.41 	41.70 	41.86 	54.45 	40.56 	57.30 	.14 
Ti02 	.11 	.47 	.44 	.41 	 .14 	50.90 
A].203 	19.78 	20.67 	20.39 	2.93 	.35 	.88 	2.16 
Cr203 	5.32 	3.79 	3.70 	2.32 	 .33 	7.34 
FeO 	8.78 	8.97 	8.80 	3.21 	.0.03 	6.11 	26.67 
Kno 	.37 	.39 	.38 	.10 	.12 	.11 	.42 
MgO 	9.53 	20.16 	20.14 	.5.58 	48.58 	34.43 	12.86 
a0 	5.35 	4.71 	4.64 	.9.21 	.01 	.46 
Na20 	 2.83 	 .20 

Total 100.65 100.86 100.35 39.74 39.35 99.96 100.39 
Garnet 	1: Coarse garnet, core 

Coarse garnet, ooikiobastjc rim 
Garnet in garnet-rich vein 

LBM7 9 

RU'CILE ON'S' CL 09K SPINEL CPX 

Si02 	.11 	41.98 	40.68 	57.50 	.03 	54.73 
'riO? 	94.68 	.43 	.02 	.15 	18.71 	.44 
A.1203 	.36 	20.85 	 .86 	24.83 	3.07 
Cr203 	3.74 	3.37 	.01 	.26 	31.16 	1.87 
FeO 	.65 	7.94 	8.82 	5.33 	15.76 	2.78 
MnO 	 .37 	.08 	.09 	.35 	.09 
MgO 	.41 	20.88 	50.14 	35.20 	11.96 	15.78 
CaO 	 4.56 	 .42 	 18.28 
a20 	 .19 	 2.33 

'total 99.94 100.28 99.75 130.00 102.32 99.37 
Spinel 	1: Exsolution lamellae in rute 

LBM89 

ON'S' 	ILM 	CL 	CPX 	09K 
S102 	42.31 	 41.22 	55.72 	57.38 
Ti02 	.44 	54.24 	 .36 	.12 
A1203 	21.63 	.72 	.02 	2.96 	.31 
Cr203 	1.32 	1.24 	 .73 	.10 
FeC 	10.61 	31.60 	12.46 	4...3 	7• 47 

KDO 	.37 	.26 	.13 	.14 	.12 
M90 	19.22 	11.62 	36.05 	15.55 	33.13 
CaO 	4.35 	 .01 	18.50 	.49 
Na20 	 2.43 	..6 

Total 100.35 39.63 99.89 100.52 100.43 
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PRLOG R(JTILE OPX GWI' DL 
SiO2 40.19 57.20 41.76 41.78 
T102 1.54 91.93 .14 .40 .02 
A1203 12.72 .51 .36 21.05 .01 
Cr203 .64 4.39 .27 3.38 
FeO 3.26 .89 5.14 7.54 8.42 
MrAO .35 .39 .41 .07 

90 24.40 .43 34.86 20.67 49.74 
CaO .37 .45 4.28 
Sa20 .14 .19 .34 
K20 10.51 

Total 03.52 98.15 99.19 99.29 100.08 

LBM1 19 

GN'T 	GMT 	GWI 	CPX 	CPX 	OPX 	OL 
1 	2 	3 	1 	2 

Si02 	41.00 	41.64 	41.88 	54.41 	54.21 	57.41 	40.95 
T102 	.36 	.40 	.29 	.37 	.36 	.14 
A1203 	17.79 	20.44 	21.49 	2.81 	2.73 	.85 	.04 
Cr203 	7.11 	3.71 	2.44 	1.67 	1.77 	.27 
FeO 	9.13 	9.40 	9.21 	3.30 	3.11 	6.38 	10.44 
MnO 	 .51 	.46 	.41 	.09 	.11 	.13 	.11 
MgO 	17.96 	19.48 	19.93 	15.80 	15.74 	34.39 	48.16 
C.aO 	6.33 	4.86 	4.50 	18.71 	19.02 	.49 	.01 
Na20 	 2.51 	2.46 	.45 

Total 100.20 100.38 100.17 99.67 99.51 100.51 99.71 

Garnet 	 1: Wallrock garnet, core 
Walirock garnet, rim 
WalirocK garnet, adjacent to sneer 

Clinopvroxene 1: In sheet 
2: In walirocK 

LB14122 

GN'F GN'l' GNT ONT CPX CPX OPX DL 
1 2 3 4 1 2 

Si02 40.23 41.18 40.63 41.50 53.39 53.62 56.67 39.74 
Pi02 .40 .34 .34 .37 .32 .31 .09 
A1203 19.34 19.95 20.10 20.64 2.82 2.71 .79 .35 
Cr203 5.23 4.49 3.98 3.92 2.04 1.94 .27 
FeO 9.22 9.22 9.13 9.25 3.15 3.15 6.18 10.42 
MnO .48 .46 .44 .34 .09 .08 .39 .13 
MgO 19.14 19.25 19.29 19.46 15.94 15.92 34.50 49.69 
CaO 5.66 5.52 5.09 5.23 19.65 19.65 .40 .31 
Ma20 2.54 2.52 .14 

Total 99.70 100.42 99.01 100.80 100.44 99.94 99.13 100.04 

Garnet  Coarse garnet, core 
 Coarse garnet, rim 
 Coarse garnet, poikioblastic rim 
 Garnet in garnet-rich vein 

Clinopyroxene  In garnet-rich vein 
 Distant from garnet-rich vein 
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GN'r 	.24r 	GNT 	CPX 	OPX 	ILM 	or. 
1 	2 	3 

S602 	42.25 	42.08 	41.76 	54.21 	56.66 	.37 	39.70 
TiO2 	.04 	.11 	.42 	.34 	.15 	54.51 
A.1203 	20.89 	21.41 	21.20 	2.50 	.80 	.82 	.04 
Cr203 	3.69 	3.30 	2.84 	1.35 	.22 	3.25 
FeO 	6.90 	8.68 	9.17 	3.27 	6.23 	28.24 	9.98 
I0 	.35 	.39 	.39 	.08 	.13 	.38 	.09 
1490 	20.79 	9.91 	19.71 	16.95 	33.83 	12.44 	48.49 
CaO 	5.21 	4.93 	4.79 	19.20 	.52 	 .03 
Na20 	 2.17 	.14 

Total 100.12 100.32 100.28 100.07 98.68 99.71 98.33 

Garnet 	 1: Wallrock garnet, core 
Wa].lrock garnet, rim 
In sheet 



Ilmenite analyses 

1BM32 LBM32 LBM38b LBM40 18M40 L8M59 LRM68 

Si02  .17 .31 .13 .14 .13 .07 .14 
1102 52.20 51.50 52.60 54.40 52.68 54.62 50.90 
A1203  93 .84 .61 .43 .84 .26 2.16 
Cr203  4014 4.33 2.88 353 395 3.52 734 
FeO 28.10 29.20 30.11 28.96 28.28 26.43 26.67 
NiO .31 .26 .05 .17 
MnO .32 .29 .28 .34 31 .24 .42 
MgO 13.40 13.20 13.00 12.47 13.34 14.45 12.86 

Total 99.27 99.93 99.66 100.27 99.90 99.59 100.50 

LSM73 LBM73 LBM73 LBM73 1BM74 L8M89 LBM89 
a b C d 

Sb 2  .11 .22 .18 .15 .23 

1102 52.50 52.50 52.30 54.30 54.20 54.24 53.00 
203  .13 .14 .13 .59 .50 .72 .72 

Cr203  1.71 1.58 1.69 2.23 2.52 1.24 1.13 
FeO 31.32 29.71 30.55 24.53 32.10 31.60 31.90 
NO .05 .05 .06 .12 .13 
MnO .38 .39 .35 .40 .33 .26 .29 
MgO 12.70 13.50 13.40 16.80 12.30 11.62 12.20 

Total 98.90 98.09 98.66 99.12 101.95 99.68 99.60 

LBM101 LBM101 LBM108 LBM1O7 IBM 1O7 LBM129 
a a a 

S102  .21 .15 .15 .21 .22 .07 

1102 56.12 5591 54.80 54.59 53.57 54.51 

203 .79 .12 .87 .45 .00 .82 

Cr203  1.70 2.76 2.31 3.96 .40 3.25 

FeO 22.90 23.10 26.50 24.55 41.50 28.24 

NiO .17 .16 .17 .16 00 
MnO .30 .24 .30 .25 .22 .38 
MgO 17.20 15.34 14.9 16.23 2.89 12.44 

Total 99.37 97.88 100.00 100.43 98.78 99.71 

L8M129 LBM131 	LBM131 	LBM131 L8M136 16808 
a b 

Sb 2  .16 .14 	 .30 .20 .25 .07 

Ti02  52.70 52.40 	52.00 51,90 52.01 56.63 

203 .69 .80 	 .92 .39 1.01 .47 

Cr203  3.24 2.49 	1.95 2.40 3.61 1.40 

FeO 28.68 3042 	30.94 31.06 30.30 29.65 

NiO .05 .07 	 .09 .09 .06 

MnO .27 .34 	 .34 .28 .48 .23 

MgO 13.7 13.10 	12.80 12.80 11.90 13.52 

Total 99.41 99.76 	96.12 99.12 99.62 101.97 

18M73 a; Centre of dense vein. 
b: Inclusion in phiogopite. 
C: Inclusion in olivine. 
d; In matrix away from vein. 

18M101 a; Fringe around rutile. 

L8M107 a: Fringe around rutile. 

LBM 108 a: Average analyses (Harte etal. 1987). 
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V. REE and Isotope Data 

REE data and Sm-Nd and Rb-Sr isotope data for xenoliths from the 

Jagersfontein and Matsoku kimberlites are presented herein. All of the analyses 

were undertaken by the author at the Open University, Milton Keynes. Sample 

preperation and analytical techniques are presented in appendix 6. 

Whole rock (WR), data was collected by either Instrumental Neutron 

Activation Analyses (INAA), or by Isotope Dilution (ID). All data for mineral 

seperates was collected by Isotope Dilution. 

Xenoliths prefixed 'LBM' are from Matsoku. All others are from 

Jagersfontein. 

Sample Notes 

LBM11 and LBMI2 are coarse Mg-rich and Fe-rich peridotites respectively. 
LBM22b is a discrete IRPS-rich vein. 
LBM32 and LBM108ba2 are modally metasomatised zones. 
LBM108ba1, LBM101 and LBM22a are host rocks to IRPS-rich veins and zones. 
LBM55b and LBM90ba2 are cpx-rich margins of pyroxene-rich sheets, poor in IRPS. 
LBM88ba1 and LBM90ba1 are whole pyroxene-rich sheets, poor in IRPS. 
LBM90ba3 in the olivine and orthopyroxene-rich interior of a pyroxene-rich sheet. 
LBM89 and LBM38b are pyroxene-rich sheets, rich in IRPS. 
LBM55a, LBM88ba3 and LBM88ba4 are wallrocks to pyroxene-rich sheets. 
LBM41 is a nodule rich in primary metasomatic phlogopite. 

J134 and JJG 1716 are CLA-nodules. 
J117 is a CH-nodule. 
J118 is a DH-nodule. 

Phlogopites in LBM22b and LBM41 are primary metasomatic. 
Phiogopite from J134 is secondary metasomatic. 
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Laul La112 f.a22a La122b L02b La132 

WR WR WR WR WR WR 

INAA INAA INAA INAA ID INAA 

La 1.8 1.3 1.5 1.6 2.0 

C. 3.6 4.9 3.7 (7.3) 3.5 3.9 

Rd 2.0 2.3 1.55 

S. .84 .50 .33 .33 .282 

Nu .11 .18 .12 is .085 .29 

Tb .23 

Dy .217 

Kr .111 

Tb .1.4 .28 .34 .51 .102 1.03 

Lu .04 .04 .06 .21 

147Sm/144Nd .1101 
.51277±3 

875r/86Sr .70423+3 

LPh138b LBI438b L.B8141 1.81141 	1.B1155a LBN55b 

WR WR WR WR WR WR 

INAA ID INAA ID INAA INAA 

La 2.5 2.3 3.8 16.8 

Ce 6.4 8.36 5.7 7.15 8.4 19.6 

Rd 4.6 4.9 3.4 3.42 3.0 12.4 

S. .74 1.01 .61 .618 .64 2.33 

Ku .22 .30 .18 .159 .19 .71 

Tb .14 .27 

Dy .71 .201 

Er .411 .059 

Yb .35 .396 .041 .32 

Lu .05 

141Sm/144Nd .1247 .1093 
143Nd/1 Nd .51276±4 .51273±3 

87Rb/86Sr .257 .257 

87Sr/86Sr .70363±4 .70367±3 

LBK88bal LBM88ba3 LBM88ba4 1.81189 L.BM90bal L.BN90ba2 
WR WR WR WR WR WR 

INAA INAA INAA ID INAA INAA 
La 2.3 1.7 1.1 3.0 2.5 
Ce 6.5 3.6 2.9 10.5 6.5 6.7 
Nd 2.8 2.1 7.51 5.3 2.7 
S. .49 .33 .27 1.8 .87 .42 
Eu .15 .11 .09 .532 .29 .14 
Tb .16 
Tb .19 .555 .32 .21 
Lu .05 

147Sm/ 1 Nd .1450 
143Nd/144Nd .51286+7 

LBll90ba3 t.BMI01 1.BII108bal LbslO8ba2 J134 JJGI7I.6 
WR WR WR WR WR WR 

INAA INAA INAA INAA ID ID 
La 3.9 1.7 20.7 1.0 
Ce 10.4 3.3 5.1 5.2 17.7 15.8 
Rd 8.3 7.05 6.37 
S. 1.57 .34 .15 1.05 .92 
Ku .49 .11 .15 .13 .251 .229 
Tb .23 .14 
Dy .208 .302 
Er .080. .129 
Yb .39 .13 .25 .05 .093 .121 
Lu .07 .06 

47Sm/144Nd .0901 .0874 
143Nd/144Nd .51255+3 

87Rb/86Sr .159 .155 
87Sr/86Sr .70711±2 .70631+3 



I.BM11 t22 (438b 1.I41 tBM89 [.I90 
cpx cpx cpx cpx cpx cpx 

C. 14.0 17.5 16.5 4.5 4.31 7.39 
Ed 15.2 14.5 12.7 14.6 4.71 7.65 
S. 3.56 3.66 2.57 3.51 1.07 1.75 
Eu .84 .9 .59 .326 .50 
Gd 1.98 .963 
Dy .74 .574 .547 
Er .146 .442 .208 .243 .205 .157 
Tb .072 .214 .108 .111 .115 .096 

1475./144Nd .1415 .1525 .1223 .1454 .1374 .1384 
1431 	Nd .51270+1 .51261~7 .51275+2 .51284+2 .51285+1 

87Rb/86Sr 
87 

.70343+2 .70313+10 
.044 	4 .044 
.70331+3 

.028 	+3 

.70322+3 

J117 J118 J117 J118 J134 	JJG1716 
cpx cpx grit gnt grit gnt 

Ce .917 2.97 
Rd 6.06 4.39 1.10 1.17 2.57 3.01 
so 1.53 1.16 .894 .894 2.47 1.97 
Eu .494 .362 .434 .913 1.18 .912 
Gd 1.43 1.13 
Dy 3.07 2.78 2.53 3.92 
Kr .252 .197 2.16 2.54 1.72 
Yb .152 .111 2.73 1.74 

147Sm/144Nd .1526 .1615 .4912 .4618 .5808 .3955 
143Nd/1 Nd .51293±2 .51293±1 .51300+3 .51281+2 .51273+1 

87$r/86Sr .70263+2 .70257+2 .70625+7 .70947±2 .70836+2 .70609+2 

LB1122 t.W441 J134 t.438b LBM89 
h1og p1og phlog ila jim 

Ce .772 4.27 .662 2.0 
Nd .301 1.71 .288 2.35 .167 
S. .051 .266 .046 .18 .098 
Ku .017 .067 .036 .27 .014 
Gd 
Dy .033 .115 .221 .051 .326 
Kr .022 .033 .047 .066 .077 
Yb .036 .015 .128 .124 

147sa/144Nd .1025 .1556 .0966 .0463 .3550 
143Nd/144Nd .5130 ±3 .51275±3 .51269±4 

87Rb/865r 20.21 	+2 29.16 +2 	2.22 +2 	.36+3 
875r/865r .76971+30 	.75208+35 	.71006+45 	.70330+19 	.70373±9 
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VI. Analytical Techniques 

1. REE AND ISOTOPE DETERMINATION 

1.1. Mineral seperate preperation 

Selected portions of nodules were crushed using a jaw crusher and 

tungstan carbide teamer to give a maximum sample yield in the 240 - 170 

micron range. The samples were seived and washed with acetone and water. 

After drying, the crushed rock was passed through a Franz magnetic seperator 

at a low current to remove ilmenite and other opaques. The ilmenite portion 

(where collected and present in significant amounts) was crushed to less than 

170 microns and re-Franzed to give a maximum seperate free of silicate 

material. The ilmenite concentrate was finally washed with acetone and water; 

and dried, ready for leaching. 

The crushed rock portion (now free of opaques) was passed again through 

the magnetic seperator at a higher current to seperate Out mica and 

clinopyroxene. This mica - clinopyroxene mixture was re-Franzed at an even 

higher current to seperate the mica from the clinopyroxene. The mica sample 

was finally purified with a flotation drop-dilutuion technique using bromoethene 

and carbon tetrachloride. The mica was washed with acetone and dried ready 

for leaching. 

The clinopyroxene seperate was further purified with the flotation 

drop-dilution technique firstly using carbon tetrachloride and bromoethene to 

remove any mica contamination; and secondly with methyle-iodide and carbon 

tetrachloride to remove any other silicates. Following washing with acetone 

and drying, the clinopyroxene concentrate was hand-picked to remove any 

other contaminates. At this stage, clinopyroxene concentrates from two of the 

Matsoku nodules (LBM89 and LBM38b) were crushed further to less than 

170microns and repurified with methyle-iodide and carbon tetrachloride drop 

dilution in an attempt to remove a maximum amount of ilmenite inclusions 

within the clinopyroxenes. 

The remainder of the crushed rock portion, now consisting dominently of 

olivine, garnet and orthopyroxene was passed through the Franz seperator to 

produce a garnet concentrate. This garnet concentrate was further purified 



373 

with heavy liquid drop dilution technique using methyle-iodide and carbon 

tetrachloride; and finally purified by hand-picking under optimum conditions of 

illumination and magnification. All garnets having kelyphitic material adheared 

to them were discarded. 

The above described preperation of mineral seperates was carried out at 

Edinburgh. The case discribed is a general case, garnet, ilmenite and mica 

concentrates not being recoverable from all samples. Amphibole, present in 

two of the samples treated, proved impossible to seperate from clinopyroxene, 

hence neither clinopyroxene or amphibole from those samples was treated 

further. Olivine and orthopyroxene were not seperated or further treated due 

to the low concentrations of trace elements within them. 

All further sample preperation was carried out at the Open University, 

Milton Keynes. 

All samples were first acid leached to remove any further contamination. 

Garnets were leached in 5% HF for 1 hour, then filtered and washed with water. 

Clinopyroxenes were leached with 5% HF for 0.5 hour, then filtered and washed 

with 6M HCI and water. Ilmenites were leached with 6M HClfor 0.5 hour, then 

filtered and washed with water. Micas were leached with 0.25M HCI for 10 

mins, then filtered and washed with water. All washings were discarded. 

All samples were dried and crushed further either in a ball mill (garnets) or 

in an agate pestle and morter. 

1.2. Chemistry 

1.2.1. General notes 

All techniques described below are performed in a laboratory with a small 

positive pressure generated by an air makeup unit with particle filters. 

Dissolutions are performed with laminar flow cupboards in teflon beakers and 

bombs. The teflon is cleaned by through rinsing in distilled H20, soaking for 24 

hours in concentrated HNO3  at 80°C, and finally soaking in distilled H20 for at 

least 24 hours. Tap water is purified through a Milli-RO/Milli-Q system. Analar 

HCI and HNO3  are double distilled in quartz stills and purified further in 

subboiling teflon stills. HF is purified in similar subboiling stills. 
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Total procedural blanks for Sm and Nd are <lng and around 8ng for Sr. 

1.2.2. Dissolution 

Approximatly 0.2-0.4grams of sample (where available) is weighed into a 

PTFE bomb to which is added about 5m1 40%Hf and 2m1 of concentrated HNO3. 

This is left to stand cold for several hours prior to being placed in rnonel 

jackets in an oven at 180°C for at least 24 hours. The bomb is then placed in a 

clean air circulation oven at 80°C and when dry a further 2m1 of concentrated 

HNO3  are added. When this is 'damp', around 6m1 of 6M HCl are added, and the 

bomb is replaced in the monel jacket in the oven at 180°C overnight. Though 

this sequence was adequate for the disolution of whole rock, mica, 

clinopyroxene and ilmenite samples, it proved inadequate for garnets. These 

took up 2 weeks to dissolve and the above process had to be repeated 

numerous times to aid dissolution. After 2 weeks the sample was dissolved in 

6ml HCI and centrifuged. The solute was removed and evaporated to dryness 

prior to continuing the chemical treatments below. Any insoluble material 

remaining following dissolution was discarded. 

Following final evaporation the residue was dissolved in 6ml of 0.25M HCI 

and seperated into 2 fractions. One (approximatly 1/3rd) for REE determination 

and one ( 2/3rds) for Nd-Sm and Rb-Sr isotope analyses. 

1.2.3. Sr Seperation 

The solution was evaporated and redissolved in lml of 2.5M HCI. Any 

residue was centrifuged off and the clear solution was loaded into a 

preconditioned cation exchange column containing lOmI Bio-Rad AG50W * 8, 

200-400 mesh resin, the sample is washed in with 2 * lml of 2.5m1 HCl and 

eluted with 40m1 of 2.5M HCI. The Sr fraction was collected with a further lOmi 

HCI, and evaporated to dryness. 

1.2.4. Nd Seperation 

Following collection of the Sr fraction from above, the column is washed 

with imI H20. A further 21m1 of 3M HNO3  are eluted and a final 30ml of 3M 

HNO3  are collected. This fraction is evaporated to dryness. Sm and Nd are 
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seperated in reverse chromatography ion exchange columns following the 

method of Richardson et 3/(1976). Sm-Nd separation columns were calibrated 

by the author. 

1.2.5. REE chemistry 

The 1/3rd solution from above was spiked with a mixed spike of REE 

containing the following concentrations: 

92.77% 139La 
92.11% 142Ce 

89.67% 145Nd 
98.98% 149Sm 
96.83% 151Eu 
91.61% 155Gd 

90.41% 161Dy 
91.54% 167Er 
95.97% 171Yb  

Samples are weighed out on a O.Qlng balance, and idrop of spike are 

added and weighed. Separation is as described above for Sr and Sm-Nd with 

the final REE separation in reverse chromatography ion exchange columns 

separating LREE from HREE. All solutions were evaporated to dryness. 

1.3. Mass Spectrometry 

The Sr fraction from the chemical separation is dissolved in about 0.5mf 

H20 and loaded onto a single outgassed Ta filament on which around lul of 

1M H3PO4  has been placed. A current is passed through the filament to dry the 

solution and, following loading of the sample, the current is increased untill the 

H3PO4  fumes off and the filament glows a dull red. 

The LREE, HREE and Nd (for isotope analyses) fractions are disolved in 0.5ml 

H20 and loaded onto the Ta side filaments of an Outgassed triple filament 

assemblage with a Ta centre filament. The sample is dried and the side 

filaments positioned orthogonally to the centre filament. 

The loaded filaments are placed in a six position turret in a Vacuum 

Generators lsomass 54E mass spectrometer. Samples are run automatically by 

software developed by D. W. Wright and P. W. C. van Caisteren using a 

HP9845T computer. All analyses are performed at iO torr and at an 

accelerating potential of 8kv. 
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1.3.1. Sr Isotope Abundance 

Sr beams are managed to give an intensity of 15pA at a filament current of 

2.5A. The measuring cycle is: 88, 87, 86, 86.5, 85, 84. The 85 peak is eliminated 

when the Rb contribution to the 87 peak is 0.01%, and the 84 peak after the 

first set. All peaks are counted for four periods of 1.28 seconds, after which 

the magnet is stepped to the next position. Intensities are calculated using a 

double interpolation algorithm corrected for zero, dynamic memory, and Rb 

interference as necessary. The 87  Sr/ 86Sr ratio is corrected for mass 

fractionation assuming that the fractionation is linearly dependent on mass 

difference, and that 86Sr/88Sr = 0.1194. Ratios are stored in sets of 10. The 

mean and error are calculated and ratios that do not satisfy Chauvenet's 

criterion are rejected. If the total error for the set is still lOOppm, the whole set 

is rejected; if greater than 500ppm, the whole set is ignored. Chauvenets 

criterion are tested again for all stored ratios including the rejected ones but 

not the ignored ones, to form a running mean. The run is terminated when at 

least 100 ratios are accumulated and the lo error is 20ppm. The NBS 987 

standard gives a 87Sr/86Sr ratio of 0.71015+4. 

1.3.2. Nd Isotope Abundance 

Instrumentation and software are the same as for Sr abundances given 

above. Nd beams are managed to give an intensity of 7pA with a centre 

filament current of 3.9A and a side filament current of 2.OA. The measuring 

cycle is 146, 144, 143, 142.5, 142, 147. The 147 peak is eliminated when the Sm 

contribution to the 144 peak is 0.01%. The 143  Nd/ 144  ratio is corrected for mass 

fractionation assuming 146  Nd/ 144Nd = 0.7219. The run is terminated when at 

least 200 ratios are accumulated and the lo error is loppm. BCR-1 gives 

143  Nd/ 144Nd ratio of 0.512620+20. 

1.3.3. REE Abundances 

Dy Er and Yb beams are obtained with a centre filament current of 3.9A and 

side filament currents of around 1.8, 2.2 and 2.4A respectively. Eu, Sm Nd and 

Gd beams are obtained with centre filament currents of around 1.3, 2.5, 2,7 and 

2.9A respectively. Ce beams are obtained with a current of 2.4A. La (beam 

current of 2.6A) appeared to be beyond detection and was not sucessfully 
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collected. The computer automatically corrects for interference where 

necessary. 

1.4. Data Representation 

Epsilon values, where quoted, follow the method of DePaolo and 

Wasserburg (1976). Modal ages are calculated for TdmNd. These represent the 

time elapsed since the rock had the same ratio as the depleted mantle 

reservoir given its present Sm/Nd ratio. lsochron calculations were processed 

by a program written by D. 'P/. Wright at the Open University. 

Constants used were: 

A 147  S = 	6.54 	*10 12a 1  
(143Nd/144Nd)cHUR = 	0.51264 
(147Sm/144Nd)cHUR = 	0.1967 
(143Nd/144Nd)DM = 	0.51310 
(1'7Srn/'44Nd)DM  = 	0.2238 

ARb 	 = 1.42 *10 h1a 1  
(87Sr/86Sr)UR 	= 0.7047 
(87Rb/86Sr)UR 	= 0.0847 

2. ELECTRON PROBE MICROANALYSIS 

Mineral analyses were undertaken at the Grant Institute of Geology on the 

Cambridge Instruments Microscan 5 electron probe. A focussed 1-2 micron 

30mA beam was produced at 20kV giving a sample penetration depth of 4 

microns. Natural and artificial standards for Si, Al, Mg, Fe, Ti, Mn, K, Na, Ca, Ni, 

Cr, Ba, F, Cl, V, Nb, S, Cu and Sr were used. Corrections were made for 

dead-time, atomic number, atomic absorption, and flourescence after the 

methods of Sweatman and Long (1969). The corrections were applied along 

with automatic running of the machine using software developed by P. Hill and 

D. Russel. Further procedural details are given by Thirlwall (1979). Typical 

detection limits and error margins for silicate mineral' are outlined below as 

determined from a clinopyroxene analyses. Further details of detection limits 

and precision and their calculation are outlined by Russell (1985). 

Detection limits and error margins have been calculated for a clinopyroxene 
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in LBM137. These figures are in general applicable to all the mineral phases 

analysed in this thesis and are only intended as a rough guide. Elements 

present in amounts of less than 0.lWt% oxide are considered to be trace 

amounts and the accuracy of the analyses is questionably, however the 

consistancy of some elements at such low values suggests that the results are 

significant, for example MnO. 

Analyses undertaken on the WDS system consisted of a series of 4 

foreground and 2 background Counts for each element, with each count 

consisting of 10 seconds. Cores and rims of 3 grains (where available) of each 

mineral were probed and results averaged where no significant differences 

were present. 

Oxide Wt% +Error Detection 
margin limit 

Si02  54.50 0.090 0.114 
Ti02  0.34 0.008 0.115 
A1203  2.57 0.018 0.068 
Cr203  1.04 0.087 0.095 
FeO 3.38 0.012 0.100 
MnO 0.10 0.005 0.091 
MgO 16.21 0.040 0.056 
CaO 19.41 0.065 L.093 
Na20 2.11 0.010 0.058 NiO 0.03 0.130 0.129 

Total 99.79 

3. INSTRUMENTAL NEUTRON ACTIVATION ANALYSES 

This method of analysis involves the bombardment of the sample with 

neutrons and the measurement of the radioactivity induced in the sample using 

gamma-ray spectrometry. lntrumental neutron activation analysis (INAA) was 

undertaken at the Open University, Milton Keynes by the author for REE on 18 

whole rock samples from the Matsoku suite. Sample preperation is described 

below. Irradiation and gamma-ray counting were undertaken by N. Rodgers as 

well as computer processing of the results to give ppm values. Further details 

of analytical technique, and counting and calculation methods are given in 

Bauer et a/(1978) and Koch (1960). 



3.1. Sample Preperation 

Whole rock samples are crushed to less than 180micron md dried overnight 

in a free air flow oven at 80°C. 0.39 of each sample is weighed out and sealed 

in a small plastic container. The plastic around the seal is melted to ensure 

complete sealing. These containers are placed nine at a time with alternating 

metal foil disks into a large plastic tube. A final container containing a standard 

sample (Whin Sill) is placed in the top of the tube. This tube is then sealed. 

The tubes are then irradiated with neutrons within a nuclear reactor and 

after a period of around lmonth, to allow for the decy of short lived isotopes 

(cooling off period), the samples are removed from the tubes and the 

gamma-radiation is counted. 

Gamma-radiation counting is fully automated. The counting along with the 

necessary adjustments for 'dead-time' counting and output of the final ppm 

results are carried out using software developed by N. Rodgers at the Open 

University. 

3.2. Error Margins 

Error margins are not quoted for the data given in appendix V. In general 

error margins are in the order of +2% of the value given. Comparison of the 

standards for the two sets of samples run are given below: 

Whin Sill Standard 

La 25.7 25.6 
Ce 57.1 57.2 
Nd 32.0 33.8 
Sin 7.29 7.17 
Eu 2.26 2.25 
Tb 1.12 1.13 
Yb 2.61 2.50 
Lu 0.39 0.39 

Hf 4.85 4.95 
Ta 1.29 1.27 

Sc 29 29 	standard 
Cr 75 75 	standard 
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I Option Routines These routines mark the lowest level of entry into 
the program and are returned to constantly throughout the 
program They allow the user to determine the options available 
for data analyses The minerals with which the program is able to 
cope with and following the selection of options, directs the 
program to the necessary subroutine On completion of the task 
the operator is returned to this level That, initial routines also 
define the input tnid output channels which may be changed any 
time at npt Ion level within the program 

2 Data file search routines The main aim of the majority of theta 
routines (written by the author), is to search through named data 
fltet selecting Spøcutic analyses to be stored within the program 
and subsequently tsed All of theta data routines are prefixed 
find A tetci nriiniiiin wit tilulr'l Ihy ItRfujPl fit tlt(iv, fill, usqi  to 

Fortran 77 program: METAMIN 

ME TAM1N it a Fortran 77 program written in conjuctiori with 0 8 M Patteon at 

the Grant Institute of Geology University of Edinburgh The program was Originally 

written in Fortran IV to compile and run on the EMAS ICI29/6 mainframe computer 

This was undated by the ti,thor in 1986 to to Fortran 77 standard to, the lct.2976 and 

again in 19117 to a new Fortran 77 standard for the Universitys recently aquired 

Amdahl V7 (EMAS -A) mainframe computer The original Fortran IV and 77 versions are 

now obsolete, and following closure of the WAS 1C12976 SCrViCO in July 1987 are no 

longer available A fully working version It however available on the EMAS -A service 

and both Source and rnlert tiles are presently stored, and ai:cessenj via a jeoeral 

geological program store tinder the Control of Or C F Ford to whom all enquiries 

concerning access to and modification of the program should he directed A working 

version of the original Fortran 77 program is also currently on line in the Department 

of Geology at the University of Chicargo, US A Courtesy of ORMP A complete haling 

of the original Fortran IV program Is presented along with example Interactive 

sessions (see below) in ORMPy thesis Mattison 1985, p506 56) A listing of the 

currant Fortran 77 program is available via tIn C F Ford from Filinnhurgh University 

Program Description 

ME IAMIN was primarily developed as a nnetamnorphistc program for interpretatung 

mineral chemical analyses Ironi the Edinburgh Universities Cambridge Mk V Electron 

Microprobe Though with rnnuiior modification can accept data from any System Briefly 

the program consists of essentially four major units 



enter data Interactively. Various options are available for selecting 
specific analyses groups of •nalyie, by either mineral type or rock 
type and for averaging analyses 

3 Data •n.Pyes routines This series of routines, mostly written by 
DAMP are designed to calculate and Output weight percent oxides, 
mole fractions tormulars (with an option to define ones' own 
number of oxygens), site populations, various element proportions 
and ratios frequently used triangular plotting parameters, and 
thermodynamic activities For further details with regards to these 
routines and the calculation methods used. sac the program listing 
In Pattison 119851 

4 Osothermobarometry routines this series of routines provides 
tharmobarornetric calculations for some 18 different metamorphic 
mineral assemblages and Within each routine, several different 
calibrations for each assemblage Of the 18 routines. S were 
written by the author specifically for use in the Study of ultramafic 
xenoliths Each routine is labelled with reference to the original 
paper, from which the therniobarome,r,c calculations were taken 

1. ACCESS 

Prior to using the program, the user has to access the general geology program 

library in which METAMIN is stored This is undertaken by typing the following at 

command' level It needs only to be typed once 

SEARCHOIR EOE003PIlOue 

2 CAl I INO TIlE PROGRAM 

The program is called by typing, at command level,. 

METAMIN 

This guide briefly describes the running of METAMIN, IS access and how to avoid 

crashing the program  
3 INPUT AND OUTPUT 

All input and output to and from the program are defined within 'METAMIN and 

the user need not DEFINE any channels beforehand 

3.1 Input 

Input to the program is generally in the form of either interactive input in 

rasponce to prompts, or input from a data file 

Interactive Input always follows a '' prompt, and requires either a numerical or 

character responce In all cases, except when naming an analysis or Inputing data the 

possible responces are given in the proceeding question or may be found by typing 

either 999 (general options) or 8 (geolhermobaromet options) 
*JI ctieracteq 

reaponcea mull be In capital leltere. otherwise the program will crash 

3.1 1. Input from a data file 

The majority of input to the program is likely to be from a data file containing 

mineral chemical analyses from the electron microprobe The format of this input data 

file is not fletable Variations from the fixed format will either lead to incorrect Output 



Of moss PfObably. the Program will crash 
below 	 The format of the data input file is given 

 

CT 	1J17 	GARNET LIaZt,j.. 009 0.00 11 	0.00 112 17.05 i3 22.00 
	

l 	0.00 £19 0.00 

III 0.02 524 
2.13 125 0.42 126 11 	

114 11.1 	000 1 
.95 128 0.00 129 0.00 130 0.00 156 

0.00 

The first two Charactors are th. 

	

microprob, 	 miner.j cod. That1 are standard electr1 
two charai0, mineral identifing codes 

The nest character Is the analyse5 number 4 characters era allocated to this value (000, - 9999) 

The actual numb,, Should be to the right of the allocated Space This v.lue he, to be a number 

The neat Character is the rock number 8 Characters 
ar, allocated to this value Roth letters and 

numbers can be Used and the value Should be to the left of the allocated apace  

4 

olivine all the analytical data will fit on one line and the total unit 
for the analyses will only be 3 line long in this case a blank line 

n must be edited i between the line of chemical data and the and Of analysis marker 

4 It data is entered into the program by the user (vi r 	
a Option 21 then only the first note In this section need be 

applied  Should  be noted that th applied  However it 
Put dataVile produced will be a formal and will need to be CONVER 	 data Ted to C Character lormat before editing can commence 

CONVERI Old Vile newt ii. 

5 This conversion has to be done III 
CorllInIa,ir, level Whfl using the 

data again in the Program the newtile Should be used 

3.12. Error mesuges 

The rest of 
the line Is occupied by a brier description of the analyses This can be UP 

to one line long (OOchars) though only the first 30 Char, are read into the 
Program This description Is not Used In the program  

The flej two lines Contain the analyses This comprises 3charact.r elerneit or 
element oside identification Codes ag 009 is flouting

. 114 is S102, 014 is Si, etc) anti the *.lght percent of that Oxide A maximum  
oCidsi ar, 	 of 9 identification codes and percentage Of 

on each line The 
cod, numbers need not be In CScSfldu,ig numerical Order 

The final line Is an end of 
analyses markerandri all cases eiice the file (a., below) should be a -I 
	

p, Cl the and of  

"PORTENT NOTES 

I The final character in the lila file Should be a -2 This will have to b. EOT.d in by the user 

2 A 
full lI.t of mineral codes used In this program is given In appendix I. and can be called by typing 	

at OPTION level within the Program 

3.  As analyses must be 4 lines long For Some minerals for example 

Common error messages are- 

END Of FILE, This will occur when searching through a data 
the last character In the file is not a -2 (see 

1 	
VIle and indicates that 

 

The program will also Crash with a variety of messages if real' numb,,3 are 
supplied Where 'integers are re(luired. or text is su 
sirpe ted or If the 	 pplied Wharf numbers are c 	format of the data is n 	correctly 	

Strictly Sdheared to Generally the mess89e5 produced In the fIrst 1
0

0 lines of diagnostics crash will Indicate Where the error was after a Program 

3.1 .3. Probe data 

For users of the 'old Probe' or Cambridge Mlcrosc10 Mk5, the user has the 
advantage that data from the probe 
sent 	 is Output on paper tape Thus the data cart be 

straight to ERCC for Input to EMAS-A Details of how to do this are given in the )(RF-
User Guide which can be obtained from Dr 13 Fitlon or Dodie James Once the 

file has arrived on the users process, it 
13  worrn checking to ensure the, the Correct 

format has bean strictly adheared to. It should be noted that paper tape an 
I the best 

mienl of data 
transfer and the probability that errors have been Created In the 

'iie an 
quite high 



When using the electron microprob., it obviously saves a lot of time later if thi 

analysis title Is intend in the format given above It should be noted however that 

just using blink characters will result in the title being lilt Justified arid loosing lb i 

intended format The best way to get around this is to till the blank characters with a i 

unused character, for eiiemple a 	or r%,
sign these can later be removed and thu 

data left in the correct format by bulk EDITing Hence during an interactive EDlTinp 

session with EDIT, the following commands will do this 

be the seine as that given above as an Input tile 

This, two Input and output channels can be redefined any time at OPTION level 

It should be noted that dala sent to an output tile will always over-wflte whatever 

was previously there 

The user is now at OPTION level, this is always indicated by the ENTER OPTION 

prompt All of the options (see appendixi) are quite self eiiplainatory and will not be 

described further here 

4.1 Use,  of Options 3, 4, 5, e, 7 

These five routines are designed to manipulate data from an input file which has 

been previously declared (section 3). If the user attempts to use these routines 

without on attached input-datafile. then the program will crash with the error message 

CHANNEL NOT DEFINED 

or 

For users of the newprobe' or CAMECA, thin since no data transfer system 

presently exists all date has to be entered manually using OPTION 2 within the 

program. The datafile created then as to be CONVERTed and EDITed as described 

above, to change the lest character in the tile to a -2 All data input using option 2 

will be correctly formatted 

32. Output 

All of the output from the program is formatted from within the program; and all 

output tiles are defined from within the program It should be noted that these Output 

files need to be COWI/ERTed before they can be EDITed 

4. RUNNING METAMIN 

After calling the program, the user is first asked whether analyse to be analysed 

are to be input from a data file or interactively (via OPTION 2) If the former Is 

requested, then the user Is asked to input the name of the data file This tile should 

be a date file which adheara to the strict rules laId out in section 2. 

Next the user is asked to indicate whether the analytical results of calculations 

within METAMIN are to be output to the screen or sent to a file. If the later is 

requested then the user is asked to Input the name of the file This name should not 

There are some common features to these options which are noted below 

1 if, when asked, the user selects to average analyses, it Should be 
noted that Only the averaged analyses IS stored within the program 
for further manipulation. 

2 If the user has elected to send Ill calculated output to a file (see 
above) then no calculated output from the these routines will be 
sent to the users terminal 

3 When asked for ROCK NUMBERS, MINERAL CODES and ANALYSES 
NUMBERS The user should refer to their probe date tile for thise 
values and they Should be typed in the same format as they are 
presented in the probe data file, 

4 When calling up several analyses of each mineral, then, unless the 
averaging Option is selected (see 1 above) then Only the last 
analyses read in to the program, for each mineral, is stored for 
further use 

After the completion of each routine the user is returned to OPTION level, 
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8 

OPTION 2 i, designedO lit (Itf user enter 
questions asked an 

	

	 their own one the lam, , 11101
* ahoy. Howee, on celI,, 

lytCi Many Of the 

this routine the 

us,, is ask.d whe ther 
they wan( to store the analysis they 

are 
about to enter It this 

s so they or, select to input a 'iii name The. 
,m., used 	 n.me should b. didifferent ', anant hornall other 

 thin the Prog 	wIll ! 

RS 	
eeWh.,. In the 

Program
,andShould notpreviouslyea t.  

as   It  Warning should be 

vu, to has 	

I does, 
?frsjt. 	

tft 	

This 
QcJsJJV 	

j!_ with the  

different 

 noted if theu•, c 
	(1,1 (Its plug,.10 during 

• 

r.3 	

'lull 

using °p(ion 2 then on 	unning(h
P'0914111Prop,.,  and 0P(Ion 2 	

s u•, should define a 
( 	usid 

prior to It, crash All analyses entered 
prior to a prOgram  

crash are saved Within the 
Output  filerho 

nsrio 
us 

  .itIt., CON 	• ling or 	
crested can be joined Ishor by 

OUinp • single 1ntanacti. session of MEFAMIN this Output 

flu. needs 
given once Once 

defined ,  

OPTIoN 2 Is called will b. 
•tI Output from OPTION 

2. 	 only to b, 
sent to 

the Sam, Ille 	
ordlessf how any limes 

I, should be noted that this output 
aim. Iflhir.c,I, 	 Can not be usid 

an 
an 

Input Iii, during the sessionof 
 m,tamin In which at was defined as an output Ill, 

The user will 

whil51 using option 3 b. Prompted for 2 ANALYSIS TITLE, These 

entered 

,, 	

o be brief (ma,, 30charg) descriptions of the analyses 
The 

same ('tie shoui be 

6*  OOTtfEnMoRAftOMFTR ROUTINES 

These 'OUtin.i are described by using 
OPTION 8 at the 

ii quit, self isplana(o,y 	 evil Iii running o onc. 	 Option 

(hey are called by entering the neIev.,, 
numb., at 

OPTION 	
once 

It Should be noted how.., 
that with  the exception Of routines too 

0, 120 250 and 	no lifity (rips 
hove bee

n•fl(ined to ensure that th. minarets 
niqua, 	

for the Piothermobarometric  
calculation ha

veprevious been entered by th 
dots in,., and 

search 'OUtln,s (2 3, , 5 8 7), 
AFJE&WTS 	

e 

 A SE FM  

 flMMOMR 	
E RE 	

DATA ANALYSLS HAVENOT 
PRIOUS[Y 

BEEN ENTERED W 
CAUSE THE PRl)(JpM TO 

CRASH 

6. EXIlING THE 
PROGRAM 

At the Compgi(l00 of the Calculations the use, 
Can omi t 

9 a 0 Program at any 0th, time Other th 

In responc, to the OPTION Prompt it 
	 hi P'°gram by typ 
Should be noted that it is 

nposs,bli to omit the 
an breaking the Program (Ctrl,p 8 4 r 

	This  Crash aftan sequence Will also terminate tho heaps of diagnostics 

following a program  

7. 

I Would thank 0 Patti,00 for hill part in writing this 
user, who have Shown m how easy 

	 Program and all the 
It Is to crash to the31 and thO5e tocountless 

come I apoiogise fo, not making it fail safe and hops that this brief guide 

	
the esampues 

given Overliaf will help (ham not to 
10030 the,, tempers 

to often with  ME AMIN P. A. Wln(e,bu,o 

101h 
July 1987 



Appendix 1 

ME TAM IN 

IIETAMIM 	PT I. PATITSON AN$ P. WIHIERIIJK. 

F USING A DATA FILE FDA TAPIJI 	TYPE 2 
FOR INIEFACIIV( INPUT 	 TYPE 

IF ALL OUTPUT OTHER THAN PRONPTS IS TI gE 
SENT TO A FILE 	 TYPE I 
FOR INTERACTIVE OUTPUT 	 TYPE 2 

III ((DEFINE OUTPUT'INT',JT !YlF 466 

1 04 A  LIST OF TPIONi 	 lylE '9, 
ITH(RulSt CONTINUE 

tN!ER 	OPTION- 
999 

OPTIONS 

TO LIST 	THE 	MINERALS AND CODE NUMBERS tYPE 1 
JO ENTER OWN WIT 0111(5 TYPE 7 
10 PRIM! 	All 	ANALYSES 	IN 	EAJA FILE TYPE 3 
TO PRINT 	ALL 	ANALIS(S OF 	ONE MINERAL TYPE 4 
If PRIM! 	All ANALYSES FROM ONE MOCK TYPE S 
II PRINT 	ALL 	ANALYSTS OF ONE MINERAL FROM A ROCK TYPE A 
10 PRINT 	ONE ON SEVERAL 	SPECIFIC ANALYSES TYPE 7 
TI LIST AVAILABLE O(OTH(RMOfIANOM(1(R5 TYPE I 
TI LIST 	ALL 	OTHER OPTIONS ITP.t 
TO RETURN 	TO 	THIS LISTINA JIPE F9P 
TO (III 	THE 	PROBRAN TYPE 0 

ENTER OPTION-

Call OIYRENS If IA-SIlls 

QUARTZ 0! 7 1 
MUSCOVITE MU If 4 
CHLORITE CA 14 4 
NIOTTIE IT II 4 
CORDIERITE CD is 
K-FFLPSPAN Al 8 3 
NT - AWE-SILL AS 5 1 
CORUNDUM NO 3 o 
SPINEt SP 4 0 
ORIHOFYROTENE OP 6 2 
6ARWEI 61 17 
CNLCITL CC I 0 
PLAVIOCLASE FL B 

AN 23 
CIINOPIRIJ*ENE CP 
II TWINE (IL 4 
SENPINTINt SR 
VESIJUINNITE VS 
VAts.! It eo II I 
tPIbUJt (P 25 H 
TALC IC IT 4 
SCAY-OLIJY SC 24 9 
MOILASIONITE 00 3 
DOLOMITE 10 2 0 
ACCESSORIES UN Il 0 
'-CALCSIIICAI( CS I 
SIAURDE lIE 5* 23 4 
CHLOR!IOII CT 12 2 
HEMATITE HE 3 0 
ILMENITE ii 3 I 
R*KNETII( lIT 4 0 



Fel fa   OP TION  - 
SIT Appendix  2 

Ff,oijel 
CIIANGE 0"Ol-cex 	

FXCH*iIII T$tRAOIAlUE 8*IAty 
AL7O0OoLU,,,,, 0'-Op 	
I 	INERRODAROMErE 

lrpE 	TOO 
ryp 

ipo, 	Tvp, 	, FE-Na flcN. 	
ER (APi 	rVP€ 	IJO e44v(1.,01,011 	MANAGE r"f*MORfrfR 

FUN# fXCH406f 	(IflØ(, 'eI 
''€ 	40 

CI*i1 	(,,011 	
rE, 	rwcTE 	, 	MOM( TEN 

TYPE 
TYP( 	3O 

YNfR(ftJ11 
CNISA,,T 	It 

160 
770 

TYPE 
rrp E 	190  

(*60r 
F(p 	200 

GARNE 	 RE YEN YVPf Q 
INNODARONETER TYPE 220  

FIlFq 	 '-".,i P/ 	p.p07 	(700 	• SIU 
70) 	

770 CON0($pj 

TYPE 220 
TYPE 24o 

wfl I 	S 	',' 	2 	WERE 	
Sa&vjg 	THER,0 

TVPF 7 i) 

s. •, 	
lN(ANo0OflF,,, 	

07 	SURE 	70 CH€co 
lN 	flhI1 	

•FRCFS 

TYPE 2Wo 

1 	,0 	vw 	 UR IN( DorN 
15 r NORNA01 .. 	 FORMULATION our 

FIIFI OPTION- 0 
 

?!F TAM IN 

IT 0. 	
• 0It7(RIi,. 

If usin A  OAVa rI&F FOR IHFUI FOR IT FRACUV, INPUT 	
TIFf 

IHPiji •*.r  Of 
IA1, Fj7 

I•' irs ,, , 

IFAtt.007PU7 oy"C4IH*,'Roç,5 IS ro SOIl 70 * 	OF 
FOR INTERACTIVE 	 tyr ourpu, 	

ryp E 2 

7,1 PPflfgljrpljyl,Nplll TYPE 
1P AAó 

FOR A LIST OF OPTIONS 
 

O r"ERVISF CONTI NUE 	 rIPE '9f 



ENTER OPTION-
:7 

INPUT NUMBER Or POINTS 10 RE 0(00 

00 YOU UANT ONE *00115(5 OV€R*61D 
TYPE I FOR 015 	2 FOR 00. 

U) LIST €1144114161 601105 (IC., WE I. TO 
I Ist WI-I OVIVES ONLY. TYPE 7. 010EI015(, TYPE 3. 
I,  

60CR $0 - TO 	 ll$I('N)PY$flfl 41 	 64461 P40- 	1 	OP* POlPps (P01 

€0111 5044(16 PIINpER (ROCK 440), 
iii 7 

TfI RIW.IAL COPE 
'C, 

(041(1 *14611505 44044066 
:1 

011601-0 0011(5 I 1(0 • ((-10161 IS 
5002 t 57.56 4460: 34.40 CAD I 0.16 C4203, 0.10 
441203: 0.50 ((0: 7.03 0*20, 0.02 ZPO i 0.00 
Ito? I 0.05 4400, 0.11 020 i 0.00 IOTOL:lOO.O, 

ENTER OPTION- 

1111 00!) )407 ANAlYSES TO BE $104460 IN A 67  ll1 
€4116 I 101 1(5, 2 FOR NO. 

11 

141(0 (liE $0111 
1 :0*1*61111 

HO)) 4*01 *P*IYSIS 
11 

0)) YOU WANT 1)410 *0(0*0(0? 0(9, 1. 40: 2. 
:2 

10 LIST ELEMENTAL RATIOS (IC. • TYPE I. TO 
lIST UT-I 0011(5 CULT, 11(1 2. 01)4(10051, TYPE 3. 

:7 

1(1CR 00440(4 

I 117 

6N( IS IS 44011161 

N*I ISIS 11111 
,I,*RNET 1*44(11*1 

qqCk I!)) - Ji 7 	 :t 	)P)I0II146 	604OI Pill- 	1 	"Po ('OkPH 	0u; 

€15e41-1 0110(5 	160 • 0 1-10161 
iIO7 54 .0' 060 (6.72 CA0 71.15 1R203; 0.64 
*1703: 1.14 ((0, 1.00 0020, 0.75 ZOO : 0.00 
lID? t 0.00 4440: 0.00 420 	0.00 101*1: '.J? 

ENTER Sa#rL( 11)4160 (ROCK 11011 
111  

Il 

TNTER 411(1*6 (001 
'OP 

)P4I€R 044611505 44IJ44$6l 

11 



TYPE IN 11101001 CORE Am IUID(ieI—Z5... 
tOT 

F 

€ora 001101-
7130 

is an. in. in. a..... Sisi a• s...s....... a ..eas 

WELL  3077 300 00000(00 711(1110110 3(0 

IEIIP(0AY010 • 	7115. 

Foil! OPTION-
11 )0 

is 	Si S SI 5*515041 05*! U Iii *55 5554 

MOO! (0 '2 

134110(7 311NOP00000ol 
00(0031 30 III *3703 IN... 

FOYER E5IIo*T1I T000010IUR( 

'3,0 II 131*1 YSIS 113(0. 	 FIISSU0t • 	32. (0 
ARI$FI 1*111(1100 

-4060* 0.000 6.0000040*00 	 so.* ow 6000*00 

3*310(3 ( ARE LI At 

016041-I 00 lOIS I FlO 	FE -TOTAL 
13102 1 41.31 $1601 17.05 CAD I 5.39 C0703, 2.13 
*12031 22.00 0(0, 33.05 00201 0.00 100 1 0.00 
TIC? t 0.07 0001 0.47 020 1 0.00 101*1*100.54 

NIFR i)PYJflo-
TO 

Cn.. sad, 



Example of output to DATAQUT' 

lOCK 00 - ill 	 I#O'TROO(N( 	ANAL RI)- 	I 	1Rlj( Cl )#Q!p90($( Pi(RI 

6I,i.-z ullOEs 	•Lu 
4)0' : 4.89 960) I..?? CA,) : 23.35 CR263, 0.64 
4) 29 I 	I . 4 	9fl. 	I .@a 	PA)fl 	0.73 	!fl 	: 	0.00 
'Ii).' 0.00 9491 0.00 Ill) 0.01) ?l(T# 

of (4 it -)4 IDES 	*(o • 
0107 	0.913 960x 0.4)', CA () 	0.416 	

1011 
S102 	0.004 
Al 7031 0.011 	990, 0.076 9820: 0.012 780 	0.000 
1102 	0.000 #40: 0.000 670 : 0.000 TOTAL: 1.798 

NOtES OF ELEMENTSI 91 • FE-IOTA) 
SI 	0.913 86 : 0.415 CA : 0.416 CR 	0.008 
Nt 	i 0.027 FE 	0.076 9* , 0.024 78 	0.000 

t 0.000 09 	0.000 0 	: 0.000 10141: 1.826 

"I ME 
	9000(11* 	NO. OF 0*T6EAS • 6. 

SI 	: I.99 	90 	0.90? CA : 0.911 Cl 	0.018 
Al 	: 0.049 9(2: 0.057 NA : 0.053 ZN 	0.000 
TI 	: 0.000 NM : 0.000 C 	: 0.000 9(3 : 0.000 

WE P0P111411; 
SI 	1.99' F(24#6+MN+1As,7+) 	 i 1.875 CA IA  *1(10), 	9.091 	8? lU?).T?.CR,cC 	 : 	0.064 	TOTAL CATIONS 	3.994 	VI-1 	2I11: 	0.00 41(0?': 	0.04' 	*IIVI)$Tl+CRt9(,4(1,9419*.$I,ZM+C*. 	1.94? 	10(8) CAT. r889811 12.000 	u? - T TIITA), '•.37 I€M(W(#( PNIW9Nfl9s 440 NAIl,)', 

0:04:0 (Pcwi(411 	4.',: (.5: 9.0 
9.911)4 96 (2,94 4?'kIMl 

 
444 	1.i: 0.0, 48.6 

Afi/FF15.8484 F(3'r(7'cio 	 0.000 
?R1*0841 	9)011)46 PARAMETERS I 9(0 • FE-TOTAl 

AMF 1 .€O.8$O.90, 9. 7.3 9 / 9 .9.100.0 49 9  INNAt9I308I 
410 1949) 9809 4)3?1 	9. 	7.5 9/999. 94.1 	4)994)4 (P4flj 9009 40): 
898 (PROJ 9408 89?: 	A• 2.5 #/9+#• 94.1 	A(999)fl I PROJ FROM OF): 
1195 (PROJ. 9408 89): 9 	0.8 S'FsS. 67.4 AFN (PROJ. 91109 ((ID.) 
ICF ?FF(QsNOO.$NQ), A• 1.3 1/C.f. 51.4 (,FR )NTOOIC 1191105' 

TMERØOIINANI( ACTIVITIES I ON-SITES #00)88 900(1 
(Cr101? lOS ACCORDING TO SITE ALLOCATIONS OF NEWTON 
I P(RNINS.1912. EXCEPT FOR F8STATITE 	C*lC(1lA?[B ACCORIII06 
rO *008 8 88090, 1973 
?'RIOPI 	• 11.8237475747 

0.019734419; 
IICA-Al Fl?. 0.0001781080 
I) JAR) 	• 0.0075081377 
((IS!? 	• 00794419188 

CA':A,'o: 0.31(0 	Al 'A.:R: 0. '•5 
1)4937 

AI.IVT) 4 T?I*(IU?I,!I,ccloII : 

0' 7.5 F/$T$F•I00.0 
4' 2.5 N/F.m. 94.1 
4• 2.3 0/9.9. 94,1 
6.0*1*9 9/919. Q41 
C 4(1.6 4'F*$= 04.I 
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GR ES E N S 
	

GRE SE NS 

PROGRAM AND USER NOTES 

I. INTRODUCTION 

P A WINTER6IJAN 

GRESENS is a FOR rItAN?? program written by P Wirilerbrisrr br general use oil the 

11"'August 1986 
	

1c12976 (EMAS) and Arirdiafli V7 (F MAS Al svslerrrs at F ittirluir gil Uirrer sit 

The program Calculates the mass balvrri a lot rrelia5r,rrr,iln 'eat. rollS jfjvulvjnV up 

to 4 mineral species. and Calculates also TIre ariruuirt ol eCt.h rtrrireral involved in the 

teactron In all the reactions considered by tire prr)gruhrr it is aS%urnecj that the 

metasornalrsm has been a volume tar voluirie reaction i e thiat no change in volume 

has Occurred during the melasomatrt. rear:Iiorr 

tAut OF CONTENTS 

INTRO(.)UC I ION 	 2 
2 CAICUI ATION METHOD 	 2 

3 CAICIJIA HON AND ASSUMPTION", 	 1 

4 SOt UTION FOR REACTIONS INVOlVING MOtIF I HAN ONE PRODIIC I 	4 

S FINM NOTES 

6 PROGRAM LISTING 	 6 

2. CALCUlATION METHOD 

The rnelhorj Of ralrr,letron Iollrrws illdl of Oreserrs I  tYbti( arid torrsrdu,s the 

general reactions 

a'1 	b 	• ri -IN 1= tiN. lxi 

.bC4•c4. . t, 

. C 8 	•C11 

etc 

(xi 	C) • C) • • 

Where 

A 8.. are changed to mineral N 
a. b, -, n are the amounts of each mineral (in grams) 

2 

and 

9 



3 

C 1IS the weight fraction of component n in mineral 1 
(XI is the total amount of material lost or gained and Similarly for  x,, 

4 

3. CALCULATION AND ASSUMPTIONS 

Considering lurth,, that the,e is no volunie change (lsrlJ) I  e 

V4ll V8. +VNiV,v 

and that 9A  IS the specific gravity of mineral 4 than the foIlowiiiy equations are 
generated 

(9A 98 	 GN -1 
n 	—10k lb+.....+ 

 ' 	
'9N' 

	I......... .j) 
and 

it 	= oI t'\çi_C.i] + b[(.N)cy_ c]A 	 98 
	+.... 

[ 
+ n1 

9 

(_)c — cj L 9N-i 

© 
For the general reaction given on page 2 only the final component is assumed to 

be the product from the reaction The program also makes this assumption such that 

in general Only the list entered mineral is taken as the product 

For convenience a is Set Q 009ram 

For reactions involving 2 minerals the calr,ulatijii is a straight for ward SuOsitutOli 
Of the chemical analyses and densities into equaiiiis 	and 2 

For reactions iflvotyig 3 Minerals thecalculali j,r 
5 none cuitiple. and 1 his to 

be assumed that one of the chemical COrriponets s tined and '
,either enters or lea,e 

the system on mpfaso,natism Substituting 
I 	no 2 along with this Assumption

provides a simple equation to Solve and hence to siil Stitute 
iii the itiiieiaf Clr8iltiti6 

for reactions itiwoIvItW 4 mpnprI5 llie cdii ul,00i is even iriji it corripie, anti ii has 
to be assumed that 2 chemical components 

are  fixed SUbs[IfUlilly these into equation 

gives two Simultainous equations with two unknowns the SOIuti,i of this is Straight 

forward and substituting the mineral clreirristiy solves the mass balance 

In the program GRESElS the user is given lile opion of re deliing the timed 

C0mponrits in Order to suggest sesenal different red lulls 

For reactions Involving more that 4 minerals their lithe irurntjer of minerals 
'21 

number of components hase to be filled and increasingly larger numbers of equations 

need to be solved Hence for 6 Minerals, 4 components are assumed to be 
fixedgiving 4 srmultann,ous equations each w

assumed

4 unknowns the geological ralllii of this ith 
 numoer of assumptions especially in an obviously niretasoniatic situation is 

questionable and for this reason such reactions  have riot be ll c onsidered in the program 

4. SOt,tjnoc FOR REACTIONS INVOLVING MOtIF THAN ONE PRODUCt 

It should be noted that this program is not able to deal with reactions involving 
2 products and 2 reactants e 

aA • big cC • dO - 1xl 



5 

Howicer, in the case white there are 2 or 	 PROGRAM 	LISTING 

3 products and 1 reactant then the solution is straight forward and the mineral 
phases can be entered into the program with the products as thi reactants and etcs 
verse It Should be remembered in this case that the positive and negative signs for 
the mass balance should as read the opposite way to which they appear in the final 
listing 

C 	•*e.*ai,e,a*aftae,...*.*....,,..,e.,...e.,,,,,..,..,.,..,e..,. 
C 	a. 
C 	a. 	 ORESENS 
C 	•. FORTRAN77 PROGRAM WRITTEN BY P 	A 	WINTERILN C. 
C 	a. a. 
C 	ii THIS PROORAM IS DESIGNED TO CALCULATE THE MASS BALANCE •• 
C 	.. DURING A METASOMATJC REACTION 	THE PROGRAM FOLLOWS THE ' 
C 	we CALCULATION METHOD OF ORESENS 419" ) 	AT PRESENT THE  
C 	we PROGRAM WILL ONLY CALCULATE THE BALANCE FOR A MAXIMUM 'C 
C 	is OF 4 MINERAL SPECIES 00 
C 	a. FOR TWO REACTANTS ONLY DENSITIES AND MINIMAL CHEMISTRY * 
C 	a. NEEDBE INPUT 	FOR 3 00 4 REACTANTS, EITHER I 00 2 00 
C 	a. CHEMICAL COMPONENTS ARE FIXED 	THESE ARE REQUESTED 00 
C 	a. be-lIRE APPROPRIATE 
C 	a. 	 **NOTE** Ce 
C 	a. IN ALL OF THESE CALCULATIONS THERE IS ASSUMED TO OR NO a. 
C 	a. VOLUME CHANGE ON NETABOIIAT 1511 ci 
C 	ci we 
C 	•...aaaa.e..,a.........,..a....a....aa..a..a.,aa............. 

C 
C 	we INITIALISATION AND DECLARATION STATEMENTS 'C 

C 

DIMENSION ZMINERAL(IO,1O). DENSITY(I0) MU*EADIE(IO) 
DIMENSION ICOtIPIIO 	DELTAXCIOI ADELTAX(&O), SDELTAX(IO) 
DIMENSION IFIXER2, ICOMPFIXED(2), CD(LTAX(SO) 

CHARACTER PIINNAME.tO, ICOPIP.7 ICOPIPFIX.7 
CHARACTER ICOP'SPFIXED.T, ANS-I 
CALL EMAS3PROMPTt ' 

VOL-1 

DATA !COMP/'8102 	', 'T102 	'AL203 ' 'CR203 '. 'FED 
aMMO 	" ,MOO 	'CAO 	' 'NA20 '  1(20 	'I 

C 	•ea**asa*aea*****•ee**e*e**eaea*eeae*.*e.e..e.e...*....e...e 
C 	C. USER DETERMINATION OF NUMBER OF MINERALS 	 ci 
C 	al*e**e*aaa*aaaa*a.wa..,........e.a.a....a..ae.,......e..... 

WRITE(6 tO) 
10 	FORMAT(/, fiX. ENTER NUMBER OF MINERALS (MAX OF 4)') 

READ(. U)MINNUPI 

S. FINAL NOTES 

Ftnelly it should be noted that all tevt entered into the Program should be in 
Capitol letters 

P A Winterburn 

17' August 1986 

NJ 



C 
C 
	

•* LOOP TO ENTER 7CHAR NAMES OF MINERALS AND THEIR 	 *4 
C 
	

DENSITIES 
C 
	••*t*fl**•**•t•***••**U*******.fl***.*.***..*.*.....*..*.... 

DO 100 IA-I MINNUPI 
WRITE(6 20)IA 

20 	FORMAfl/, I. IX. ENTER NAME OF MINERAL '14) 
READ(5, 30)MINNArIE(IA) 

30 	FORMAT(AIO) 
WRITE8,40)PIINNAME)IA) 

40 	FORMAT),. I. IX. ENTER THE DENSITY OF '. AlO) 
READ,.DEN8ITYIA 

100 CONTINUE 

C 
C 
	

• LOOP TO ENTER COMPOSITION OF MINERALS 
C 

DO 300 181.MINNUM 
WRITE(6, I lO)NINNAME( 18) 

110 	FORMAT(/, I. LX. 'ENTER THE COMPOSITION OF ', AID) 
DO 200 IC-1-10 

WRITE(6. 120)ICOMP)IC 
120 	'ORMATUX,An 

READ(5. *) ZMINERAL 18. IC 
ZMINERALIIB,IC-ZMINERAL(I8 IC/100 

200 	CDPJTIHUE 
300 CONTINUE 

*.... REACTION FOR TWO MINERALS 

IF (MINNUM NE 2) COTO 500 

ZMODEB-VOL.(DENSITY(2)/DENSITY(1))*IDO 
DO 400 ID-I. 10 

ADELTAX(ID)(VOLII(OENSITY(2)/DEN51TY)I))) 
DELTA1( IO))(ADELTAXID)*ZMINERAL(2.ID))_ZMINERAL(I1D)),IOO 

400 CONTINUE 
QOTO 1110  

C 
C 	***** REACTION 	FOR 	THREE 	MINERALS 	 '*400 C 

500 IF (MINNUPI NE 3) 0070 800 

WRITE(6, 510) 
510 FORMAT(/,/. IX, 'ENTER NAME OF FIXED COMPONENT) 

READ(5, 520)ICOMPFIX 
520 FORMAT)A7) 

DO 600 ID-I, 10 
IF (ICOMPFIX NE ICOMPID,) OOTO 600 
IFIXED-ID 

600 CONTINUE 

DELDENA=VOL *DENS I TV (3)/DENSITY (I 
DELDENDVOL*DENSITY(3)/DENSIT.q(2) 

PART3>(DELDENB*ZMINERAL(3 IFIXED))_ZMINERAL(2, IFI)(ED)) 
PART 1_DELDENA*I0O*(DELDENB*ZMINERAL(3 IFIXED)-ZPINERAL(2, IFIXED)) 
PAR TDELDENB*100*IDELDENA*ZMINERAL(3 IFIXED)-.Zp,INERAL(I IFIXED)) 

C-(DARTI -PART) /PARTJ 
B-C-(IOODELDENA) )'DELDEN8 

00 700 IE-I. 10 

AOELTAX(IE)100*(DELDENA.ZMIN€RAL)3IE)ZMINER 
ODELTAX(IE)8*(DELDENR*ZMINERAL(3 IE)'-ZiINERAL(,)) 
DEL TAX(IE)ADELTAX(IE)+BDELTAX(IE) 

700 CONTINUE 
QOTO 1110 



C 	•**a*ta*e**et*.oe.et*t4.,........fl........*.a.....e....... 
C 	a. TABULATED OUTPUT FROM THE REACTIONS 	 0* 

C 	•t*e000•4t*ta040000000,,000049,,...Ø,,....,....,............ 

C 
C 	..... REACTION 	FOR 	FOUR 	MINERALS 
C 

800 IF MINNUM NE 4) GOTO 1800 
DO 1000 11-1.2 

WRI TE(6, 810)1* 
810 	FORMAT)/./.IX, ENTER NAME OF FIXED COMPONENT', J4) 

READ) 5, 820) IC OMPF lIED) IX 
620 	FORMAT(A7) 

00 900 1Z1. 10 
IF )ICOMPXI*ED11, NE ICOMPIfl, GOTO 900 
IF I KEP IX = 1? 

900 	CONTINUE 
1000 CONTINUE 

DELDENA=VOLDENSITY(4)/DENSITY(1) 
DELDEND=VOL.DENSITY(4)/DENSITY), 
L'ELDENC-VOLIDENSIT.'141,DENSITY(3) 

PARIIA IO0.)IJELDENA.ZMIrERAL)4.IFIXER(2))_ZM1NERAL(lIFIXER(2))) 
PART IB I3ELDENC*ZMINERAL(4 IFIXER)I))ZM1NERAL))IFIXER())) 
PAPT2A-I0O*(()ELC)ENA.ZMINERAL(4 IFIXER1-ZMINERAL(I. IFIXERI ) 
PART2B=DELDENC 4 ZMINERAL )4, IFIXER(2)).. ZMINERAL(3IFIXER(2)) 
PART3A_DELDENI37MINERAL )4, IFIXER(I))_ZMINERAL(2IFIXER(1)) 
PART4A..DEIDENfl.7M1NERA)4 IFIXEM2_ZMINERAL(2,IFIXER(2)) 

BPAR T IA.PAR T lU -PAR  A.PAR 1261, ( PAR 13A.PAR 128 PAR T4A*PAR11) 
C --( PAATIA-8-PARI4A),'PART ZB  
D*100*I)ELDENA,9.DEL OEND'C.DELDENC 

DO 1100 1V1 10 
ADELTAX)IY)I00*)DELDENA.ZMINERAL(4,IY)_ZMINERAL(llY), 
BDELTAXIIY-B.DELDENB*ZMINERAL)4, IY)-ZMINERAL(2,Iy), 
CDELTAXI IYClDELDENC*ZMINERAL(4,IY)_ZM1NERAL(3,IV)) 
DELIAXI IV) -ADfl TAX (I Y ) DDELlAx(IV) +CDELTAX) IV) 

1100 CONTINUE  

1110 WR !TE 6. 1)07) 
GOTO 9999.) 105.1103. 1101). MINNUM 

1101 WPITE6. 1102) (MINNAME) Ilk), Ilk-I. 4) 
1102 FORMAT),. IX,A7. 	• 	A'. 	• 	.A7 	,A7. 	• CX) 

2010 1115 

1104 FORMAT (/, IX. A?. 	• ', A7,' 	'AT. 	• CX) 
20101115 

II0SWR1TE)6, 1lO6)(MINNAME))p,jR..I 2 
1108 FORMAT(/, IX.A7, 	- 	.A7. 	* EX) 
1107 FORMAT)/. 1,/, ' MASS BALANCE FOR THE REACTION 

0010) 115 

IllS WRItE,1I20) )MINNAME)llk,Ilk=l,M!NNu,j) 
1120 FORMAT,./. 12*. 4A10. 'DELTAX 

DO 1300 IF-lb 
DO 1200 IH-1,MINNUM 

ZMINERAL I IN. IF )ZM INERAL I IN. IF I .100 
1200 	CONTINUE 
1300 CONTINUE 

00 1400 10-1.10 
WPI1EH8.I310lC0Mpl) 	lMlNftA& -IF IGI IF-I MINNUM),DEL TAX( IO) 

1310 	F0PMA1)IX,A7.5F10 
1400 CONTINUE 

IF (MINNUM NE 4) 2010 1500 
WRITE) 8. 1520) 8. C, 0 
0010)600 

1500 IF )MXNNUM NE 3) GOTO 1510 
WRIIE(8, I520)B.0 
GOTO 1600 

1510 WRITE)8,IS2Q)ZMODE8 
1320 FORMATIIX. 'AMOUNT 	100 00. )FIO 21 



C 
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VIII. PUBLICATIONS 

1. WINTERBURN PA AND HARTE B, (1987), METASOMATISM IN COARSE PERIDOTITE 

NODULES FROM THE JAGERSFONTEIN KIMBERLITE PIPE, TERRA COGNITA 7. 

G17.07 

METASOMATISM IN COARSE PERIDOTITE 
NODULES FROM THE JAGERSFONTEJN 
KIMBERLITE PIPE 
P.W. WINTERBURN' & B. HARTE 
(Grant institute of Geology, University of Edinburgh, Edinburgh, 
UK) 

Coarse grained mantle-derived nodules from 
the Jagersfontefn kiuLerlite pipe, S. Africa, 
can be divided Into a low-temperature group 
(T<900C, P<34.kbars); and a medium-temperature 
group (900<T<1050C, 33<P<37kbars). These two 
groups are further subdivided by the presence 
or absence of primary metasomatic minerals, 
comprising edenite in the low-T group and 
low-TI phiogopite in the medium-T group. Low-T 
nodules show exsolutlon lamellae in their 
pyroxenes, no lamellae are present In medium-T 
nodules. 	In the low-T group metasomatism 
postdates exsolutlon. 

The mineral chem1try of the medium- and 
low-T groups is distinct, e.;. 
Mg/(Mg+Fe) 91.3 to 93.5 and 93.3 to 96.6. with 
Al(Al+Cr) 24 to 60 and 60 to 75 respectively. 
Mineral compositions indicate chemical equili-
bration between metasomatic minerals and the 
host peridotite minerals. 	Edenite-bearing 
nodules have a very restricted chemistry. 

The pressure-estimates Indicate that the 
phlogopite-bearing nodules equilibrated at 
greater depths than the edenite-bearing 
nodules. Metasomatism by Infiltration of an 
ascending evolving fluid is suggested, with the 
amphibole stability limit constraining it to 
shallower depths. 
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2. HARTE B., WINTERBURN P.A. AND GURNEY J.J., (1987), METASOMATIC AND 

ENRICHMENT PHENOMENA IN GARNET PERIDOTITE FACIES XENOLITHS FROM THE 

MATSOKU KIMBERUTE PIPE, N. LESOTHO., IN MANTLE METASOMATISM (Ed. 

MA MENZIES AND C.J. HAWKESWORTH), ACADEMIC PRESS. 



6. Metasomatic and 
Enrichment Phenomena in 
Garnet Peridotite Fades 
Mantle Xenoliths from 
the Matsoku Kimberlite 
Pipe, Lesotho  

B HARTh, P. A. W!NTSKIIUPN AND i. J (tIRNiYf 

Grant Ins! iiuie o' Geology, t'nwersut of Edrnhurgh, 

We't Moms Road. Edinburgh El/S VW

!)ej'arffiwni of Gtm'he,ms!rr, ('nILer.c,ir o/ ('ape Titan, 
Rordehoseh 77110, South Africa 

I. INTRODUCTION 

Xenoliths of peridotitic and pyroxenilic rocks from the Matsoku kimberlttc 

pipe (Lesotho) show a wide variety of igneous, metasoniatic and deformation 

featu es, even though they yield a very restricted range of pressure 

temporature estimates and may have been derived from a small volume of 

uppe mantle (Cox el tiL, 973; Gurney ci al., 1975; IlarIe it al., 1975). 

Temperature estimates based on the pyrosene solvus (Wells, 1977), garnet 

clinopyroxene Fe -Mg exchange (Ellis and Green, 1979) and garnet olivine 

Fe-- Mg exchange (O'Neill and Wood, 1980) are typically 975 - 50 (', whilst 

press ire estimates (Wood, 1974. equation 12) are 35 -f I kbar. I Ittis all the 

Matsoku xenoliths are low temperature or "cold" in the terminology 

of Harte (1983); and it should be remembered that, whatever Igneous, 

metamorphic or metasomatic processes have affected the rocks, subsequent 

equilhralion at t 'iiiperatures of about 975'( has extensively occurred. 

145 	 (jJ 

I : MvTAsoM list.! 	 ('opirigli 	IcR' Aruirn,n iSr,t in, I b-411) I tnrJ 

ISBN 1 124910807 	 411 rigitin ti ,rp,,t,i. it,. in in. I,,,., tr.,'rrd 
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The modern usage of the term metasorn5tistti largely follows Goldschmidt 

(1922. PP.  105 1061, who emphasized that the tnetasomatic process involved 

the enrichment of the rock by new substances brought in from the outside', 
and that there must be chemical interaction "between the original minerals 
and the enriching substances'. Where infiltration nietasomatism (Korzhin-

skii. 1970. p. 3) occurs, the infiltrating material in many geological situations 
is a H30- and/or C01-rich fluid, but Cioldschntidt (1922) explicitly includes 
melts amongst the fluids which may be introduced into a rock and cause 
mefasomatism. Such melt-infiltration metasomatism may he distinguished 
from simple melt intrusion or impregnation by the occurrence of chemical 

reaction between the original and introduced materials. The generally 

elevated temperatures of the mantle mean that metasonialistri involving melt 

migration has considerable potential importance. This is especially the case 

because of McKenzie's (1985) recent determinations that olivine-rich melts 

may be able to move through rocks even when present in concentrations of 
only about 1%, whilst carhonatitic melts should be mobile tit even smatter 

amounts. 

The purpose of this chapter is to attempt to document three different 
circumstances in which modifications of original hulk chemical compositions 
in the Matsoku peridotites have occurred at depth (it) situ) in the mantle. 

All three cases are thought to be metasomatic, but only one provides 
modal and textural evidence of metasotrmatisns and the other two might he 
described as "enrichment events' in the terminology suggested in the 

Introduction to this book The three situations distinguished are as follows. 

Modal meia.wmaiimnr distinguished by changes in modal mineralogy 
(Harte. 1983) and texture of the peridotites allécted Some or all of 
itnient te. rutile. ph  logopi ir and sulphides II R I'S suite) are commonly 
formed during this metasomatisni arid occur in addition to (lie normal 
peridotite minerals (olivine, orthopyrosene, ctinopyrosene, garnet). 
The major, minor and trace-element concentrations of the rocks are 
obviously affected by this process. 
Wall-rock enrichment at the nuargm its of small magmatic intrusions 
which involves no change in texture or modal mineralogy. The 
enrichment causes changes in major and tmuiitoi -eletmuent composi-
tions, as well as trace-element conspostitons, 
Isolated trace-elenieni enrichment or modification which occurs in the 
absence of evidence of changes of texture, mode or major -mirtor-
element compositions. This is if much more uncertain event in the 
Matsoku xenoliths, because its occurrence rests upon the premise of 
there having existed trace-element compositions which are no longer 
found in the xenoliths. 
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Extensive data and descriptions for a suite of Matcokit xenoliths collected 
in 1968 were gi (en by Cox ci al. (1973). Gurney ci al. (1975). and Ilarte ci 
5! (1975). In this suite one rock was noted as showing a probable intrusive 
igneous contact Further sampling provided more examples of such contacts, 
and the occurrence of a set of pyroxene-rich minor intrusions in peridotite 

was recognized Brief notes on these intrusive pyroxenite sheets were 
presented by Hirte and Gurney (1975h) and Harte ci aL (19771. A more 
extensive description is incorporated in this chapter because the pyroxenite 
sheets are betievd to be connected with the modal metasomatism and it is 
also about their unto rgi ns that the wall-rock enrichment phenomena are 
otssrrved, In dei.itl the pvroxenmte sheets are complex and their exact manner 

of formation is uncertain even though melt incursion must surely he all 

important part of the process. The suggestion is made that the pyroxenite 

sheets may form by melt infiltrating into, and reacting with, essentially solid 
material, thus making it possible that the pyroxenite sheets arc themselves 

largely me(asom itic ;n origin. However, it is not the purpose of this chapter 

to debate possiF Ic detailed models of formation of the pyroxenite sheets, 

and front the viewpoint of the wall-rock enrichment events they are simply 
considered as the products of crystallization of an intruded magma.  

The pi'roxenut,- shcc'i intrusive bodies found in some of the Matsoku xeno-
hilts are unusual amongst garnet peridotite facies mantle xenoliths and have 
ICis Counterparts in other kimberlites. However, they do scent to be similar 
in many respects to inclusions in alkali hasalts referred to as the Al-attgite 

(Wilshire and Slirvais, 1975). Group If (Frey and Prinz, 1978) or Type II 
(Menzies, 983) xenoliths, which also form pyroxenite dykes. Features of 
similarity between the Matsoku pyroxenite sheets and the Al-augite dykes 
in low-pressure peridotites include richness in clinopyroxene, minerals with 
relatively high Fn02  and A11(At + OF, and the presence of inineritis associated 
with modal metasonratism in adjacent periilotites. Analogies may also he 
drawn between the Matsokct pyroxenite sheets and both the frequently 

yered mallc..uht -amaflc sheets in alpine-type peridot tes (e.g. Kornprohst, 
1869, Dickey, 9- 0) and the MAR11) suite rocks which may he connected 
nuth richierine mdal metasontiatism (Jones ui at., 1982) 

The petrographic evnilenci  in the Matsoku xenoliths of nietasonmmatism 
associated wutu tie introduction of phlogopite and ore minerals, both in 
veins and more d spcised associations, was noted by ('ox ci al. 119711 and 
Ifarie ci u/ (1915). This rnetasomatism, of the type terrmted "modal 

tasomaiusm" bi Harte (1983), was noted as occurring at a relatively tare 
Uage in the evohi lion of the rocks. Harte ci al. 119751 suggested that the 
wtasomatism rum gilt be associated with kimmiberhite genesis. hut it was 
emphasized that vhuuever it.; origin in had occurred at depth within the 
atlanite prior to di'.rutpmnon and incorporation of the xenoliths in the erupting 
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kimberli(e. I'ollowtng the investigation of Further xenoliths. Harte el al. 
(1977) suggested that, rather than representing a precursor to kiinberlite 

eruption, the modal metasomatism night he associated with the magmatic 
events forming the pyroxenite sheets The evidence for this link in magmatic 
and melasomatic phenomena is further discussed here. Mineral chemical 
data on the modal metasomatic mineralutation of the extended collection of 

xenoliths was given by Ilarte and Gurney 11975a). 
Kramers (1979) presented Ph isotope data for some Matsoku clino-

pyrorienes and rioted that those from more fertile rocks, including pyroxenite 
sheets, indicated Ph isotopic homogenization between 190 and 360Ma ago. 
This time bracket therefore gives a possible age for the magmatisni and 
modal metasomatism associated with the formation of pyrosenite sheets. 
Since the Matsoku kimberlite pipe erupts through the ISO 2()) Ma Stormherg 
lavas, and neighbouring kimberlites yield ages of 90 Ma, there appears to 
be a distinct time gap between the inagmatism and isictasomatism associated 
with the pyroxenite sheet intrusive event and the eruption of the Matsoku 

kimberlite 
Flarte ci ii!. (1975) used the term priuiiiri'.nhi'hlsiiluiatic niiiu'ra/,s for the 

phiogopile and ore minerals associated with the modal metasomatism, in 
order to emphasioe both their formation at depth in the mantle and their 
apparent introduction into pre-existing rocks This term is retained in this 
chapter for use in the original sense. However, since the primary.metasoiisatic 

group of minerals may also occur in pyroxenhle sheets., where they might be 

inferred to be the direct crystallization products of magma, it is useful to 
have another term for this grisuip of phlogopuic and ore minerals which does 
not necessarily imply a metasoinatic origin. Although widely varying 

proportions of these minerals occur they do forni a common association 
with ilmenute (I) (most abundant). riitilc ( R) and phlogopite (P( (moderately 

abundant), and sulphides (S) and spiiiel (low abundance). It is therefore 

proposed to refer to them as the /RPS .suiu' of minerals. 

A distinction between primary-metasonlatic minerals and I ute..seriutdari' 

minerals which might be associated with incorporation in the kmberlite and 

subsequent eruption was made by Ilarte it al. (1975). The Etc-secondary 

minerals were taken to include the constituents of the kilyphutic and 
phlogopitic rims around garnet as well as serpentine and o: her minerals 

(including phlogopite) associated with serpentine development. This "rag-

bag-  of late-secondary minerals may contain material of diEercnt origins 

(Ilarte and Gurney, 1975a, p.  529) In particular, the phlogopite md kelyphute 
rims around garnet margins may also originate at depth wiih.n the mantle 

and not within the kimberlite (e.g. Schandl and Clarke. 982). Thus the 
garnet rim material may also be partly primary-metasomatic in nature. 

However, the garnet rim paragenesis is a distinct one, and phlogopites 
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associated with it will he shown to have different compositions to those 
associated with I RPS-siuite minerals away from the garner rims. For this 

reason and for convenience we will refer to the garnet rim material as being 

krlvphite-assciated, and although metasoutiatisni is clearly involved in its 
Formation, it will not be discussed in this chapter.  

Extensive data (in hulk and mineral chemistry are given in the publications 
referred to abuse. These data, and also some from the Basaltic Volcanism 

Study Protect (1981. section 1.2.111. are widely used in this chapter. together 
with data presented here for the first time. 

If. PE'FROCRAPIIV 

The noon purpose of this section is to describe the features of nodal 
metasomatism and the pyroxenite sheets. However, it review of the general 

features of the Matsoku xenoliths is given first, in order to put other features 
Into contest and also to update ('ox et ul (1973) and Ilarte ciii!. (1975) 
with respect to the extended xenolith collection now available. 

A. Peridotites and Pyroxcnjtes Without Intrusive or Modal Metasomatic 
Features 

lèsturcs. Dominant among the petrographically simpler peridotite 
pyroxenite xenoliths at Matsoku are rocks showing coarse textures (textural 
terminology follows I lartr, 1977). Other peridotite xenoliths show porphyro-
clastic textures, and xenoliths showing textures intermediate between coarse 

and porphyroclastic also occur. Occasionally such a textural transition is 
en across single xenoliths  about 0.3 in long, indicating the close spatial 

association of coarse and porphyroclastic types. 

More grain growth of neoblasts as a result of annealing is seen in the 
porphyroclastic Matsoku rocks than Is typical of many deformed Iheroolites 
and harihurgites lrom other kimberlite pipes, and as a consequence i very 
marked separation in grain sizes of neoblasts and porphyroblasts is not 
evident in all Matsoku porphyroclastutes. Other Matsoku peridotites show 
complete or almost complete recrystallization with the development of 
r000blastic polygonal or granuloblastic textures. The features of' these 
rocks are described by ('ox em al. (1973) and Flarte cIal. (1975). where the 
broadly porphyroclastic and graniilohhastic types are usually referred to 
rrispeciively as "(laser" and "even-textured" on the basis of their hand 
srecimen characteristics., It should be noted, however, that the finer-grained 
and even-textured character of semi' of these xenoliths is now recognized, 
after examination of further specimens, to be a consequence of their being 
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derived from pyroxenite sheets (Sec sections I and 11H). rather than 
from being a product of straightforward recrystaltiration subsequent to 
deformation. 

Gt sCpx 
O Pyrnoniv shoAl ,in iRP$02% CS Ot,crrris iRPS-b. er,ngssin 

yrorenhiv shorn ..in lAPs >2% 	 * Modni mei850mrsi,c zone 

r 	t( Waii,orkg 0 above 	 1?3) 	Host rnck iv Above 

t,ay&. Some oft he Malsoku peridotites- pyroxenites (LI3M 17, 33, 35, 
36. 37) show layering or 'coarse-handing' (('ox ci al., 973; 14 rte ci al.. 
1975) produced by variation in the proportions of the normal silicates 
(olivine, orthopyroxene. clinopyroxene and garnet), and irithoul ary marked 
textural variation across the layers or the association of other minerals with 

particular layers. This layering is thought to be of cumulitic origin in the 
broad sense (Gurney etal.. 1975; Harte ci al.. 1975), because it is associated 
with low contents of incompatible elements and with similar mineral 
compositions between layers despite wide variations in bulk composition. 

The boundaries of such layers are often transitional over a few is illimetres 
rather than sharp. This lack of sharpness, together with the a mence of 
changes in texture and mineral species present, are the major features which 

distinguish the contacts between adjacent cumulitic layers and those at the 
margins of intrusive sheets and veins described in the following sictions. 

Modes. The Matsoku peridotitc xenoliths show a wide diversity of modes 
by comparison with many other kimberlite occurrences. Nonetheless many 
of the coarse xenoliths are dominated by olivine and orthopyrosene with 
only subordinate clinopyroxene and garnet and a virtual absence of other 
(excluding late-secondary) phases Thus they are similar to the abundant 
peridoiute xenoliths. depleted in basaltic constituents, seen in other kimber' 
lites. At Matsoku, Con ci al. (1973) called these rocks coarse rirnwwn 
peridoliie,c and defined limits for modal proportions in such common 
pendotuies (or UP). The same modal limits apply well to the 'spanded 
collection of material now available, except that clinopyroxene (Cr-diopside) 
may slightly exceed the 5 modal °'. limit of ('ox ci al. (1973). We therefore 
define common peridotites ((P) as rocks with modal proportioss in the 
ranges olivine 45 75%; orthopyroxene 20 500/n: clinopyroxene 0 7 5%; and 
garnet 0-11%. At Matsoku. although many common peridotites are coarse 
in texture, porphyroclastic and granitloblastic xenoliths also occur with 
common peridotite modal proportions (('ox ci al., 1973). 

Variation from the common peridntiie modal proportions to yie:d coarse 
rocks with higher proportions of garnet and/or clinopyroxene i :cu )Fig I), 
as well as variations in the opposite direction towards dunites (C ix ci al., 
1973). The more extreme modal variations in coarse m'no/ith,i- to yiel I garnet. 
and/or clinopyrosene-rich peridotites and pyrosenites are oftin a- sociated 
with the layers suggested to be ol cumulitic origin Since these coars t garnet-
and/or clinopyroxene-rich peridotites and pyroseniles have characteristically 
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Fig. I. Modal proportions of the common silicate minerals in Matsoku xenoliths 

plotted on triangular coordinates. (a) Garnet 4 clinopyrosene orthopyroxene 
divine (h) Garnet orihopyrosene 4 clinopyroxene olivine. The modal composition 
field of "common peridotile' (see esi) is outlined on each plot Numbers are 
specimen numbers (without E.HM prefix) and for pyroseniie sheets w' refers to (he 
whole sheet and c to the clinoperonenc--rich margin of a sheet: pyroxeniie sheet 
points without 'w or c are interiors of ihe sheets or portions of sheets whose spatial 
relations are uncertain The "Fe rich coarse peridotite" group includes pyroxeniies, 
And specimens are often layered: the points plotted are for individual layers. Ticks 
on the margins of the triangles are in 2001, intervals. 
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lOg. 3. Chnopynsixemmerich niiirgirs it) p5 rsint'iiiie sheds (soil noted by clino' 
pyronene with Imally graisislsihhavii. ,stssrc Is tO garmici (whole grain visible in 
uppe. entre) shows inclusioiis of iisicsOc and dark ailtemedrims sit kehyphitic 
material. Small dark grains scimilcied liii high thec tiiisipyu)xeiie niairlx are shmeni 
L BM 91). niagnificat simm 	Oh) Inlb I go i sit appears    generally dark because W

kelyphiuc alteration and has it  lngtils tsoklkhkic icsimimc lsicat(y. giving ho 

appearance ol a s(ispeiccst .iggmegaiv z,t sni(h granis it HM 55, magnification o 17(. 
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to 3.5cm thick. Clinopyroxenc typically forms 35 60 modal ° o  it the Itialgin, 

with orthopyroxene about 20-40% and olivine and gainet each widely 

varia.Ie from around 5% up to 25%. internally the clinopyroxene-rich 
marg ns tend to pass rapidly but gradationally to an interior dominated h 

orthopyroxene (41) S°'o(, hut with wide variations in the proportions of 

the other silicates (Fig. t 
Although clinopyroxene-rich margins to sheets appear to he quite cisminoli 

and are indicated by some small specimens (e.g. LBM 55, 116. 1171 in sshic)i 

the complete sheet is not preserved, they are not universal In HIM 171 the 
whole of the sheet is clinopyroxene-rich (Fig. I). whilst in LOM hh (Fig. 10 
there is no clinopyroxene-rich part at all and the whole sheet resembles the 
very orthopyroxene-rich interior of other sheets (e.g LOM 139) Patches. 

lenticles. foliae or seams about 0.5 to 4.0 mm across and variously enriched 
in clinopyroxene, garnet or olivine occur in many pyroseniie sheets and are 
usually roughly parallel to the wall-rock contact. Olivine-rich seams or 
lentic(es may occur in the interior parts of the sheets, and in l.UM 90 there 
is an exceptionally thick olivine-rich layer about 2 5 cm across wit ii a inside 

close to common perislotite (Fig. I). Concentrations of garnet also olten 
occur in the clinopyroxene-rich margin at the external contact oh sheets. 
This concentration usually takes the form of a discontinuous zone about 
2mm across with abundant highly poikiloblastic garnets. 

Th.: grain size at the margins of the pyrosenite sheets is largely in the 
range (I I LO mm, with the frequently abundant clinopyroxene sometimes 
appri aching a granuloblastic texture (Fig. 3a). Olivine and orthopyrosene 
often occur as grains around 1.0 inin in the clmmmopyroxene-rich sheet margins, 
but n ay he larger (often around 2:11mm and sometimes around 3.1(111111) in 

the cnires of sheets; their grain boundaries vary from smooth and even 
suhhi dral to wavy and irregular in shape. Orihispyroxene commonly has a 

clouded appearance due to the presence of very line inclusions, which in 
some cases (especially in rocks with high contents of IRPS minerals sec 
below) are large enough to be seen as consisting of parallel larmsellae oh silicate 

(clinopyroxene mostly where determined, but exceptionally phlogopite) and 
parallel blebs of opaque (mainly ilmenite. perhaps with Cr Al-spine)). I he 
distribution of this clouding is very variable: affecting some crystals hut not 
others, sometimes giving a zoned appearance to the ortlmimpyroxene (Fig. 
4a), other times having a patchy, irregular distribution vs it his ciy sii Is. In 
some cases the cloudy orthopvrosene shows an interstitial habit (Fig 4h( to 
suhhe( ral unclouded o ri hmipy roxene and olivine crystals. ('Ii ilopyro sene 
may show similar clouding (Fig. 4a) to ort hopy roxene. but it is not vii 

consmon. 
Garnet in the pyroxeitite sheets often forms roundish to itregtilarly shapes) 

poikiloblasts (Fig 5a I .iround I .0 mm in site, but, where i chat ively scarce. 



FIg, 4. Zoned and clouded textures olpyioseties in pyroxenite sheets. (a) A central 
crystal of orihopyroxene shows a ,one rich ill t(nicuttle inclusions in the outer purl 
of the crystal with a liar raw iictusiiii-irec runt A zoned itistruhiuttiin of inclusions 
is also seen in a clinopyrosene in the upper Icti Iwo plilogoptie grains occur at the 
left side of the central ,riliopyi riene Opaque grains are ilniermile ( LBM 131. 
magnification x 55) (hI Cloudy orthopyroxenc le.g in centre) occurs Intel stiiiul to 
clear orthopyronene grains Very dark material is hoth slinenile and kehyphite t IBM 
139. magnification 	Sit) 
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it may take on a more dispersed habit which is difficult to -assess because 

the garnet is altered to fine-grained dark kelyphittc material. Such garnet 
may be seen as an aggregate of small (<0. mm) grains (usually altered to 
kelyphitel partly separated by other silicates (Fig. .Th). The aggregates range 

from 0.2 to 2.0 mot in maximum dimension and may be equani or elongate 
in shape. Often in these aggregates it looks from the distribution ol kelyphite 

as though seams of garnet follow the grain boundaries between the adjacent 

silicates and link the small garnet grains of the aggregate together, giving 

overall a very lobate shape (both convex and concave outwards) as shown 

in Fig h 'Iransitions occur front these unusual habits not only to ordinary 
poikiloblastic garnet grains but also to curious features in which aggregates 

of tiny (tIllS mm and less) crystals mainly of pyrosene are embedded in a 
web of garnet (usually altered to kelyphite). These "pool" sttitctutes were 

noted by Cox ci at. (1973) and I4arte ci al. (1975) but the original nature of'  

the kelyphitic material was considered uncertain; from a more extended 
examination it is now clear that the dark kelyphitic material is derived (rout 

garnet. 
In detail the contacts of the pyroxenite sheets may be irregular on the 

scale of the mineral grain size, and where small grains locally occur in the 

wall rock as well as  tile pyroxenite sheet it may he difficult to pinpoint the 

contact on this scale. In some cases., as indicated in Fig. 2h, the contact of 

a pyroxenite sheet may encounter a coarse garnet porphyrohhast of the wall-
rock common peridotite. Where this happens the wall-rock garlic) may be 

tratisected by the sheet, and (eli with a cut-off appearance (Fig 2h) In other 

cases poi k ilohltsst ic garnet is present in the sheet in direct continuity with 
the wall-rock peridotite garnet (Hiirte ci al., 1975, Fig t 3). 

For clarification it may he noted that the sharp contact in LBM it) 

described by ('ox ci a! (1973) and Harte ci al. (1975) is now seen to be one 

of this family of pyroxenite sheet contacts, with the LBM 314 sheet being 

relatively garnet-rich and containing abundant (RPS minerals (Section (Ic) 
Examination of the new specimens showing large portions of sheets and 

their contacts also sugge is that solne of the 'even-textured" rocks with their 

liner grain size and partly granoblastic polygonal textures noted by (05 i'I 

al. (1973) and Ilarte ci at, (1975) probably represent fragments of pyroxelitte 
sheets. Thus LBM 23. 27. 34 and 40, in addition to 18, described by the 
above authors. prohahl come From pyroxenite sheets which in some cases 

had a layered internal struciure. it must be emphasized that not all the 

"even -textured" xenoliths of ('ox et (it. (1973) and hlarte ci a! I t97) are 

front pyroxenite sheets. In particular the distinctive-type specimens IBM 21i 
and 13, respectively, showing granoblastic polygonal and .schistosc textures, 
are believed to result from complete recrystallization and show none of the 

special modal or textural characteristics of pyroxenite sheets. 
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C. Modal Metasomatie Rocks and the Occurrence of the IRPS Suite of 

Minerals 

We now proceed from describing illustrative examples of the features 

associated with modal metasotnatism involving IRPS minerals and the 
occurrence of discrete IRPS-bearing veins to a general description of the 
occurrence and relationships of IKPS minerals in common peridotiles. Ihis 
is followed by considering the relationship between the IRPS-suite minerals 
and pyroxenite sheets, and finally by noting some oddities. Our principal 
purpose is to convey the general relationships between the IRPS minerals 
and their host rocks, and to note the changes in silicate textures which 

accompany the presence of IRPS minerals in common peridotiies. Particular 
attention is not given to the detailed petrography of the IRPS-suite itself (some 

general points are summarized in Section I VC( It is therefore important to 
confirm at the outset of this section that boili the detailed textural relations 
(I-lane ii al.. 197$) of the IRPS minerals with the normal peridotite silicates 
(olivine, ortlropvrosene, cli nopyroxene and garnet) and their  chensical 
compositions ( Harte and Gurney, 975) sh,o& that (lie I R PS-suire crystallized 
in equilibrium with the normal silicate minerals to become integral parts of 
the high pressure and temperature mineral paragenesis. 

Modal metasomatic zone and ,einkts in coarse common perldotite 1.11Th! 
ltW. This rock is For the most part a coarse common peridotiie, though the 
mineral grains show a little strain in the form of slight mid ulose extinction 

and a few olivine neoblasts are seen occasionally along grain boundaries. 
Cutting across this peridolite are roughly parallel seams or veinlets rich in 
ore mineral and also a broader zone up to 311mm wide in which ore minerals 
are generally abundant (about 8 modal °/), but nonetheless patchily 
distributed to give an anastomosing and streaky appearance In section the 
ore minerals are seen to be ilmenite accompanied by minor amounts of 
sulphides and rutile. Phlogopite, though rare, is also seen, thus completing 
the IRPS assemblage. The overall margins of the broader ilmenite-rich zone 

are mostly quite sharply defined (Fig. 5), even though there is no overall and 
uniform change in major silicate textures and ilie IRPS minerals are variably 
abundant within the zone. The narrower ilineiiiie-rich seams (Fig. 6b) do 
not have distinct boundaries in thin section. Locally, concentrations of 
chinopyroxene accompany ilmenite seams 

Within the ilmenite-rich zone, where ilinenite is most abundant, some 
partial recrystallization of the normal peridolite minerals appears to have 
occurred this is indicated in Fig Shy a smaller grain site in the part showing 
mineralization. In addition, the liner-grained material is distinctly enriched 
in orthopyroxene relative to olivine by comparison with the unrecrysla II ted 
material and the host-rock common peridotmie (see modal analysis IlIha of 

Fig. 5. Photographs taken in plane-polarized tight tat and crossed sicols ilsi ol 
part of the broad itirreriiie-rich curie in LHM 105 The riiaiir contact of the ili,reiiiic-
nch Zone W iih the host rock (course conimnon peridoiire) is no the lett of ccntre. bar 

within the lnrenitc-rich loire there occur areas large]) free of iliiieuiie aIrs. Ii also 
preserve the coarse grain si/c of the host rock. A large ga rniei with a dal k k ely phioc 
niIii occurs in the lower iii (it (lie niani ilrneni(c-lree zone to rlgiii 01 ccnr.re ,iiut 
largely preserves the typical gainer iexiure of the host rock I niagrrihcatiisii 	5) 



Fig. 6. MundifIcanion cut garnet icnttuiu, in ;us.sothutiuliu with the development of 
ilnienite in I BM loN (a) S arnnei slion rug gui tint nlusruupiinuuu and extensive develop-
ment of i)rnenite inclusions csectiu in core i eguiruns, (lie original texture C was probably 
like that of the garnet ic) erreut ui ru Fig  S Maguuitica ui(,ui 	I )t h) Three garnets 
occur in different positions with respect in, 1 wo ituiuciunic-unch scuurlcts Garnet 1. tying 
between the vnnlcis. largely   pu-mci sr's gin ninul Cxliii es typical if the host rock 
Garnet 2 shows extensive dcvclnntiuneiut il Inclusions in its right halt adjacent to 
ulnuenite veinlet ( iarne( . (lowerleft), tynuie within au itmenhte reinlet , shows 
inclusions itirougltunul litiagnilicalion 
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lie broad mineralized zone in Fig. I). However, the extent of such textural 
and modal change is quite variable. One of the most striking features seen 
is the change in the texture of the garnets. In the i)nrciiite rich areas the 
grnets become poikiloblastic and carry a large proportion iii inclusions of 
ulmenite and other minerals such as clinopyroxene and phlogopite (lig. ha). 
I:ke the extent of recrystalli7ation in other silicate minerals, this textural 
modification of the garnets is markedly localized and most particularly seen 
where ilmenite is most concentrated (Fig. 6b). 

Discrete IRPS-bearing veins in common per/dolltea 1.841 12 and 101. In 
contrast to the variable modification of the coarse texture of the silicate 
minerals seen in the mineralized zone of LBM 108, other rocks show discrete 

veins containing IRPS minerals where the silicate minerals have it uniformly 
diffcreni texture within the vets compared to the host rock iFig. 7) The best 
examples of this are xenoliths LAM 22 and 101, of which I BM 22 was 
described and figured by Harte ci at. (1975). 

In the field the IBM 101 vein was noted cutting through a boulder of 
coarse common peridotite for a distance of about 0.61is. [lie rein was 
approximately planar and thinned gradually over its length liorn I.)) to 
0.5cm in thickness. A suhveinlet, 0.5 to 1.0mm wide, split offilic iiiatiu scm 
at one point. In LAM 22 it should be noted that (lie vein (I ttciii thick) 
locally transects at a high angle the flaser foliation of a poiphyroclastic 
cur;nuion peridotite (see Fig. 12 of Hare ci al, 1975). 

In thin section the veins in both rocks show conspicuous plilogopile (IS.) 
and 96 modal % in IBM 22 and 101, respectively) occurring as crystals up 
in 1,5nun across, locally concentrated near the margin of the veins and 
sometimes carrying tiny inclusions of oxide and silicate (Fig Ma). In both 

LBM 22 and 101 rutile is the dominant oxide phase occurring in grains 

ranging from below 0.1 nsm up to about 1.0 mm. Ilmenite and sulphides 
occur in low concentrations, whilst the spine) occurs as excolutiisti lautuellae 
in the rutile. 

Within the veins the normal peridotite minerals uniformly have relatively 
small grain size (0.3-1.0 non dominant) and thus contrast texturally with the 
features of the host-rock peridotites. However, where the host peridottie has 
a locally finer grain size the precise position of the vein contact on the scale 
of the grain size becomes arbitrary. 

Overall features of IRE'S minerals occurrence In common per/doilIes. 
Examination of Matsok a peridoti tic xenoliths in the held and in thin  sect oil 
indicates that occurrences of IRPS minerals vary front discrete vents (like 
those in IBM 22 and ti)) to concentrated zones and associations of vetnlets 
(as in IBM 08) to occasional crystals disseminated through the rock. 

'urn intrateul :ir,te'i in u.n srrijrutjon.s cut u:ei,th'o rich in IRE'S ntt,ier,i/n nirty 
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he ilmenitc-do,n,iitiied e.g. I.13M 108) or phlogttpiic- and rutile-dominated 

(e.g. IBM 114 Fig. Kb). In I BM 114, as in the ilmenite-rich zone of LBM 
108, the silicate mineral texture locally becomes fine-grained and ortho-

pyroxene-rich. Some veinlets rich in orthopyroxene and garnet, and contain- 
ing IRPS minerals, also occur in LBM 114. Xenolith LBM 32 (described as a 
type example of melasomatisin by Harte el at, 1975, p. 495 and Fig. It) shows 
similar recrystallization to liner grain size accompanied by development of 
IRPS minerals in textural equilibrium with common silicates. Ii also shows 
the partial conversion of large solid garnets to thoroughly poikiloblastic 

types. Again. despite evidence of formation Irons a rock with coarse common 
peridotite textures. I .RM 32 shows conspicuously more orthopyroxene 
than common peridoiites (Fig I). As noted by FI.irte er al. (1975) the 
orthopyrosenec in this rock also show a variably clouded appearance owing 
to the presence of small inclusions. Harte e( al. (1975) attributed the partial 
recrysiu,lli,alion of IBM 32 to both metasomatism and deformation; it now 
appears likely that nsetuisomatism was the principal c.iuse. 

The features described (or LBM 32, 108 and II' clearly show modal 
metasoin-atism to have occurred. Original coarse p'ridoiites are seen in 
various stages of transformation 10 fitter grtiined rocks with averages of 2 
10 It) modal % of IRPS  trunerals. In addition to the changes in rock 
composition indicated by the development of the IRPS minerals (hulk-rock 
compositions may also be seen in Table I). modiflcati if is also indicated by 
increased orthopyroxeric/olivine ratios in the finer grained silicates often 
associated with I RI'S suite occurrences. As noted for LBM 108 and 114, 
localized concentrations of clinopyrosene or garnet may also accompany 
the development of I R PS minerals or tine-grained orthopyroxene.rjcli 
material Therefore the modal metasi,nsaiism accompanying IRPS  mineral 
formation in coarse peridotitcs may also involve extensive inoujilication of 
silicate modal proportions in some cases The mcta.soniaiic fluid in these 
cases, therefore, is carrying extensive silicate material and may be a silicate 
melt. A close connection with the melt forming pyroxenite sheets is suggested 
below.  

With respect to the thau'ri'ju' IRPS-hearing ic/fls. t hen. it nietasomatic origin 
is hard to prove. From the textural structural evidence it is possible that 
the veins represent the crystallization products of seams filled with 1410-
rich melt which underwent little interaction with the host rock. One of the 
veins (LBM 10I, Fig. II has common peridot iie modal pi oportions (excluding 
IRPS minerals) and occurs in a comiiion peridolite host rock. The mineral 
compositions in the veins (Section IV) are very similar to those in modally 
metasoma(jzed rocks. Thus it seems likely that the r iaterial forming the 
veins was derived both from an infiltrating fluid and front the host-rock 
peridotite. 
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In porphyruiclastic rocks, veins and veinlets may riot roughly along (lie 
tiaser foliation (e.g. tOM II))) or across it leg. LBM 22) In I BM 22 
occasional crystals of phlogopite occur dispersed through the porphyroclast ic 

common per,ifottte outside the vein described above. There are usually no 
textural or structural criteria to suggest a flselasottiatic origin lir such 
dispersed crystals, hut similarities in lie mineral chemistry of file IRPS 
minerals in these instances to those in veined situations indicate a con,nusn 
origin furthermore, the occurrence of such minerals in rocks whose tither 
modal and chemical characteristics indicate depleted compositions suggests 
that the minerals were probably introduced  su hsequeit t to whti ever magma - 
titic processes generated the depleted characteristics (Boyd, 973) 

Dispersed occasional I RI'S minerals appear from our present sample to 
he rarer in Matsoku coarse common peridot ites tItan other Matsoku 
xenoliths, and no equivalents of the coarse isolated primary plilogopites 
described by Carswell (1975) have been identified. (lane ci al. (1976) and 
Gurney if al. (1975) noted the greater association of occasional primary-
mctasotnuitic (IRPS) minerals with ''flaser" and "even-textured" xenoliths 
than with coarse peridcitmtes, but certain aspects of these relations ntiist now 
he clarified in view of the larger set of samples examined subsequently. '('he 
association with ''even-textured" rocks has now taken oil it new significance, 
because several of these rocks are now recognized its probably representing 

parts of pyroxenite sheets, and such rocks commonly contain I R PS minerals 

(see below). III particular, rocks LBM 23. 38B and 40 noted by Ilarte ci al. 
(1975) as metasomat ized are probably parts of pyroseni tc sheets In (lie case 
if sonic porphyrocla SIC rocks described by Ha rte et a! ( 1975 ). it is also 

dillicuuti to decide in some instances whether aspects of local recrystallization 
are more the product of deformation or slight niretaxuimatism. Ibis is 
particularly the case if uteiasu'nmatism involves thtc introdiuu'tiuin of normal 
silica es rather than I RI'S minerals (Section 111)1 

Association of fRI'S-suite minerals with the intrusive pyroxenite sheets. 
IRPS minerals often occur in the pyroxenite sheets (Section 1111), hut their 
amount varies from scarce, less than (1.1 modal % be g I (3M 5, 88. 90, 
171), to average abundances of around 22 modal °/o  le g. I I3M 891. Ilmenite 
is usually by far the mo'.t abundant IRPS mineral in the pyroseniie sheets. 
Phlogopi te is second in abundance, with local concentrations of up to 3 
modal 	(I. B M 131). The minerals are often dispersed throughout  the sheet 
but or variable amounts,  anti some concentration towards the slicer margins 
may occur. I' tgu,c 9a shows it fairly typical small concentration of IRPS 
minerals, hut one in which plilogopite is relatively prominent 

Whilst IRPS minerals may be abundant in the pyroxenite sheets they are 
usually -absent from the periutotime wall rock to the sheets (though it is 



Table I. Bulk-Rock Chemical Analyses of Pyroaenite Sheets and Modal Metasomatic Zones and Discrete IRPS-Bcaring Veins 

LBM22 LBM32 LBM38 
(V.') 

LBM5S 
(C) 

LBM88 
(V.') 

LBM9O 
(V.') 

LBM9O 
(C) 

LBM9O 
(I I l 

LBM9O 
412) 

SiO 45.73 46.72 48.27 49.06 52.86 46,97 48.31 43.85 4.8.10 
TiO, 6.16 0.76 3.60 0.28 0.19 0.20 0.26 0.21 0.18 
A1.0, 4.34 4.71 2.27 2.4.8 1.35 2.27 2.83 1.43 2.26 
Cr.0, 0.98 0.84 0.55 0.84 0.53 0.55 0.82 0.38 0.54 
FeO 5.70 8.12 8.73 5.15 5.87 7.26 6.42 8.12 7,13 
NiO 0.25 0.22 0.18 0.17 0.16 0.26 0.28 0.29 0.23 
MnO 0 12 0.17 0.14 0.11 0.12 0.10 0.13 0.12 1)13 
MgO 32.73 33.94 30.34 28.79 35.16 37.06 31.47 41.44 37.15 
CaO 0.99 2.29 3.55 9.25 1.45 3.06 6.70 1.12 1.80 
Na,O 0.09 0.25 0.36 0.88 0.21 0.26 0.45 0.08 0.11 
K 20 0.89 030 0.12 0.26 0.11 0.03 0.04 0.03 0.02 
P20, 0.03 0.04 0.04 0.12 0.02 0.02 0.09 0,03 0.03 
H 20 0.10 0.11 0.10 0.38 025 0.25 0.20 0.89 0.26 
[.0.1. 2.31 1.24 1.31 2.43 1.42 2.13 2.12 2.33 2.24 

Totals 100.42 9971 99.56 100.20 99.70 100.42 100.12 100.32 100.18 

Sr 398 51.7 
Rb 14.4 4.6 
Ba 78.0 59.0 66.0 19.0 13.1 21.0 16.0 14.0 
Hf 10.4 0.81 1.17 1.95 0.42 0.55 1.04 
Ta 16.8 0.47 5.83 0.70 0.36 0.33 0.62 
La 1.6 2.0 2.5 16.8 2.3 3.0 3.9 
Cc 7.8 3.9 6.4 19.6 6.5 6.5 10.4 
Nd s. d. t6 2.4 2.8 53 93 
Sm 0.33 nd. 0.74 2.33 0.49 0.87 1.57 
Eu 0.15 0,29 022 0.71 0.15 0.29 0.49 
Tb s.d. 0.27 3.14 0.27 n.d. 0.16 0.23 
Yb 0.51 1.03 0.35 0.32 0.19 0.32 0.39 
Lu 0.06 0.21 0.05 n.d s.d. 0.05 0.07 

I  d)  I 
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TsbIe I icontinued) 

LBM 101 LBM 108 LBM 131 
(WI 

LOM 31 LBM 131 
ill 

LBM 139 LBM 139 
IC; 

LBM 139 
Il 

LBM 171 
(W) 

SiO, 3846 40.86 45.76 45 nI 43.91 51.12 50.26 52.23 48.61 
TiO 8.66 7.82 2.89 2.09 399 048 0.41 0.49 0.33 
Al63  3.39 2.93 2.96 3.28 2.39 2.26 3.72 1.62 2.01 
Cr.03  0.96 0.77 0.61 0.61 0.51 0.51 375 0.43 0.68 
FeO' 5.13 10.37 8.66 8.24 971 6.91 6.49 7.15 5.31 
NiO 0.29 0.2' 0.20 0.22 ((.22 0.15 0.14 0.18 
MnO 0.09 0.16 0.15 0.14 0.14 0.13 0.13 0 	1 0.10 
MgO 23.97 3414 29.86 29.47 32.13 31.18 27.25 33.05 31.06 
CaO 5.96 1.13 6.57 7.70 4.51 4.78 8.09 2.77 7.78 
Na2O 0.41 0.06 0.52 0.57 0.37 0.49 0.79 0.32 0.70 
K,O 0.37 0.03 0.09 0.10 011 0.03 0.02 0.03 016 
P0, 0.06 0.03 0.04 0.05 0.05 0.02 0.03 0.03 0.09 
H2O 0.20 0.19 0.20 0.20 0.18 0.13 0.14 0.24 0.20 
L.O.1. 2.48 1.10 1.76 1.83 1.90 1.46 1.77 1.79 1.97 

Totals 	100.43 	99.86 	100.27 	100.11 	100.13 	99.65 	99.85 	10041 	99.19 

Sr 
Rb 
Ba 60.0 154.0 77.9 62.7 61.7 50.0 26.0 Hf 1.93 42.0 71.0 
Ta 7.21 
La 1.0 
Ce 5.2 
Nd n.d. 
Sm n.d. 
Eu 0.13 
Tb 0.14 
Yb 0.5 
Lu 0.06 

LBM 22 and 101 analyses am of discrete IRPS-bearing veins. LBM 32 and 108 are of rock portions with petrographic evidence 
of modal metascrn,atism LBM 108 analysts is of zone yielding 108a modal analysis in Fig. I. Other analyses are of pyroxenite 
sheets. 

For the pvroxenite sheets the following codes apply: W. sample across whole of pyroxenise sheet: C. sample of clinopyroxene-rich 
margin to sheet: I. sample of clinopyroxene.poor Interior of sheet. 
In the case of LBM 90. II contains a relatively high proportion of olivine compared with II. 
Major- and minor-element data, including Sr. Rb and Ba. by X-ray fluorescence at Department of Geochemistry. University of 
Cape Town. South Africa. REE elements and Hf and Ta by neutron activation analysis at the Department of Earth Sciences. 
Open University. UK. 
FeO is total Fe calculated FeO. 



Iii. 0. (a) Clinopyroxene-rich part of pyronenite sheet 1owifl. garnet (Willi 

ketyphitic runt in centre left with scattered crystals of ilaenitc (opaque) and 
phtegopiie ttabctted P). (LAM 131, inaynificatun x t(i.t Ib) F' flygrimular aggregate 
of clinopyronene and phlogopite occupies centre and most lit I  .tioiogiaph (LAM 41, 
magnification a (fit. 
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sometimes difficult to be sure of this without chemical analyses, because of 

the association ofopaques and phlogopite adjacent to the kelypltitic margins 
of garnets). Where the IRPS minerals are quite abundant in a pvroxetiite 

sheet, their restriction to the sheet emphasizes the contact between sheet and 
wall-rock peridotite, as in IBM 38 described by Con et at. (1973) and Ilarte 
i'i Cd. (1975). In 1.1011 129, a small specimen showing the contact between 
the margin of a sheet and coarse common peridotite, the IRPS minerals are 
exceptionally ahiind ft (about 16 modal %) in the sheet and in this case 
locally occur in lie riargiri of the wall-rock peridotite. 

Within clear-cut pgroxeiiite sheets containing significant IRPS Tnineral.s, 

there is no obvious evidence of the type of progressive modification of 
silicate textures in association with increasing ilmenite development that was 

described for the LBM 108 coarse peridotite. Thus, within the pyroxenite 
sheets the IRPS minerals might be regarded as part of the crystallization 
products of the intrusive magma. The relationships between pyronenite 
sheets and obvious modal metasornatic rocks are further discussed in Section 
lID. 

Other renoliihs. LI3M 35 is fi Complex xenolith dominantly formed of 
rock with common peridotite modal proportions but which shows a transition 
near one margin to a layer enriched in clinopyroxene (Con ci (i!. 1973: 
1-lane et at.. 975). Partial deformation and recrysiallization is also present. 
giving a weak flaser foliation at an angle to the layering, and there is sonic 

development of IRPS minerals forming weakly defined stringers parallel to 
ihis foliation, The IRPS minerals are more concentrated in the most 
clinopyroxene-rich layer, but this layer bears more resemblance to layers in 

Fe-rich coarse peridotites (Section (IA) than to a pyroxenite sheet. LAM 35 
therefore may indicaic that the Fe-rich coarse penidotites have transitional 
contacts with common peridotitc, and may also be affected by haiti 
deformation and nodal metasoniatism. 

Two relatively olivinc-rich xenoliths, LAM 73 and 74, show unusually 
dense concentrations of ilmenite (Fig. 10). In LBM 73 these take the form 
of a series of elongate lenticles (0.4 by 3.0cm approximately) which are 
roughly parallel to seams richer in clinopyrcixene. In LAM 74 the ilmenite-
rich areas have a more erratic shape (Fig. lOb). In both cases some 
recrystallization to give it litier grain size is associated with the ilmenite 
concentrations, and these liner grained areas show more pyroxene and a 
small development ol phlogopite by comparison with the coarser grained 
and olivine-rich areas away fririn ilmenite The dense concentrations of 
ilmenite in these rocks are therefore thought to belong to the modal 
rneiasiimaiisni involving IRPS minerals described above for other peridottles. 

In one essentially coarse hut orthopyronene-rich xenolith. 1 AM 41 )Co 



Fig. 10. Rocks chai ucierized by uterine conceuuu,iuiuuns of ilmenite. hal Narrow 
testicles of itmcniic in linc-graiuieil iuviiuix largeR ol iuihiipyroxcnc, ctinopvroscnc 
and olivine and rare rhiligopic iuiignitiuiiii ' it h More ii regulai lenticles oF 
ilnienute in largely olivuic  intl  11,tfiipyus.'iue niiO ix I lie pique aic'is lie iggregaics 
of small crystals, ,iiitf the paggeihuiens 	P the eilgi_'s of otiattie areas tori lv ieticcts 
their polygrasiutar chaiuiuer iaitici than estiesie ii ir'guulariiy of gins boundary For 
one crystal t uuiagnificat iii 
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ci al., 1973), there is a clear association of phiogopile with clinopyrtisene. 

This takes the form of polygranular aggregates (il the two minerals tip to 
5mm across (Fig 9h), in which clinopyroxene grains are often about I mm 
across and the phiogopite grains about 11.5 ninc Rarely, a lithe ore mineral 
is also present, but petrographically the association may he distinct from 
that commonly involving ulmeni te ii tid or ru tile as described ahovc The 
intimate association of phlogopite with it silicate milici a) to form aggregates 
altich somewhat resemble pseudomorphs in IBM 41 is suggestive of textural 
features seen in the rich terite-hearing rocks From tither localities I Erlank 
and Rickard, (977). 

D. Summary of Petrography—Prelude to Presentation of Chemical I)ata 

The Matsoku xenoliths show an unusually wide spectrum uI pet rogta Jill ic 

Icatures by comparison with perudotite pyroxenile xenoliths litiun niaiiy 
kimberlite pipes. However, the occurrence of many composite xenoliths 

showing contacts between different petrographic types allows soiite assess 
men( of the relationships between the various rock types, and particularly 
of that involving the development of intrusive pyroscnlhe sheets and 

modal metasotnatisni in the common peridotites 1 lie original close spatial 
association of Matsoku peridotite--pyrosenite xenolithic rocks at depth in 
the mantle, indicated by the association of petrographic features, is also 
supported by the close similarities of mineral chemistry and temperature 
pressure estimates based on it. 

In the mind's eye one  is tempted to envisage what the field relations of 
the rocks from the potentially very small mantle vuilunte sampled at Matstukii 
would look like if accessible as outcrop at the Earth's surface The principal 
country rock would be i'iiilr.se common peruluuliiu' (where the adjective 
"common" refers to a garnet lherzolite poor in clinopyrosene and garnet as 
defined in Section IlA). In proximity to these coarse common peridotites 
occur course garnet- wid'iu, u linuiipu'roxene-rii'h pt'ridolio'c and pi'ro.xeniu'a 
(briefly referred to as fe-rich coarse pt'ridoiiiex), which are sometimes layered 
and may be of cumuhmtic origin (.seni.cu lain). The coarse common peridotites 
are seen to he deformed to yield jiorp/tt'roela.oi,e.i, and it appears that 
kwalieed zones of deformation probably occur in these rocks so that there 
is some intermixing of coarse and porphyroclastic comnion peridotites over 
the rock volume examined. Deformation is rarely seen it the layered Fe - 
rich coarse peridottles; whether this is a function of their rheology as olivine- 
poor rocks or a functu it of the actual spatial distributions ii) sliess and (lie 	 o rocks themselves i to cleat The overall contact relations of the coitiiiuo,t 

peridot tIes and the I e-rich coarse peridot i ten remain uticet fain some 	 C 
gra,uuloli/aa tic cwuu'imn',i pinS 'iifl'.s whose textures suggest recrysta I hiit I uiini 
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and grain growth subsequent to deformation also occur. but there is no 

direct evidence on their contact relations ssit(i other nicks. 
Cutting through the common peridot Ite country rocks are it series of 

apparently intrusive prro renite c/u'eI.s at least up to l6cna wide and 

commonly showing some internal layering fliese sheets are often formed 
principally of orthopyroxene and clinopy rosene. but also contain olivine. 
garnet and IRPS minerals. As well as liruiing quite regular sheets these 

rocks may locally form more irregular iu(cciion complexes. The wall rocks 
to the pyroxenite intrusions often show all the typical textural and modal 
features of coarse common peridntite No unequivocal evidence of the 
deformation seen in common peridolites has been iliund in the pyroxenite 

sheets, but neither has a pyroxenite sheet been humid which cross cuts 

porphvroclastic lecture (as distinct froiiu coarse tabular lecture) in it wall 

rock. 
Locally, common peridotites (both coarse and porphyroclastict contain 

zones (a( least up to 3cm wide) and diffuse veinlets in which IRPS minerals 
(ilmenite, rutile. phlogopite, sulphide and rarely spinel( are present. Within 

these zones variable amounts of modification of the coarse peridotile textures 

are seen, with transformation of large gainet crystals to poikiloblaslic garnels 

containing opaque and silicate inclusions, and recrysia(lti.a [ion iii olis.une 
and pyronenes. These rocks clearly show es idence of modal Inu'ta.ci,niuu!I.itn. 

In addition, relatively discrete veins (about I cm duck) containing IRPS 
minerals (up to 30 modal %), together with (inc medium grained olivine. 
pyrosenes and garnet ox-cur (rocks, I BM 22 and lilt), and may cross cut 
the foliation in porphyroclastic peridouites. To what extent these veins are 
of strictly metasomna tic (replacement) origin rather than  being discrete 
injections of fluid which subsequently crystallized is difficult to say front the 
lectures and structures The presence of the IRE'S suite o( minerals in both 

the modal metasonialic zones and discrete veins suggests it close relation 
between the two phenomena, even though the proportions of uidisudual 
IRE'S minerals varies widely. 

Within some of the modal inciasoniatic zones (eg. in rocks LBM 32. 108 
and 114) there is evidence of an increase in orthopyroxene and possibly 
clinopyroxene and garnet with respect to olivine. This suggests that the 
infiltrating metasonlatic fluid wasa silicate-bearing nue(t. Since the pyroxenite 
sheets contain I R PS minerals, there is it strong indication that the magma 
responsible for forming the pyro seuui te sheets also gave rise to the fluid 
responsible for modal niet -asoinat isni Furthermore, some xenoliths show 
injection complexes where there appear to he ira nsi I ions between clear cut 

pyroxenite sheets and the modal inetasonia tic phenomena. 
It is therefore strongly suggested that  I lie nodal nieiasonla tisna seen in 

Matsoku xenoliths is a product of silicate-melt incursion. The features 

described raise the question of the es(etii to which pyroxenite sheets, showing 
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contacts of intrusive igneous appearance, also ought to be regarded as 
metasomatic. Rather ilian being seen as the straightforward crystallization 

products of intrusive melt, they perhaps represent zones of prolonged melt 

infiltration and reaction with solid materials In such zones the melt may 

have seeped laterally s' well as longitudinally, and such nielt infiltration 

offers an explanation of the curious textures in the pyrosenile sheets, as well 
as their layering and their variable hulk compositions. Further discussion 
of these relationships will he given elsewhere (Har(e, in preparation) 

Whatever the detailed petrogenesis of the sharply defined pyroxenite sheets, 
lhy clearly owe their origin to silicate-melt incursion even though the 

poipsiri ion of melt to solid is highly tincertain. For the purposes o this 

chapter these clear cut pyroxenite sheets are simply considered as maginatic 

intrusions, and discussion of modal inetasomalism is concentrated upon 

those xenoliths where modal ineiasomatic zones show clear ti'.siuruj/evidetice 
of conversion of one rock type towards another by naeiasonuaiisiu 

In view of the above, when we consider wall-rock enrichment adjacent to 

pyroxenite sheets in the following sections, we concentrate on examining 
balk and mineral compositions in xenoliths where pyroxenite sheets have 

the structural appearance ofdiscrete magmatic intrusions with sliarpcontacls 

against wall rocks of coarse common peridotite. Simultaneously we examine 
bulk and mineral compositions in the common peridot ite host rocks adjacent 
to obvious modal metasonaaiic zones and discrete IRPS-hearing veins For 
convenience of description we refer to the peridotile containing an intrusive 
pyroxenite sheet as s-all nick, and the peridotite containing modal naelaso-
maiic zones or IRPS-bea ing veins as hwci rock. All the wall rocks, for which 
mineral and hulk chemical data are provided, have sharp contacts with 
pyroxenite sheets and lack evidence of recrystallization or imsiul nietasunia-
isin (other than effects involving the kelyphi tic association around garnet 
and late-stage secondary alteration). Thus we shall be discussing sail rooks 
'lu-li have the ionic miss/a/ and textural i-liaraclm'ri,sljcs in the uui,rpiia/ m uiar5i' 

m on'nmmun peridmiiuies. This is also largely true of the host rocks examined in 
xenoliths LBM lOt and 108. though a sharp contact between volumes 
affected and unaffected by modal metasomatism cannot always he drawn in 
lIlA 108. In the case of LBM 22 the host rock is puirphyruictasiic and 
dispersed rare grains of' phlogopite provide evidence of slight modal 
nieiasiumatusm. The wall rocks and host rocks will be demonstrated to show 
close similarities of chemical composition features. 

III. RIJE.K-RO(:K CHEMISTRY 

A. Major and Minor Elements 

Xenoliths without pyro s-en/Ic sheets or IRPS minerals. Figure (I sum-
man/es hulk-rock cheni cal data for a wide variety of peridomite and 
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pyrosenhte xenoliths from the Maisokii kiniherlite. It allention is given first 
all ho coarse xenoliths which are iesiurally Itoiviogeiteoiis and show neilttei 

codence of intrusive features associated with pyroxenitc sheets nor evidence 
of modal metasornatism, then the rocks readily separate into the two major 
groups distinguished petrographically (Section I IA). 

1. 	piirii' ( rmrpnon pethlolile,c-- these are coarse rocks with the c,irrr,n,in 
perhilotile inocic.s dominated by olivine and orthopyrosene (Section I tA) 
They show I Fig II) low contents of FeO, 110,. Al,0,. CaO und No t(), 
and have ( lie I vpical features of the depleted coarse xenoliths found al litany 
kiniherlue pipes (Cox et al., 1973; Gurney e (it., 1975; Ilarle, 1911 t  The 
hulk rock aloinic Mg/t Mg -I- Fe) ratios of 91.8 to '21 It in Iltese nicks are 
matched h5 s,inr,lar Mg,'(Mg 	Fe) values For ,rlis inc i,192 to 9 ((ox ii •,L. 
1971) a nil lb us they art Mg-tie!; in the terminology  of I Ia dc (19111. 

2 	h-ru-I, u iiarse peridolifes and /'rro vi'piile.s-  these have considerably 
lower hulk -rock atomic Mg/( Mg -+ Fe) than the coarse common periifol i 1ev 
Wide a nat iort s in weight fl/a  of AIM" C a() ;tit(]  Cr 	are largely related 
In modal variations (Coy thu. 1973) in these rocks, hut -1 i( )2, Na ,O ) a nil 
K,1) generally remain relatively low These features, in combination with 
he layering seen in sonic spccurtreris, led Gurney it a! (1975) to consider 
them to be cumulates from a melt relatively rich in FeO, With respect tim 

general terminology it may he noted I fiat these periilot i les pyri ixetti les have 
low oh vine Mg. I Mg t- Fe) and so are ilescniheil as Fe-i cli rocks in the 
terminology ol I In rte 119831. They are briefly referred to as /i'-  ri,!; i-liars,-
pi'rudiititi'u in ([its chapter. 

In aifililton to the above coarse peridoliles. another group of Matsoku 
xenoliths, lacking pyri isenmte sheets or obvious nodal metas, irnit ic pbenotn - 
ma. is Iumrrncd by piirplt rror/avlir ,iiti/ 'ronuIoh/a.rtir peru/,,lium'.i. Scrme (if 

Fig. - IT. Phils of hulk-rock sseugfii 	11 various iu siites against 	;, bilk 
%Iv (Mg f Ii'l for Mals,,ku ic,u,ulitfis Synihu,lsits in Figs I and t4a with plain c,,cles 
tsr o -arse cununiun peridu'titcs (show ugh Mg - I Mg i Fel); circles will, lois h,lr I-e-
rich Qua ice periutot icc arid pyrulscflltes. squares (uur py rI,xe,i,mi' sheds (open sqiia its 
jnit lifted squares, respectively. uidicaimng less than or rune ihai, 2'6 I K t'S mineralsS 
filled triangles tot modal mcli su,mai,c limes, and open I na nigles 1,,; discrete veins 
oiili I K PS mineral I .cilcrs c and 'w* t.cisle pyrosenite diem syinhuils respectively 
indicate analyses ol clinuip ,i iusro'-oeh niargins of sheets or the wtmk' cross-sections 
,if it sticci Square syintnuiI a ultroui letters iridicaic ,nicnimal p.Iniii'ns it pyruusenlite 
mhcei c Where sq uare or i - isngul.ir synihilts are encircled it signtics the wall rocks 	

o or host rocks (usually coarse mmiii, 

	

m 	peridoiiies is pet rugrnphy t Ill pvruisenc 
iheis or iniuclol n,ciasu,nr,uiic /ones or cein, 	* symh,rls lire fir, p,iphynielasmuies 
anil granulohlaci Ites The stashed field tla)x'lleil NI Ii am the ( r,i S , trhli ( inilicaies 
hue tieki tit aNciame analyws of iiu,ri,rat Mg-rich coarse periituitites It lirti, I9$11 
Sole file (un M g( Mg I I Ii nil high NO, of wall rocks and host rocks ciirnparcil 
is thirst of rnunrrirl Mg-rich cu,arse ciiin,i,urn pennifolites 
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these have modal proportions in the common peridotite ra.sge and their 

hulk chemistry may be similar to that of the coarse commits peridotites 
(Fig. II. However, some of the porphyroclastiles and gratsulo slastites show 

slightly higher TiO2  and lower Mg:(Mg i Fe). as noted by .iurney et al. 

11975), and, whilst they are free from replacement texlur's, r 'oviw modal 

rnetasomatism. they may show occasional dispersed grains of I '  I'S minerals 
(Section 11() and their silicate mineral chemistr) also som tin)cs shows 

enrichment in FeO and TiO, 

'(mouths slpo,,ing ps- ro%cnite sheets and their wall rocks. 'I'icse vcnoliths 

are often composite and contain both a portion o( a pyroses ite sheet and 

the wall rock to the sheet. However, some xenoliths occur wlch show only 
pyroxenite sheet material. 

	

I 	The pi'rsvenile v/eels are represented by it variety of hutk'rock analyses 
in Fig. II and Table I. which include analyses of cross-sections of whole 
sheets. cli topyroxene'rich margins of sheet' and cli nopyroxene-000r 0 tenors 
of sheets. The bulk-rock chemistry is widely variable, reflecting the variable 
silicate modes and the extent to which IRPS minerals are present in the 
sheets (Sections 118 and (IC). Analyses of whole sheets rich in ilinopyroxene 
or of the chinopyroxene'rich margins of sheets show relativel / high values 

ofCa0, Na 20, Al203  and Cr,0, which reflect the Cr-diopsidc composition 

of the clinopyroxene. Pyrosenite sheets rich in ilnienite show fslg/(Mg .4. Fe) 

values overlapping those of the Fe-rich coarse peridotites. but also high 

TiO2  contents. More notable is the fact that high FeO and Ti02  contents 

in these sheets is not solely a result 0) the presence of ilmenite. Even those 
pyroxenite sheets which are virtually free of IRPS nsiiieras show Mg 
(Mg 4 Fe) in the range 91.5 to 89,5 and TiO2  up to 0.35 weigh, % (Fig. II) 
Clearly the silicates forming these pyroxenite intrusions must 1-c enrvhed in 

FeO and TiO2  by comparison with the Mg-rich coarse common peridotites. 
Despite the intrusive appearance of the pyroxenite sheets, the extreme 

variability of their compositions does not indicate that thy y commonly 

represent liquid compositions. Also, they are collectively rich in MgO and 
poor in Al203  by comparison with a broad range of possible pdmary basic 
ultrahasic liquid compositions (cf. Basaltic Volcanism Study Project. 1981, 
section 1.4.2). Such departure from expected liquid compositions is also seen 
in the Al.augite pyroxenite dykes of mantle xenoliths from alkali hasatis, 
and a variety of crystal/liquid segregation processes have been put forward 
to explain it (e.g. Wilshire el a!, 1980 Menzies, 191(3). 

2. The na/I roi'k.c to the peru si-nile .cheet,s also show striking M g/(Mg ± Fe) 
and Ti02  values in Fig. II. All these analysed wall rocks (tabulated in 'Table 
II) are attached to pyroxenite sheets with clear cut boundaries and they are 
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coarse rocks with the nioal proportions of common peridotites. Thus the 

analysed wall rocks have Cie modal and textural characteristics of the Mg. 
rich coarse common peridotiles. Whilst their Na 20. CaO and Al,) 5  contents 
are in the range of Ihos( of the Mg-rich coarse peridotites, their Mg, 
1Mg + Fe) are displaced to lower values of90 to 91.5 and their Ti02  contents 
are uniformly slightly higher (Fig. II). These aberrant Mg/(Mg + Fe) and 
fi02  values for rocks with the appearance of coarse common peridotites 
are obviously its ha noon with (lie high FeO and Ti 02 characteristics of the 
adjacent pvroxenitc sheds I/i' data .cugg'ci the chris /ihhteitt of the silicate 
ss,tera/,s of the ia/f rocks at FeO and 150 2 . and that thi s hat' taken p/act' hi' 
vehange si'tih the p.i'ro vejtite sheets. Furt/terp,tore the i'nr,cI,neni of the 

peru/aloes has us ci,rri',l i'It/,ai4i e'ide,ti'i' of modal nteta.sopui,sesm. '('he greatest 
aidthi ol' wall  rock secti attached to a pyroxenite sheet is IS cm in IBM 1(8 
(Fig. 2), and evidence of FcO, 1102  and trace-element enrichment (Figs 12a 
and 14h) is seen across the whole of this width. 

'enoI/Ms showing modal metasomadsm and discrete IRPS-bearing tehitv. 
lable I gives the hulk chemical compositions of rock cones or volumes 
showing clear petrograptisu evidence of modal metasomatism its xenoliths 

IBM 32 and 108 described its Section DC. Bulk compositions of the discrete 
IRPS-bearing veins, IBM 22 and 101 (Section 1(C), are also given. As may 
be seen in Fig. II the Mg/I Mg ± Fe) of the modal metasomatic cones and 
discrete veins ranges from 91,1 (for LBM 22 with little ihinenite) to 85.4 (for 

LBM 108 with abundant ilmenite(. These rock portions are also marked 
(Fig II and Table t( by their exceptionally high Ti07  and moderately high 
('rd)5  contents, which reflect the presence of ilmenhe and rulile and the 
fact that these minerals arc relatively rich in c'r203  and may show spinet 
essolution (Har(e and Gurney, 975). The presence of significant phlogopite 
is also shown by K 20 weight % of 01(9 and 0.37 in the IBM 22 and lilt 
sons ('('able I). Coarse peridotites unaffected by modal metasomatism, 
ahether Mg-rich or Fe-rich, typically show K 20 below 0.20 weight "n and 
detailed comparison of K 20 values at these low levels is impossible  because 
of the common presence of some late-stage phtogopite in close spatial 
association with the kelyphitic rims of garnets. 

Analyses were made of parts of the host rock adjacent to the modal 
metassmatc 70fle in LBM 108 and adjacent to the veins of LBM 22 and 
101. In LBM 101 and IllS these nick porsions have the modal and textural 
appearance of coarse elitism) peridot lie. In the case of LBM 22 the host 
rock is porphsyroclast c hit( has the mode if common peridot IC except for 
rare flakes of apparently primary plilogopile. From their modal character-
istics these host rocks might be expected to have hulk compositions like the 
Mg-rich coarse common perintotte, and this is largely true of the major 



Tabk II. Bulk-Rock Chemisirs of Coarse Pendotites, Wall Rocks and Host Rocks 

LBMI I LBM 12 LBM 22 LBM 38 LBM 41 LBM 55 LBM 58 LBM 91) LBM 101 	LBM 08 LBM 171 

StO. 4768 44.10 4576 44 76 5349 44.52 44.61 44.57 45 52 45.87  4398 

To. 0.03 0.11 0.16 0.09 0.4 0.12 0.09 0A0 4.12 13.20 I). II 

.A1.0 1.41 3.60 1.51 0.83 0.44 .22 0.90 1.29 1.16 2.02 1.12 

Cr.O, 0.41 0.80 0.33 0.33 064 0.39 0,34 0.29 0.36 0.47 0.30 

FeO 6.18 14.12 7.20 8.31 5.46 ".38 7.27 7,87 8.92 8.06 8.20 

NiO 0.29 0.30 0.32 0.2 0.16 0.27 0.29 0.30 0.26 0.25 0.29 

MnO 0.12 0.17  0.11 0.11 012 0.12 0.11 11.11 0.11 0.13 0.11 

MgO 41 	12 33.45 41.21 42.55 33.40 41 00 43.59 41,47 41."9 40.09 41.18 

CaO 0.75 2.90 1.10 0.92 2.29 135 0.84 0.93 1.32 1.54 1.00 

Na.O 0.14 0.26 0.11 0.13 0.35 0.15 0.17 0.05 0.09 0.11 0.19 

K.O 0.10 0.03 0.08 0.06 0.19 0.11 0.08 0.02 0.02 0.10 004 

P.O. 0.03 0.01 0.04 0.04 0.0 3.33 3.03 0.02 0.02 0.03 0.03 

H.O 009 0.00 0.11 020 0.27 0.38 0.17 0.19 0.18 0.21 0,12 

L.O.1. 1.08 0.81 1.72 1.60 2.03 2.93 1.77 3.03 1.70 1.01 2.37 

Totals 	99.43 	10066 	99.76 	100.20 	99.67 	99.99 	100.26 	10(1,24 	99.57 	1000') 	99.04 

Sr 	 tO 4 	4.95 	:!4,3 	 11,7 

Rh 	 nd. 	3.4 	 46 
Ba 	44.0 	1200 	>6)) 	2900 	23.00 	34.0 	32.0 	 18.0 	1540 	59.0 
Hf 	 rid. 	s.d. 	1,17 	 0.46 	0.45 	0.21 	0.23 	0.23 	0.28 
Ta 	 0.08 	008 	2.52 	 4.19 	0.56 	0.07 	2.36 	'1.21 	0.19 
La 	 L8 	1.3 	IS 	 2.3 	3.8 	L7 	2.5 	1.7 	20.7 
Cc 	 3.6 	4,9 	3.7 	 5.7 	8.4 	3.6 	6.7 	5.3 	5.1 
Nd 	 2.0 	ri d. 	7.3 	 3.4 	3.0 	n. d. 	.7 	7.4. 	s.d. 
Sm 	 0.34 	050 	On 	 081 	0.64 	0.33 	0.42 	0.34 	0.15 
Eu 	 () 	 5 	0.12 	 0.18 	0.19 	0.11 	13.14 	(III 	1>15 
Tb 	 s.d. 	n . 	nd 	 nd. 	nd. 	nd. 	nd. 	s.d. 	nO 
Y 	 0.14 	028 	034 	 s.d. 	nd. 	s.d. 	0.21 	0.15 	0.25 
La 	 ad. 	1,04 	0 04 	 rid. 	s.d. 	s.d_ 	s.d 	n. d, 	s.d. 

LBM II is  coarse common peridotite and LBM 12 a coarse Fe-rich pendotite both form xenoliths without pyroxenhte sheets 
or modal metasomatisro. 
LBM 38. 55, 88. 90 and I1 are wall rocks to pvroxenite sheets and have the appearance at coarse common peridottie. 
LBM 22. 101 and 108 are host rocks to discrete IRPS-bearing veins 22 and loll or a modal metasomattc zone and have common 
pendotite modal proportions. 

LBM 41 is a coarse pendotite showing phiogopite Intergrown with clinopvroxene. 
Major and minor-element data, including Sr. Rb and Ba. by X-ray fluorescence analysis at Department ofGeochemisirv. University 
of Cape Town. South .;frica. REF elements and Hf and Ta by neutron activation analysis at the Department of Earth Sciences. 
Open University. UK. 
FeO is total Fe calculated as FeO 
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minor elements, but with the prominent exceptions of' low Mg/(Mg + Fe) 

and high TO,. The hulk r'/ienrii al /r'arurei of the /uisI rii'k.c to the irrodl teIa-

somatic zones and discrete !RPS-hearing i'e,n.s are therefore i/melt' similar 

to thrice of the wall rs'k.s to pins venue s/uris ( Fig. II), and again indicate 

enrichment in FeO april i'i01 . Again the virtual absence of I RI'S minerals in 

the analysed host rocks shows that this enrichment must involve changes in 
silicate mineral Mg( Mg-) Fe) and TiO2  compositions. and is riot a result 

of IRPS minerals being precipitated within the host rocks. The similarities 

in major minor element abundances of the analysed host rocks to those of 
the wall rocks to the pyroxenite sheets supports tire petrographic evidence 

of a connected origin for modal metasoirsatisiri. discrete I RI'S.hcaring veins 
and pyroxenite sheets, 

S. Trace Elements 

Compared with the diversity of major- a nd minor-element hulk-rock 

compositions and their correspondence "iii petrographic Features. the 
available trace-element compositions for perish tire and pyroxenite xenoliths 
from the Matsirku kiiirherlite show remarkably uniform features Data for 
REF, together with Sr. Rh. Ito and la, are shown in Figs 12 and 13. and 
are tabulated in Tables I and IL In each of Figs 12 and 13 the ranges of 
normal iied values frruniri tit use coarse per idol i ics showing rio evidence of 
pyroxenite intrusions or modal nmieiasorria i isni are plotted as background 
data. Analyses of four of these coarse peridotites loll Mg-rich common 
peridotites) are given inn the Basaltic Volcanism Study Project (1981 section 

1.2.11) and another analysis of one of these (LUM II), together with an 
analysis of a Fe-rich coarse peristoiiie .BM 12), is given in Table II. These 
background data show the I.E FE, enrichment found in many cold, coarse 
peridoti te xenoliths front kim herb tes (see I-I a ne 119831 for summary and 
further rel'erences) it may be noted that fire Fe-rich coarse pecidotite (LBM 
12) has modal proportions close to common peridoti te. 

The REE data presented for pyroxenite sheets, modal nretasomatnc tones 
and discrete I RPS-hearing seins and their wall rocks or (rust rocks in Figs 
12 and II show similar relative abundances to the normal coarse peridotites. 
Some of the pyroxenite sheets show overall higher REF concentrations (Fig. 
12h(, but these are related to modal characteristics. Thus tire pyroxenite 
sheet values showing higher [REF both conic 'rum the clinopyrosenc-rich 
margins of sheets The highest concentrations irl Ii REF I Fig 13h) are found 
in the modally metasomalited xenolith IBM 32, which is particularly rich 

in garnet (about 20 modal °/o). Ba and Sr abundances generally do riot differ 
greatly amongst the different types, though there is a tendency to lower Ba 
contents in pyroxenite sheets and discrete IRPS-hearing veins and their wall 
rocks and host rocks than tit normal coarse common peridotites. 

a. Wattrocics To Pyroxenile Sheets 

Sr Pb Be Ta La Ce 	Nd 	Sm Eu 	 Yb Lu 

, 	 b. Pyroxenite Sheets 

i": 

Sr Rb Ba Ta La Ce 	Nd 	Sm Eu 	 Yb Lu 

Fig,. 12. lulL rock trace-element compositions for Matsoks pyroxenite sheets and 
her watt rocks (coarse crininroil peridotiics) These data are compared with 

csmpssttio is found in 'our rrornnul Mg-rich coarse common peridotites and one Fe-
rich coarse perdoutc (sill from Maisirk Ii). whose overall range is shown as the 
shaded reg. sri, 01 the two analyses of the IBM tIll watt rock, ha 3 is of perrdoiite 
imrrc(iatet ' adj icent to the pyroxenrie sheet, whilst ha 4 is of a rock s'otunre Ii 
15cnst firm the rheet. Of die two analyses shown for pyrosenitc I BM 90, one is for 
the 'shote s)reei, whilst the oilier is for the etinopyrosene.rich margin of tire street 
Sr. Rh and Ba by XRF analysis (University of Cape Town); REF data br three 
Mg-rich en use common peridotites plotted in shaded region) from the Basaltic 
Volcanism Study Project 11981, section t 2.11 t; all other data by INAA Open 
.Inis'ersity, ErsgI-srnd( REF data normati,ed on basis of Jagisut, C, sit (1979), other 
data norma tied following values of Nakamura (1974), 
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With respect to the trace elements Rh. III mu la (lips 12 and I I and 
'Tables I and Ii), distinctions are seen between (he ntirinal cir:irve peritlirtiles 
and xenoliths allectetl by pyroseuiiie sheet intrusion, nitittal itiet;tsiumalisrru 
or IRPS-veut l'oritialiori Rh is at iel;tlively high values in modal nrclit.siiniatic 

cones or 1RPS.he;iring veins wills significant phlsigopite leg 1.1KM 13  and 
22 in lip. 13h) Rel.rlively abundant II?' and ia are seen in all pyroxenilc 

sheets, melt somsi liv tones veins an(] their wall mocks and luist s. ;is might 
he expected front il,eir enhanced 110, contents Altlisitigli we have little 
mtaisi on the related el -menis Zrmu Nb their likclY high levels (it commeentrsuiiumu 
in [lie pouoxeuiii.' sIn ets, inciasisiiiaiic bites and seins are indicated Ir iheic 
dcicctisuri in electron microprobe analyses of ore nminerals (table fill. 

Sr Rb Ba To La Ce 	Nd 	SmEu 	 Yb Lu 

ps 
b 	

RUbS  

to 

Sr Rh Ba Ta Ca Ce 	Nd 
	

SrrrEu 	 Yb Lu 

Fig. I.I. Bulk-rock race-etenreni compositions for modally actaroiliat iced zones 
(IBM 32, 41. InK)and discrete IRPS-hearing vcins(LBM 22 andIII) front Matsoku 
and their host rocks (coarse common peridotites) These data are compared with 
conipoSitions found in four normal Mg-rich coarse ciiuiirmrn peridot lies and one Fe-
rich coarse periitotuic Gill Irirun Ma(soku). whose overall range is shown ;is the 
shaded region. Analvticil techniques and normaluz.uiion values as I ir hg. 12. 

IV. MINERAl, (IItMIsTRV 

Tables ill VI p15-c it select ion of representative mineral chemical data Vol 
modal nicasoniatic tones, I RPS-hearitrg veins, pyrosenile sheets and them 
respective host peridot i les (Sr wall-rock peridrmi i 1ev. Figures 14 16 illustrate 
salient aspects irl the data from a wide set of Ma lsiik U 5C11( mlit his 

A. Magnesium, Iron and Titanium In Silicates 

1"o  untpor nit general observations may be made before examining details,  
Firstly, the mineral chemistry shows the silicates in the modal net Isoimma tic 
7ones. discrete I RI'S rich veins, pyrcrxenite sheets and their host rocks or 
aall rocks to he enriched in FeO by comparison with the noririal coarse 
csrnmninn peridoti les. and to be enriched in TiO2  by comparison wit hr both 
ihecoarsecomnion peridomiiesand the Fe-rich coarse peridotites pyroserriles 
Jigs I 4a . I sn and 16a) Secondly, the MgO. FeO and 'Fi02  contents of 

nmtnerals usually shtuiw very little variation across the contacts of pyrirseuiite 
sheets or modal flierasomatis- tones or veins, thus indicating it close approach 
it) chemical equilibration for these elements between the miii rieru Is in each 
sheet, lone or vent and those in its adjacent wall rock or host rock (Figs 14, 
lya and l6t. Fables III VII 

[lie Ic Ii enrichment ol the silicates in all these nicks clearly accounts 
for the fact that their  bulk chemical Fe( ) and Ti( ) values are relatively high 

Ishelher or not JR PS irittietals'.ire present (Section II IA). Again it shtrmmulil 
he enurphasiceth that the scull-rock and host penitlotites generalls' have the 

(pical nodal and textural Iciutmires oh Mg-rich coarse common perimhuitites, 
and their iritmieral ciieiitsiry endorses lie evidence of i-c Ii enrichment seen 
in the hulk chemical analyses. 



Table Ilia (continued) 

O ;( 

ZE 'o 	O'b 9 

10 	 . 
4a.0 

- 
- 
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00 
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,n  p4IIL2O 	0a-lOr 

1 .1 L 0 . 00

ij 
p4-CO 

'ISO OSaO0 
Do 16ilct 

PhIO9C 	I(:n-S(h) 	lint-SlaY 	- urn-ha) R Lilu )e_Ra 

Si02 	42.4101 	1)16119) 	0.14(4) 0.17)1) 02)))) 
TO, 	 1.c6)41 	944(I))) 	54 6(1 S) 53 1(25) 97.9(6) 
tlIO, 	13 1(2) 	 (70)66) 	.03)77) I 	164)05) (0190) 
(120 	((41)3) 	2 66(96) 	2.11(76) 293)57) 1 	((1(4) 
leO 	 .3K))) IS) 	26 1)6) 	27.3)10) 27 8(5) IF 46)2) 
NiO 	 021)2) 	0 	7(5) 	41 19(9) (1)2(2) It 
NI 110 	 0 I(S))) 	1) 311(g) 	It 3(1(1) II 43( 
MgO 	24 7131 	15 (((4) 	14.1(9) (3.50) 0.20(2) 
(at) 	 IT 	 IF 	 IF IF IF 
Na 20 	0.21))2) 

Total 	 96.27 	9949 	99.83 99 11 ((((46 

lihie [fib. 	Mineral (' omp090ir.ins in LBM ((18: Compositions in (",,arse Pcrido (IC I lost Rock 

Olipinc 	 ((pa 	('pa S 	Cpa I Garnet A Garnet 1' 

SiO 	40.20) 	56.9)2) 	54.3(4) 	54.8 41 	113 1 41 I 
1i))1 	 1 	 (ii))))) 	0.37(2) 	0.34 035021 042 
MO r 	 I 	 0 820 	2.86(3) 	2.75 203)))) I)) 5 
( 1 201 	 It 	 ((24)2) 	1.16(7) 	2.32 4.00)79) 5(16 
I co, 964)8) 	584(6) 	2.98(5) 	2.89 8.30(36) 9 4 
NiO 	 015(3) 	00)(2) 
MoO 	0(2(l) 	01312) 	(I II)?) 	(LII 041(4) 0,39 
MgO 	496)2) 	3480) 	164))) 	1&0 20.2(4) 19.8 
CaO 	 IF 	 052(I) 	18 5(5) 	17.3 5.1((24) 5.30 
Nr,0 	 (((4(2) 	2,33(6) 	2.57 006)4) ((((4 

T0111) 	99.91 	9964 	99.19 	99.08 10002 10(1(11 
n 	. 	6 	 8 	 2)) 	 I 22 I 

511 	slurs gileii as -eight 	rsid,oi lb 	he ournbnre in pareflrbepe,ruing 	he sianilirrr( derision rpioiril ai 1 hriltuialiiinsl lbs l:isu number 	ties 	lilt, 	he decimal 	'mini 	na. ii 
the 

number of poinis ao'ilcscd 	i, 5dii,ileiiiai.ernii,urrl 	less 	hun 001 acighi 	. 	Pr blank 	pace indicates no ana(yiicirl dab 	SI ailuh)e 	I 'oiler liii dill herO 	minerals 	
N. small rrcrinia)li,er( 	iiiii 	I., 	large grains. S. separaro grains in ink 	flhirimir. 

torlunioris in gambit. emmmnmrrir in rho imliorirlired or niodal melasomaric cone hul rare in the coarse prinlormir isuiside ibis lone. 	A. arnrigr 4511111 	il 	bus1 	rock 	oulcide nnrneralieed 	nine. 1'. macu 	( 1,1 I 	rich faTflni aralsmso( i point in the (ills! rock. P anrl NP tefer rerpociiiele In higlrly poukdiihlumrrc and Olin plurkmloh(.rmlii 
jarsniu iii 	he l0llia)iei( rime. VP! and VP? are sariabli poikilmihlaslic ina 
mncluriimn'rmclm 	Vi2 

single gamnoU wimh VPl hemp 511,1 	rnciusinn prom 
Fc(l is 	run 	triir kiiltmrrd as Ftit 
Anu(ynr ins bites 0 mil neighi 	. K.0
l6eighi ill UK) unit Fr1 0, c:i(uiu).iieul lmourrrrrnu Ilurtil lmmrrnmdmie crc .9161. 1. 	(al 21 9.4.71:.%a). 216 	4 (I 	(in) 

''mnalurms 	irsliirlem iotmghl 	.l 11 11 Nh11),, II ?7 /nl ) 	:1111111117 ia1) the rim at 	intl 	hr 	tVisi'r lii, 	nlnrs-fliies 	nibs 'ii, dais brormii(i!Ierrni 	Ibm secirons 
911 analyses hi electron inn ruipriilrn unrig u,iielengmh mhnperyiio rlslen, at flenirhyncat i.ah005lilry. 

('rmnngie (morilumlimmuol 	'A'ashmngriin 	11014 	fli. 	silica icr 	uri',rlvssil 	ii 	Sb V 	using 	mineral 
nie 	Albeci'imrresrmiins 

and rarr siandtrrn)s and 
ilii,rniii. 	md 	huh' 	wore 	also 	.'urrulsreri 	a! 	20) 

500arnan 	I org 	'ar 
V 	urirrg 	metal siandarilr mind 

N 
0 
C 



table 	IVa. 	Mupx'p.,( 	( 	uhiposIliolis 	in I 	061 	101. ('mlpositiins Inside 	Discrete table 	Va. Mineral 	f onipositions in I BM 	137: Average 	con1posillonS liis6k 
R I'S- Reai ing Vein I (0 ptIlIIi_ SIkil 

(Ito file Opn ( ps Phlogri. limenite Rutile' Spinal' OIivInc Opx (pu (iir net S Garnet W 
Pile - 

SiO, 40.5)1) 57 10) 54 (54) 411(4) - 4(2(3) SiO, 41 	(I 57.40) 5411)5) 41 	5(6) 021(2) 11.11911) 0.23 10 IF 015111 (1.33131 if 383 (141171 
110, 0 1)fl(() () 5521 1 	5(54) 56 OF 97 8(4) 5.2)4) A(,0, IF 05112) 2 56)4( 21 	II)) 21 	II))) 

If 0(45)5) 7 (,1)()) 12 9(3) 07910) It 417) Cr0, If I.22i1p 1.15(10) 2 67)27) 2 82(27) (i20 IF II 	2)1) 1)45)6) 1)31(3) 1,711)31) 1.05 7) 184)8) l'e(t III 51)14) 646)5) 141(10) 961(61 9 99(9) Fe()' 1)  61)8) 5 	16(51 2 71)5) 4)14) 22 9(6) 1108,5) 194(l) NiO 02411) 0,06(l) 
NO it 	11(5) 01054) 006)2) 01649) (I 	7)1) IF 113 SIr,)) I, 01412) 01(2) 04-4)3) 041)1) 
Mn( 11120 1)14(4) 0,17(9) IF ()3)1)5) Ii 016 61C11  18 9(l) 14 5(2) 16.60) 20 	(2) 20162) MgO SI 9)4) 56.11)1) 17 101 2S 50) 17 7(2) Ii I S 101 0 It IF Sit[) IS I(S) 454)7) 456)121 (a() IF it S 2( (9'))) If It IF If Ni,)) 11.120) 2.05(7) (0)6)1) 11)43(1) Na)) IF 41 uif1) 2 1117 1)26)17) 
l( 	1) 9 S6)36) Total 10035 115101) 5993 10052 1)5)36 

Ii,' 3 7 14 7 3 
[o)aI 102 74 10045 99 44 95,29 99,17 99.52 10892 
n a. 4 4 4 6 12 ii Table Sb, 	Mineral (iirnposilions in IBM 137, ('omposilitinc in I Parse Peridolile 

Wall Rock 

'table IS'h. Mineral I i'iirpocitionc in I HM (III Compositions Ill (iii ice Peridot Ic 
(lost Rock 

(lupine Opn Cps Garnet R Garnet ( 

Si01  41 0(2) 57 5(1) 54 2(2) 42.)) 4)5 
I  0.16(1) 035)1) 0.47 042 
It 053(1) 2.55)4) 203 19.7 

(r0, U 0.2((4) 1.31)7) 4,22 5.08 
17eO 849)12) 5.23(10) 256)6) 7.52 7.54 
Ni)) ((26(7) (4.1 ()4) ((.56)4) 
Mn)) ((.12)2) 0 12)5) (1119)3) 035 ((.34 
MgO 51.7)4) 36.0(I) 17.1)1) 209 202 
('aD IF 0.52(2) 19 	1(2) 5.27 5 5 
NaO IT 0.14)5) 216)9) 

Total (0(57 1041 SIt 99,51 t)t(.o6 1151.1)6 
n. a. 3 4 4 i I 

All values given as weight 1,, mules wil 6 the numbers in parer I he s giving (lie 
standard deviation quoted its I he plevui, lxiii o) the IRNI  namhei give, I a)tp r the decina) 
point Methods as Table Ill 

a a is the ,iijm(,er of p011,15 analysed it ii,ilii'alec like arriouni, Ics, dia.i 00r 'veight 
'I. A blank space indicates no ail,I(yttci( data available. Garnet I) is I rita 
compostl ion Garnet I' is a core ciinlposiiiiiti 

FeO is total Fe calculated as FeO 

Analysis includes (weight %) 0,20 N1s2() , - 030 liD, and <11.1)5 Ta ,O, - 
Broad larnella in rulile, average of Iwo analyses tliPr If. Al. Cr, Fe, Mgt executed 

on different days 

Olivilk 	Opn 	 ('ps 	Gui iuei R 	I virile) ( - 

SO 	411 5(4) 	57 3(4) 	54.6)3) 	4( ill )) 	41 
110, 	 1 	 11.14)1) 	032(1) 	I) 16(6) 	007 Al 2)), 	 I 	 081)11 	2.54)4) 	18 8(2) 	 19.1 
I u 1O 	 IT 	 0.25(2) 	1.41(14) 	559)12) 	1151) 
leO" 	I)) 91(l0) 	649(9) 	3.27)4) 	9 920xl 	721 
NiO 	0 29(S) 	11.050) 
61,10 	 IF 	 1115(11 	011(2) 	0.45(0) 	11.39 
615)1 	49 2)5) 	54,7(1) 	165(1)) 	16 8)1) 	 19.8 A) 	 IF 	 1)52) 2 ) 	194(1) 	586)6) 	641 

0l2p)) 	2(6)5) 	 If 	 IF 

(,uip) 	10090 	(16)51 	1)6) (I 	Ilk) 61) 	 115195 
vi 	 7 	 1 R 	 2 

Al) x alLies given as weight "'o oxides with (Ile numbers in pa rcipl heses giving tile  
standard deviation quoted as the deviation till he last number given a Iii'i I he decimal 
çsuint Methods as Table III 

n a is he number ol lolnls analysed IF indlca cPa small amouni , (ccc than OIlS 
weight 	A blank spice indicates that no analytical data a le  acai(al,le l'he lo'iIci 
odes lot the garnet almlywsiire as follows ' 5,g'o nei fluiuuing a liamil selvedge ii) 
pi'ikiIuhlast,c grains ill' iig file pyrosenile shed/scull rock ooit(uiu'i hut Wi)151,i tile 

pricenite sheet, W. guirilet within pyii)cnile sheet awav (tom wall ri,ck uon)'xc), 
R. margin of coarse gairiel in perxloluIe wall rock: C, tore 

(if coarse garnet in wall 
flick, the most 00, mcli poil analysed Nile that cpu analyses (,l pt'ridoluie 
exclude pitied rims Iii sitnie glains which have ilislinully low Na  2 () and Al l(), with 
high I at) .InI) aie presumed ti he a product ol SecondaryiIieriIpuiu 

CO is folal 1 e calculated as I-el) 

CD 
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Table Vib. 
Mineral Compositions in LBM 88 Pvrocentte Sheet and Adjacent Wall Rock. Compositions in Coarse Peridotite Wall Rock 

OIts'ine 	Olivine 	Opt A 	Opt D 	Cpx A 	Cpx D 	Cpx I Garnet Garnet 	Garnet Garnet 

	

A 	 C) 	
A.T 	A.R 	D.R 

StO, 	40.6(0j 	41.3(3) 	564(9) 	57 F44) 	53.85l 	5 TiO2 	 54.%2) 	54.2 	41,6 	41 9(7) 	41.8(2) 	42.1 04(l) 	((5)4) 	0.39(I) 	3.41(3) 	0.39 	0.37 	0.23(9) 	0.39 	003 0.88(1) 	s 38 	O.oi 	 i9i 	2.9 	19.8 	19 2(2) 	194(2) 	192 CrO 	tr 	 04011 	U40)8 	2 4701) 	2.58)14) 	3.08 	4,47 	5.60(6) 	5.78(391 	6 Feö 	85116, 	8.6104i 	564,1k 	525)12) 	2.69(0) 
NiO 	041,1, 	0.44(7) 	

2.69(7) 	2.52 	764 	739lJ6 	7.85(12) 	686 .  

MnO 	tr 	 0.14(0) 	0)6(3> 	0.12(4) 	 0.12 	0.41 	0.40(2) 	0.29)2) 	038 MgO 	49.9(t) 	501)41 	35.1(3) 	35.1(2) 	15.6(1) 	15,6(3) 	15.6 	20.4 	196(3) 	99(7) 	19.9 CaO 	 0 4610) 	0.50111 18.0(2) 	18.3(4) 	17.8 	4.64 	5.67(32) 	535(491 	6.23 NaO 	 0.20(5) 	 2.84)15) 	2.31(30) 	2.80 	tr 	It 	 tr 
Total 9942 	10.45 	98.76 100.15 	98.95 	99.78. 99.48 99.33 100.19 10076 101.81 na 	4 	8 	 2 	 8 	 3 	 I 	I 	3 	 4 

All values msen as weight % oxides with the numbers in parentheses giving the standard deviation quoted as the deviation of the 
last number given after the decimal point na is the number of points analysed, tr indicates a small amount, less than 0.05 weight 00 

A blank space indicates that no analytical data are available. With respect to the analyses in the wall rock pendotite the 
(allowing codes are usea. A. adjacent to psroxenhie sheet within (Scm of the sheet contact in the same thin section as that etsing 
the proxeniie Sheet analsesi. D. distant from the pvroxenite sh 
garnet. R. ana(vses of rims of 	 eet 5 to 15 cm away from the sheet): I. inclusion within coarse 

coarse garnets. C. core of coarse earnei-the most Cr,0 	point analysed: T. truncated 

	

1-rich 	
coarse garnet. original interior of coarse garnet on contact with pvronettite sheet 

All ana(vse.excepi those labelled 0. made using electron microprobe with wavelength dispersive system and Bence Albee 
corrections at Geophssical Laboraiors. Carnegie Institution of Washington see Table III) I) analyses made using electron 

microprobe with energy aispersose system ihence relausely high standard deviations, and cobalt standard at Grant Institute of Geolcg. L'niversits of Edinburgh 9781 

FeO is total Fe calculated is FeO, 
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I,thrcrttir,rv 111cr ss'iih the saiiie Ieciintqttes. it is dciii titat iri 	rii)iri elites that 
do 1Oct11 01111111 ii 1IIidt_ setiuiliih are snia)), 1111111 this cIrw1arliitt 	it sri lii 
ohirsi he riOted liii tile relluirleli analyses of ceiturlitit  I likii Ut Ill ( tIll )CY ii 
If (197s. 1313k ii. I he ritikrcni'es. pirrticttitrrly in Mg( ) and FeO. 511111511 iiir 
the Ilsil parts )ps rilsetirle sheet turn stall rock) of this xenolith have trill beco 
trirrirririer) 	,it Ic - ruIn 5 515 

rVttit respect ill I le d(liIsttIticy in rlrttlop'rosetie dtcniprlsitirrns repril led 

,rhncve. it sittirtld lie fluter1 tltt this colisItlIlcy refers to tittrtrtrll sititihl-beririr 
eiedlrrrn 11111,1 cprrchc analvses. It large iS)) 1(8t,r) litairi zuitrrivses are mrrrle 

iitill' circitried mud ItilittIIIIC healing rlrlilripsrrrxeties that uriteti 1111,111 in 

siteults (Sseiton 1113) then chemical cotllposiiirrlus higher in '1(32 . ( 'r,( 
-\I,t) and CaO are obtained suhstrrntrrrting tile occurrence (it inclodeff title 

dinripyruxene. and ilmenite-rich material It is therefore tile iris) SlIrr'rite of 

these clouded and lameflae-bearing chit hipS rrlxencs wiiisii shuts s eqtrtlitcrri- 

lix with other orthopyroxenes in the sante xenolith 

Given that the wail rocks and host pertnhuliies itinve rcqruireri uteri I e Ii - 
enriched compositions by modification of original la) M ).t-t cit coarse Cr1111 till it 
pertdotites (Section lilA) the qstesltctrt irises rd[Ile rlistrriices oxel v.iiir.'h 

such modification has occurred An e5mllttittrttinctt rn I 14M lIlt otis rustle 5111Cc 

It is the xenolith showing the greatest thickness tiC pet trinrtite rut Inched (i it 

pyronenite sheet (Fig. 293. As may he seen in 'l'ahlc VI and rn Fig 14h. there 

is no significant change in riiis rile tit pyrriseile Mg I Mg I Fe) or Ii)), riser 

he entire 15cm thickness of preserved wall crick 'file constrrricy of 

elinopyrosene TrO at sm) tIcs inore than  rintutbie those seen in tirrrlrlmi I coarse rse 
cccntnhrin peririotites is particularly strikIng, 

(rneI. For file ttlrtsi pmtrt the features showit by girt tick 1111)1 ies)lect tin 

IgO, I-cO and I i(), ire stiittl,rr tic those seen in tiler ctltcr silicates I lie 
Mg JIVIg I Fe) of gnurriets Ill rittrdrri inclasoinatic mines or IRI'S-beurring tettts 

Fig. 14. Plot 	nt shrrtss rtrrrlIlC Ytg I i1g I lie) of olivine lit it karieit of tock tv)rcs 
There is (tnt> one axis tgcrllrg uric left to right) and tire rrpper nor ct' perirUs IS till 
çvridritrtes, wtierher titer Ice higrich crIotnirno pcnidrrtites. tie perrrtrrriiic watt tnt-ks 
ti )c)rrlscrirte sheets. hit )tcrinirltctrc ttrt locks of ncrcntrrl rnetas'crrrrrltic fillies nircrt 
IRPS'rcch rents or I-e-rolr crt.crsc ricnirtirtites The tower row cii pinlhcts goes rctivrinui 
corrrprlsrlrrcirs -thin p51. ciectriui streets and tit iiria) metttsurrihtltit seiIrs',rnciec, "ill, Ito 
he rItes Jimicrrrg Illen, Ill I ri- ri adjacent is rI) nick it trrrst nrrck Now ulvrr 	hr crirti 
rntks or unit rIO ks lip goect lice s'iimhnil of the sued, inner, r still enr_'lrrseni but 
turnn,rrrrtc-rt by a large v-Itt ic 	it bracket 	Pill, thu hinds the weight °., tr(). ill 
nIlnclpSrnnxcrie and the ,rtrinrcnu MKIMg I I cI ri hriltt dtilrrrtrcrrrxelle riot olillo 
p1 trsenr tlt,cttnvt mrgnrntlst rttstntore trrr,rr lire pylrmsellite sherl crrhttact in I JIM 98 see 
919 	Nall Inncctttt  ptriltert leg, cent nrvernrge dnnillposi ill  rrrs grs-eci by secerntI rutirrutini 
in,rJstce,,t t't'clitS_ Stile Cr. tlst;Itlr S of u'ccltl)crisilirrfls b%'ctilitt rairge or rttrtt>tri_'nrt )dttClslcrtl 
me able VII 

* 
01 
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or pyroxenite sheets are higher than those of normal coarse common 
peridotites and lower than those olthe Fe-rich coarse peridoittes pyrosenites. 

Garnet TiO2  values in nietasomatic 7OflCS, veins and pyroxenite sheets are 
distinctly higher than those in any normal coarse peridot ite (Fig. ha). 
Within any individual pyroxenite sheet, modal metasomaiic cone or IRPS-

Iaring vein, compositional variations are small, as shown by the standard 
deviations in Tables III to VI. 

In the host - rock and wall-rock coarse peridot lies the rtin.c of ci.uuris garnet ¶ 
ftc. immediately inside the oilier cone of kelyphitic alteration) often show 
MgO. leO anti Ti02  compositions similar to those of garnets in the adjacent 
modal metasomatie zones. IRE'S-bearing vein or pyroxenite sheet ilables 
III VI and Fig I hi, where lint compositions are marked 'ri. Within the 
ii't'i of some coarse wall-rock garnets. however, there occur volumes with 

distinctly- lower Fit-)2  and higher Mg/(Mg I Fe(, which indicate a trend 
towards the garnet onspos,iions of the Mg-rich coarse common peridotiles 

(Tables V and VI, and compositions of LBM 88, 129. 136 and 137 in Fig. 
16a, where core compositions are marked 'Cf. Such core contposiooni 

there/ore appear to tie purl/i' prest'rred re/lets of the original iiuoieru/ compost-

titus prior to F1' it enrichment. In the detailed St tidy of Ill hI 108 coarse 
garnet's outside the mineralized cone were compared with garnets inside 
the miimrrsmltzed cone in various stages of modification towards marked 
pitikiloblastic testure (Section lIC). In this case there is little difference in 
FeO and Tit, outside the limits of their standard deviations (fable II F Fig. 
ha), though the standard deviations are notably large in the coarse garnets. 

Jlowever, systematic changes are seen for other elements as discussed below. 
In I.UM 129 (Jig. I (sa) even the rim compositions of garnets preserve low 
Tt02  contents 

B. Chromium, Aluminium, Calcium and Sodium in Silicates 

Orthop,roene. Normal small-heam electron microprobe analyses (see 
above section on MgO, FeO and Ti01) of orthopyroxene within any 

Fig. 15. (tinopyrosenc weight '5-s Ti01  and atomic Alit Al-s Cr) plotted against 
atomic MgI Mg i Fe(.Symnhois as In Fig I 4ta( pyroxenite sheets in square symbols 
and modal nictasont,uttc cities and I RI'S-rich vents in triangular symbols with tttcit 
rcspernmsc wait rocks and htosi rocks joined by tie In tics and having the sutnc synnihints 
encnrctcd Numbers are specimen numbers (without I BM prefix) [he (lost rock 
composition labelled s rein s to clinuspyroscnc included in garnet Despite having 
the petrographic appearance 01 coarse cnsnmm,tcnn peridot Ins, the nat rocks and host 
tnt-ks show markedly different mineral composi(ions to normal coarse common 
peridintites (small circles( Whilst the watt rocks and host rocks have similar JIO 
satires to itienr associai,-d pyroxenite sheets and modal miletasomatic zones and veins. 
there are distinct differ ,nrrs in Al (Al -s Cr). See tent for ijiscmissiomt, 
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etiliipOsiii xenolith show only small viriaiiiiii in ( r 2( ) 	At,(),.  I at I 	ii) WI % iO 	
Nii3O outside the limits given by standard desiatiiins (Tables III VII Such 
differences as ma occur are usually similar to ones shown more proniirieiiu)y 
by clinopyroxeni and garnet as discussed below 

0 	
flinopr oxene. The Cr202  and A 120)  data we e summarizedii an a to,iiic 

(14 
0 	

AllAl C r) against ainmie Mg;(Mg + Fe) plot in Fig. 15h The dun, 
psroscnes in pyrixenite sheets. modal metasornalie Cones or ttisttete I RI'S-
bearing veins show significantly higher AI/(AI I- Cr) than those fit Mg-rich 
coarse common ierit)otitCs hut often lower values than are seen in file  le 

	

- -- 	-- 	
- 	 rich periditues. Within any pyroxcilue sheet, modal mctasuiin,tic lone - - 	 411 

IRPS-bearing vein. cliniipyroxe,ie compositions are usually lair!) constant - 	---- 	- - 	-- 	
as shown by the standard deviations in Tables Ill to VI This near constancy 

- 	 also applies to clmopseoxene inclusions within poikilobtastic garnets 
('liriopvroscnes tit the matrix olihe wall nicks and host rocks show tiontic 

0 	
Al (Al I Cli ratios which are systematically tosser thin those in  ilicil  adjacent 
C)tilseii(e sheets or modal iiietasoiiiaijc ,one.s or I R I'S-ben ing veins. bill 
liieh may he hi-liet-  than those utica lound in Mg-rich coarse ciiuunii,u 

peridotites (Fig. Sb) In general the absolute differences tit these ratios 
° ,ohnt any composite xenolith are often small give,) the large standaid 

deviations issocited with Cr203  I rubles III VII. hut the differences are 
lea rly significant in some cases (eg. Table IV) and in all cases ci mIni ni to 
he s-tine pattern) fig 15b). It is noticeable that these Al/IA) 4 ( U,) differences 

	

1 OOAI /( A0 Cr) 	 bet weeti PS ro 5Cfl1 Ic sheets. modal nietasomatjc zones ill veins and t lieu 
respeclise salt ricks and host rocks are typically the product of ilificiences - 	
in mean (r()1  rather than A1201  (Tables III VI). The i/a/it 1/ti-ri/tim, mtil(i'o 
(hit!, is her (,(,,I the A/ iiii/m'?tLi o/ e/trioprroxenei- in i-a/I mi-), m and /imit emmi A 
hue tuna//c i-puul. lint/il with the Al contents fmund in in//it-emit p -to x i -nile 

- 	
0 - 
	 i/tieR or ?iii;u/ul/ mImi !ii uuimiuttii- :Oiies or IRPS-bearing t wim, i/tim /iii.i mmumt mt/i, itt -i - 	

\ 	
° 	• 	

u- 	 happened i s'll/i ri - I, em-i to the Cr nontent.v. 
-- 	 -* 	 In composi i e xc tolithii  108 and 88 (Tables ill and VI) variation it, mate,, 

	

e--- 	 clinuipyrosene At, (At -) Cr) is very small throughout the whole of the 

	

. 	 tenuitilhis, but cltitipyrosene irn- lti.nion.r in coarse garnets ill the hoist periilotitc 

-- 	
•-: 	

0 	

or wall rock stmw distinctly higher Cr203, and in the case ill I I5M 11)8 also 
is 

0 	
Fig. 16. (,uoiet us.mgtn u, hO, tail atmmnlme At At 	Cr)hitumtt'il iganisi 'atiminic 0 	

Mg Mg -4' fei Synitsilu as in I-igs 14(m) unit IS lie tines 	miii mmiitv'es front [lie 
tmc specimen. Girneis ni the wall Ricks and list rocks iii tiyrimsenOe sheets. nimstul o Ind,' 	tic tines and tkt'S-iicti venis conmiimmnity shiuiw tuned mtmmneril tminilmumsiiuumiis 
.01 ,c uldwa tug cuR cumnlpuisillmns and r rim cumnitiuisitiuins t lit- miii  
'a it tier snail In UI lit) it 	Mg (Mg • let to those mt guuiicis istint I.0 -c iii )irimmsenitc 

0 uheets aid nit utmI imieiismmniiuc nines and vents. hut nsnmlty stuim 	wale ihi)Icirumc'es ,u 	 in Al (Al 1 (ri Se iesi. 

0 



1911 	 6 	(,ARNFT I'FRII)mIItl- IA('IES rs1ANTII XL Not IIIIS 

slightly lower AI,( ),. rhis exception to largely constant Al ,O in the case 

of clrnopyioxene probably reflects (he rrrlliieitce of tile garnet on Al diffusion 
(see below) No systematic core to flat gui chemical /ohliiig Ili clinopyroxene 
010, has been noticed, but elinopyroxeiie grains are iifieii small atid such 
irinuiig has not been sought in detail 

I he CaOand Na2O contents of cluniupyrirnenes in pyroxen e sheets or 
modal rnettsrrnrulic /one', or I RI'S-herring veins are usually clrrsel similar 
I within the inims of error) to those found tit their adlavent pertdotite xxrill 

rocks or host ricks I tables Ill VI). A possible exception is again seen In 
the clrriopyrirsenes included in coarse peridotre garnet', III 1 BM 108 and 1111 
I tables III and VI), where ( no 	nilipenurs slightly lowei Illao  in other 
clinopyrosenes in these rocks. This again probably reflects lie influence of' 
the garnet (see below) 

Garnet. I' igiire 16h shows atomic Al AI + Cr) plotted against Mg; 
Mg + Fe) fir garnets here rrialor ditl'eicnces ui Alt Al + (rI are ciiuuruuuonl+ 

seen between garners in pyroxeiuite sheets and IfIcil wall ouch',, and tietusecir 
garnets in nietasoruialic cones or IRI'S-hearing venus and iliell  [lost tocks 

In the case oh the detailed invecnugnitiilii of I hIM 108 it derailed sruhilisisionr 

of the garnels, not only according to whether Oicy are iursuile or outside the 
modal metusi'niatic /one but also according to the extent within the modal 
filet asonini tic cone t ii which  I hey are modified front nuirtiini I co ,ow rse ucs litre 
W strongly poikilohlnislic texiuue (Section II(', Fig (i). reveals ill, essentially 

gradational sequence of changes (Table Ill and Fig I oh) 'Flie garnets show 
progressis ely higher Al/(Al -+ Cr) with progressive nniodificariiin tim a rds 
poikifohiastic lest tire 

In other rocks the garnets within pyroxenile sheets or RI'S-hearing 
veins are typically uniformly poikilohlnisiic and show reasonably constant 
compositions ( [niNes IV VI) with relatively low atomic A]/(Al + CO. hiow-
ever, within the coarse peridotite wall rocks and host rocks, inhoinungeneity 

in lie garnet ci'niposltiiilis abounds, xsitli grain margins chntiacterisrnvn,lh 
showing Al(Al I Cr) saute', xshiicli ire closer to those of the pyruuxeuuute 
sheets or 1RPS-hearing veins than the core conipositions These features aie 
illustrated Ili lip. lob and 'Inihies IV to Vi. where tile core cuuiitpositton 
given and marked c Ili Fig lob is the niiisi ( 'raOn-rich  point analysed or 
tire interior of the garnets in an,v gixen "all rock or must rock 'the garnet 
rim tir margin compositions presented (marked 'i in Fig. lob) are the 
average of several analytical points taken within about 311i of the garnet 
edge seen in thin section, but it must he noted that, because of uhrquitous 
kelyph i tic alteration these edges do not represent the original ga riret gi a in 
boundaries In the interior of garnets ('r,( ) and At,(),, compositions 
intermediate between the quuolemf cirie antI ninii gin r'msruposiriouis are typically  
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found. A more detailed study of time nature of chemical coning in garnets Is 
being nude. 

I he only garnet criniposrtioit from coarse pet imfolite wall rock whitr'h has 
been found 10 he virtually identical with that front it pyrosenite sheet is 
gisen by Garnet A. T in LBM 88 (Table VI), This is from it coarse gnmlirel 

irlinch is truncated by the coniac( of the pyrosenite sheet )as illustrated in 
lip 2h(, and it is the truncated edge of this garnet in nirtital ci'rrinici with 
the py roxcnrtc sheet that yields the carrie Composition is pyriuxenite slicer 
giruets. Mon detailed study shows that this IBM 88 sheet garner vompo. 
sit ron is not found in (lie core of the same course pa met away Iron, [lie 
ttrtnicdnnrte vh'et eonntmet, The Garnet AT compirsitrrnn (table VI) is riot 
plotted iii Fig, 12 because ofris overlap with the pyroxenite sheet currrrpmrsitlmifl  

['he contrast in compositional variation between [lie coarse pa mid S of the 
pertdotnte wall rocks and the smaller, frequently pirikiloblasni,,' garners if 
the pyrosenite sheets is further illustrated by the data Ili table V Garnet 
yarn posit ions at 'Ire selvedge oft he pyroxenure sheet and within tIre i nieruirn 
of tire sheet ()fai t/t analyses S and W) are closely suriritar, xx Itilsi Ihi,,se of 
yur,irse peridolute garudts shows distinct dilkreiices (garnet ninal,ses R and 
') Note also ha- I lie cr51 rse garnet rim analyses 1k I shi iw a huge difference 

In ( r ,() to the sleet sels erl ge garnets (S). despite tire analyseml puiurts being 
closer in spac' tItan many of the S and W analyses within the p ruixenire 
sheets, 

/t it ni ur/r'+it II,,,! 'usury,' gurr'rrm'vu or fiu'ruu/iutiur' mitt// riii'A 	and Ii,' it risk r ,upnnnrru,i/r (ian r itt/V pr u'n'err'e ,rruri,ra1 ( 'r, C) and ,41,0, i 'mi?i(u'rif i /r ruin fli'miur to 
the runr'(art,OSu, 	r'.vr/uiiuidu' ri-/itt/i has Orm'urre,/ 5 il/I i/sir uidj,nm turf p ri,, sm'?iO,' 
hintS to nun/u ini'fOSuirtuuftt' :ru,res 'n IR F'.c'/'u'runuuig ' inns 'I Ire original ( 'r 

and Al ,°u compositions are more extensively partially preservemi than those se ,if I-cO and 'fiO,. Thins, in Fig. 16. wall rock garner nor conirprrsiuiinius are 
usually close 10 garnet compositions in adjacent pvrirxeniue sheets us uth 
respect Ii) frO, and M8M8 + Feb, hurt show largeulilfereirres in AOAI n- (rI 

With the resIn-ned modification of gannet cuniposiurunirs, it is nut surprising 

that the cltnopvroxencs included in coarse gurnets may +I(mnw rhnif'eicitce', in 
uunurpii',rtnuuii ci'lirIr,urerl wulli irunutnus ci'iinposiuirrns as niunteuf pier nunuusi) 

Sotruc iou u rig in Al (Al ) CO tutu)' occur Ili garnets In normal coarse 
coritinoir pertkuites sluruwung 'to evidence of nielasinilunntisuur I lip (Oh: see 
also ('uS un al. 1973,   p. 1181 'h_linus i t  should he nrnicuh Illal vuiiiupirsuriuins 
preserved in garnet cores in us null rocks all(] host tick s  ale 11,11 rlecessa rily to 
be exactly equaled    with the gnu md rum co conrposi (ions Present prioriiu 
infetnncuirulnut ic esc'hurrge. 

Unlike lire snluuuninon for (Ine matrix clinopyroxenes isce above), the 
uarnnniions in gnu -ncr AIIM + Cr) in it single xciiohtii ins'inls'e iIiIl'ereircer in 
A120, contents its well  i's 020 cr'nueiuts ('I'ahles III VI). sir thnui tile iuiinil 
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of 	At and I I 	lilills 	is ll'Jil 	i';iFiiiIFl \iilIi,liIiI 	I li',iulS 	[lie 	FilIlIllIlis 	of 

holli Al and & 'I wttliiii 	lie g.iiFlF'is iis icsiiicieit Flitting Itic III llIi)ii,iilFii of 

file ssihh Look iind list lo,l, 	u,mii 1h1 sli iF Ii', 	Ill ii ii', t'i iii lihui i mliii is [Ii [licit 

iulpiceiii 11\tuI\Cihiii' suet_i', oI 1110; ... lli,iIIi ,'lIlit'Il I SCIil 	Ii 'C('illS Ilk'IN ili,ii 

ilie iitllliIlliS III ( I iii hillll ,liil)1!iltcIlF, miii) glluil'Is is tii_'lils I sit_it_It'!) 

'sVliF'ilii!I tile gleliel reSilitiiIlll ot Al iil!!tlillit ill g.iiiiei lu 	uilllilu,iiIsllii isiiti 

C l i [it  liXI'Iie Ii hue I COCC110ii of Al III lliisitimi 1111c, CIICCI il,  I 	I . it isl let  hier 

its rcslilm'ieil iiiiihilitv leslmli', lillill Iii' I 1 imii1i,iliilii', ill tllili)liii,iiillui usilli 

tIle slilltltillliie)rii_ illlusii,iiiII,  oI 	lie gil liii. is 1111cC! 	liii 

I hlliiill.iuil'li of I it() CiiIiit'IIts ill lilt g,iillcis slitiu&s i)i)Ieiemtt Cs )ieuiseell 

iItiit iii i'illl'Ciiiil_' slice)', illIlIlil iiil'iI',llIii,uiR /lll)t''. ill IRPS tll',iiIilii !l'iiis 

,iiul their (ll,iISe lheriillltiIC FIFIlI ri't_'ks 	itiul 	1111 lIlt_ks, ,ig,iiii 	il cllliiIilmiiell 

li5 tili,itIlill', helisceit Clileslilill 111115 III (lit lililst' )li'iilllltiicS I lil'les III 

VI) 	thew 	vmritIIiFIis slFi,W it i_i,imsisiciil 	iieuiil 	"'Ill 1 1 Ile( ie.isiiig .is  

Al (Al I I  it mlecreise', 	Ihis s'utrilliiiII is iliiti'si ueii,iiiul 	liuikcil "lilt tIme 

)!IIilei IlContents, since lite emimiplimig of ( it I ii)lier tluiii other divalellL 

cailiulis) i',iiit (rill gutrilels is well kniuwti l(,iliney mid SlSii,Ci, )971, Wiiiis), 

197 7)  

I lie gui lie) ciillmpihsiIlmills iherelille sitiuw iiii)mii ilulleiettccs 15 1)1111 single 

XCiililiilt'l, neil (Ie))!tIIilFes Irolti eqllilihullutlitli may he see" II; IfliI1 	c)ciiieiit',  

Iliiusevt'r Ill liilily (SISCS it appeals likely that file triiii_ilisil ehemlicili tilling 

ii Ci)iuuhilil,itC Is I I .iiiil Ilial tile ulilkieiii'es iii some 	it tici eheiiieii)s liritelt 

relics) elvsiil c)il'iliisiiy elhmmsiiiiiiis us iiliiii lite gullets 	esiiitiiig hiolil [Ile ( I 

siii,iiiliiis 	Apti 	lilt tile  ulissitlie elli'chs 	.it Al and ( a 	lusi i i',',eil ,biiue, 

sonic Ienileiic 	liii Mg Mg i Ic) It.  sir. 	ueiii,iiic,ills iuiilu Al IA) i I ri 

issccil u'ii ciltlipllilIg the a.11110 ulIii)i!l'IiillII'iii 1 	i11\eiiiiC shiCt'is oI iliiiFIiI 

/ilies 	ill 	eiits 	w Illj 	ilie 	gil ilt'i 	11111 	illIIt)l,siiiiiis 	ill 	ilueii 

iiii)iiI_'Ciil wall iii:ks and liisi icks liln, Ibe  lists joinitig itiese pairs of 

cihlnlhiisi)iiilis in lig Ill' iiimhiiii 	iii uilli!'isC in Mg tM)! I lelssiili ilii_ielsing 

At IA) I ( it Si it_c F liesu' ci nip! sitS isis iii 	he II SC ill Nip I 	eiii I kin liii 

lies smiggesi it siiglii ile)uuiilt 	I Ill,  g,uiiici I c Mg lisiiituii) 	lii tie Ilicielmi 

on ( i iii the t,ismk'ii silt' I uihtltl'l stilihliiI lot 	lii', is giseii )u 	lie hit_i iliii 

this 	hIhilt'iilii chiiuige iii Sig IMP I I ci is 	issiu iuii',l usiih all iiieiclse lit 

lt_lg() I I,ililes III. V and VI), uslili Ii .ip)ii',ii' to 10til)lCll5itC lot ilie ulilIp lii 

('ill linked with InseT ( 1 2() , 	Al ili' s.irne lime ii is t'ieii lillili time exit_lit 

of 	CiihFFpihsii loll clii iuges ilhiisi it kit Ill I It,, 	Ill 1 liii 	t ile iiiigiii) iilt' uI 	I lii 

died is ninth less tha ll tile ihism'Iliiililii Ill ill rile illn /uiiiihig ill Mg (Mg I I'd) 

nit_I li() well ill some sit)) rock )!,iimmels 

( '. I he Ill ISSiiiIe or MineraK 

file IRIIS hiiiimerml issili_liiliiti iii ttn' M,ilsiikii illiLs Lliiisists of ililieuilie, 

1111 11c. )blili igiihi  It' illid siiluhiiite', 	liii liii 	) liii ISIS' 'Ind 	lii hI hr. I lie),  
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iuugeiliei ssiili I 	Mg ii Al 	I i_slhillel it i,iiiicllic in iliiiciitc 	lii) 1111111 .111,  

iiiC)Iiilt'tl 	In .iiit it), I. of xciii 	lie\ ImIll '11 illilsi .115111 lii iiisuI,i1 ' i, the lu'si 

beimt1t 	the 	silii,,ile', 	iilui IiiC 	litillil)l\lll\t_'iii,'. 	thliiillis li5u' ill' 	iii,) 	)t.iiluci. 	ill 

ilreidv ilescrmht_'il. All t ie iihove I1l1l'es lii,i,'itl Ill Sililli.' I- 	5 hill ".111clillic, 

one or uthui it' jh,tn'ttte iii rmltile is ib'sm,'nt llliselu'l ii is tIS'',u' Ii iiuhu 

itsitles. in ificorder mImi lilt theri limille, it_hit_li Ird II rill ike 111011 

IRPS itiirierils. ()Celsihli,lll\ plihiigiiptit'. ssnht miust,ml ,lhiummil,llitcs is high is 

151, in tile I IM 22 i 'in, iIcdiirs in jilljOtillis rIlhiglil) u'upm,il ii 111111t ,tuiil 

itnietitie in illls grill It, it ( tilililhill!, riiiile is mIle ihiiimiimm,imii It in Ii pll.tw,  

,lcciuiihtig itbtt'lt_'\c'i 1,111 iglpuie ihi,'Cilis in iilliilih cIliiteliil,iiililis i'sli't'lhilig it 

le" 1111  ut_lit 	III!' siilptiiles. Ii'spmte heinut liii silhuhli)llt,iic lillIIh,ilh\ ill ollwl 

hill'S illtlelils ,iie iIllilI'tlitlt's', misuuthls [hieselit 	ihlcmll) i) ii.' sill) lit!)!'', Joint  

cltlmpt 'SI me 	i'Ilillitleit 	)!i lit It'. 	iii Ii 	ci, lllliFi,ilii 	)) Ii (iF liii' 	.m nil 	I' 	Ii xhiic' 	iii 

tlnlle- Ike inhergllls iii .1111) simhorultn,tte hulebs Of chu.iIc)b imile lit_mm Ill' gi mmii 

I illS 

Unit title and rutlte 11,1%C been andlYlCd hi1 u,'hi_'i'illhii Ill mIll lii i1n' iii 12 

s t_mill It,. itisl ,ititil\tic,iI i),mII t'uir LBIVI II))) ,iimd 11)1 mit' )aiuu'mi ill 1,11111'', III 

nit_I l\', uuigt_'thier ssiili the ,tlIalySlS iii it I 	Mg ( I 	Al Ii sluitimi Littiu'lh,te nt 

luiitc' suiltietetmtly us mt_he to yield COliiulStCliL atiitIicil 	tilt 	I met' i,iimiu'lt,tc 

ttmsimmI 	less tltiiu 3 lijil1 thick) of prohithh, relmit_'u) slislit'I uS iill)hl 511 I'll ille 

t_'ilitlttl ,  iii Ili both mhllielliles and rmIIilC, and are illililitless I t's1iFlllsibili hi,i ill!' 

large tImnIlaril iii's lmIimFflS in Tict1, (Tr,O 	and Al 	Il), C 	hilts ii lIhuit'liuit's 

ii recrth il in lilsies III and IV. Slight difl'cremtces in I lie Ilill)hllsl) 1,11111 

lInlcni'us tbct_'ulirittg lit the rock fliatriX and 	Is iiit Itsi,iiis Ili p,ik iltll,lslit_ 

girtiek Ire iillhit_'lIed by the analyses ill liNe III llii,mlIIl '.1uu'tkiiig tilt' 

iithlcnlle ruitmhei 5l)iitelt association seen ill Mikiukil i',siiiiil,il ill 

Ili 111111 nick suites 111111 kllnbt_'rll(es leg. Wyatt, 1579,  'A sail uiml I is less, 

I 014, and rIt_'ieiiees the rem). it). 

[tie ihiivniiev are rid 	Ili MgO, as is Iyliic,ml lilt mlimmclnles Iii kimnlit'm lilt's 

1151 Isslidialdul rocks: they may he described its pit'llhhlltit_'lnth's I imu'i.mhl NIgI I 

Isiltietits ringing )'rlilth 119 to 17,2 weight 	line been Ilmiumll, milmilsl i,ut,il 

I 	it,  I'e() and l'i02  ranges are respectively 22 1) 11  I and 57)) 	b 	I Ime 

r,imiges ill ('r,O and AI,03  weight % are 1,7 4 1 iind ii lb I ill leslIe!  uncls 

Fruit_c ,nnlmtihtts cub' 1r01  up to (illS weight F,  Ii,mxe heel! It_lIt_Ic) 	Nll,( ). 

11111 1.1)', t_Ilmiteiis appeal to lie geneitIly  well het,ns I) mis lht'i)Sli 

I lie liunhplbsitlolus ii) itlllenites Oct ill Iii!)! It u!huIselmuIe slIces idlill ti his,' 

the tiller Ii)), Ciliitt_'luls and htg'hiei It')) I SIgh t'illilt_tlis ill the Alokc  

ringes lit t'lIlii,lIlsFiii IsilIl illlieililes ill uIist_lelC it_'itis III ltiIliLiI lhlu'i,t'.11thtliit 

Fillies ill )hi'riuhiulii2: ihie ('121)1  and At,( I 	lililes i0t_'h'I.ii ill 	lie Mo 0111)15 

The higher 1 to, II' ihenenmies tit Vdhths or /hbilCs Ili pc ItIlilit' itt_hi Is 151111 the 

fluId LAIIII11011 Iii,'dllrh'ent_'e iii' rmmtmlt' me this silltulmuii 111111 in I'' hIIsi'ihii i'',tlI't_'i'. 

Ig (S'g I Fe) ieat_'bles higher s,itumes ill ihue pritxehuilt_' slleci, Ill ,ililIlII,uilti,' 

111111 ili' sili,'mlt' litihiF'l,th L1,11.1 ) FIgs 14 	hI 	I lie 'lt'lhIiIithi, I 1)51 	I  	.ihiIh 	14, 
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showing dense i Inienite rssocIiti,rns I lig. 10. Section lI( '), also have ilmenite 
compositions in the above ranges 

Run/i' crrruposltlorrc show distinct irnintints of ('r,i) and leO in the ranges 

	

Of 3.18 and i)0 	(46 weight 0,  i'espevtisely A110, and MgO rcspcIiely 
range up to It 14 and 020 weight "o Of greater interest is heir ielitivc( 
large contents i,? lrO, (1)27 ((72 weight ") and Nh,0 (0.2(1 I (I weight 
5,). 

 
the rnasitnuni Ia,O, content loond ii tuttle is (1 07 sseiglm to, 

(he ranges of compost tlolls of fmIi/rmgmm/ith' m,CCtLfIIttg In veins or iiimiiiil 

metasorrsatmc cones, together with other (RI'S nitimerals ii it cmirnrrron 
peridonte (Lost rock are giseri in table VII. and it may he seen that 

the compost tions (taken front live xenoliths) are sery tighti restricted 
Comparison with the compositions (it' phlrigirpite grains nriunrnlrng girruets 
(usually in it fringe on the outside niarguit tit kelypinite) in perumiiitites (nine 
xenoliths) may also he made from the data tit lahic VI. 'F hese kelyphite-
associated phtogiuprtes show wider ranges of cmruimpost tion, see espccrill 
rio, and K,0,  but there are marked distinctions inimiii the plilogopite in 
IRPS'hearung seinscoites tit periirrti(e Most particularly. the kelyphute' 
a s,srrcia cii ph (rrgipit es show higher Al 1 	, ( 'r 1 	and Na ( I Willi lower 
Su02  and MgO. A major srrhstitiihirital change of Al 1 ('r for Mg ('Si is 
indicated, and the ilrottrictirni oil textural grounds or the I RI'S mineral 
association from the kclyphmie association (see lritrmrm.iuctummn( is upheld A 
late-secondary phlogirpuie occurring it) it serpentine xciii in IBM (UI ('table 
VIII shows an even more distinct s'rmni posit ion 

I'ible Sit. I'trtmugn'upmre ( 'uininpuuxunrmmmus in Slausmik ii Xv'mu,, 

RI'S I (3M II I ISM 13 I 	(Ito 41 Kelspiritre Asxm,crateml 
association too, ciii urn wit In 
run criuninrr,un iii.rmiitiuug sCrpCnhuriC 
peridmuuites gui net oem 

SnO, 4 	L 42 1 41 	I 47,7 4042 (7 4 	19 0 411 
Tifi, I 54 	(59 1.16 (i)7 (2) 057 4 54 424 
At,0, (2,9 11   130 117 124 I9 	194 913 

Cr,O, 049 079 11,37 1) 19 (itS I 	65 	1,113 if 

FeO' 102 	3811 4,57 445 1,411 1 (6 4i19 7,75 
Ni() It 16 	1) 24 0(7 0 1 0 	1 	((4 9 31 
Mn() it 	tilts ir ir 11 	14 it 	0(18 008 
MgO 24.7 	252 219 24 (1 247 2(2 	2(1 2(2 
CaO ir ii' I, it it 00n ir 
Na,0 (Ill 	1128 It 43 ii 	17 ItIr 1112 	0112 ((411 
K 20 927 997 943 'I Si, (it 	2 (1 'II 	(1)2 573 

Ranges tit cornuprrsrrlmmn tit ir'c and jolic scui,rhI(no, res(wcrime() .;rrt' grsen tit first and 
fifth colrurnrro if signifies an i,rirurmnni k.co 111all ((its" 
FeS) is until Fe its leO  

V (HS('I)SSI,iN 	 7th 
Table Ic VII also gives  tire phiogopu IC composition in a pvnirxenr te sheet 

If 1(51  1,31) arid in two of the xenoliths with unusual textures (Set'linn,r If('), 
namely LOM 73 and 41. The LOM 131 comprisinitrur is geiieraU disco 
similar its that of the IRE'S-associated ph(ogopites in veIns Or rrimnulal 

metasomatic cones in common peridotites. There is a difference in 
'nig (Mg + Fe). which corresponds with a lower Mg"m Mg I I"e( of rrtheu 

silicates I Figs 15 arid 161 in IBM (II than in the rirrrdal uiretasmrrinauuc and 
seined specurlieris. Fhus the consanguinity of the I RF'S minerals tit s'erns or 
lanes in Colirflrmrit pei'idtrtite and in the fly roxenime sheets is further supported. 

 
With respect mr the 1,054 73 and 41 ph 1ogopi Ic corlrpiisi t ions, there are 

'mull 0) rencec in SO2 , 'I'rO,, A(,O, Cr201  and FeO ('iii I 054 71, and 
Sill,, I if), Al,O,, ('nO r  and K 10 for LOTsI 40, ss'heut they are cmrmpar'ed 
sit h (Ii I R PS-suite phlogrupi es frrrnri corrinsoir peridot i te hosts. The cirinpirsi 
Inns are markedly different in SuO,. A120 . Cr,O, and MgO mu Ihri5e 

Or 
phlsgrrptrcs in the kelyphite association. Petrographically (Section I l(') the 
I (3M 73 occurrence appears to he probably related In other IRE'S ric'dtirreiices 
in nnttm} if nielisontatuc cries, but in IBM 41 the manner of asNocia lion  xx itlr 
Itnirrp5 ,xene turd lick of positive association with other IN F'S numerals 

suggest, a distinction. Thus, whilst the phlogopire in IBM 41 appears mr be 

plinnir' -flietasomatue (see Introduction), we will leave it out of the ensuing 
illsCussiori of tiroda I metusorna tusm and concentrate on that clea rOy trim il mu rig 
the IN IS association. 

Figuic 17 compares the Matsoku phlogopr(e cmniiiposrtiitris wuih those 
ltsimrrd ,.t other kinimberlite localities (Delaney in at, (980( and the MA RI I) 
stijIc inlets of I)awsort arid Sninth ((977) 'the Maisok uu prinrar5'nietasrr,rriiic 

phlrugo(simes (including those i'rmrnr the I RI'S suu(e and I BM 411 slrgluufy 
urmerlap Delaney en al.'s 11980) field of primary peridotite micas and there 
IN a minor overlap of the kclm'phuie.assruciated phlogoputes Wilh Delaney en 
ill's ( I'XO) secondary mucus. (']early the Matsok u primnary.nreiacmrniriiw' 
phlogopites substantially broaden the holy restricted field of pniuiuury 
peridointe micas of Delaney si al, ((9110)) and link it with the MAR11) suite 
hdm( to (iron a fairly coiltuuiu0u5 set of compositions, '('he separation (rf the 

M,utsmrku, pruniary'ineiasmrmatic and kelyphinic phlogirpite suites shows only 
in the A )j(  Al + Cr) plot or Fig 17. 

'.'. DISCUSSION 

A. Mnduul Metasomatjsm 

Petrographic evidence hits been presented in Section I l( ' v'mruiceruninrg rlre 
mmshr) and textural rnoditrcatumrmt oforigiural penirlmrtrues this nimuclal rrreuaso. 
mn,uI,curu ii Host conisprcmm, ius(v imianuifested by the develnrpnneni of I RE'S- siiire 
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iiiilfertI, Illmenile. I  1111C. itliliigiipiie ititi sulltllisl 11111111 liii pets 
l)uik.r,ck intl  111111C ill-clieitiic,tl  jolakses (Scciii,iic III and IV) 	Ilial 
the Itttflliiuttti of these miirt'rils Imokes nlic0hui'ltttii hilt, liii lii'rtltlili'c of 
reiaitielv large Orfli)UfltS ill Cerlilfi i'lleli)iCII Ci I'll  pttllClllc  1 II, K. S /r Nit. 

i and 11 1) by comparison with ihet r i' tnceni 10 11th in flic ntti intl silica he 
iiiiin'rfl, iii the peridtttites I ill example ritoilti rlie)icttiic I ticks ctiitiatn 
1151 ilnienite may contain nittie than Oh ixeiglir 	Il(). 	I fills  file stilt 	tI 
IlIfItIx Of these Components chinCh hive been iii ii cii ht ClfeiiiltNl it 

differences in the hosIrock silicaies ,iltine and a itelisilfiialic ii gIn he illi' 
infiltration of fluid rather[hall lu 	(IIIIIISIoll ilieimsttiiiihis,n hslern'nsii tied 
(K,trhjnskjj, 970). 

In addition to time (onslticitrlis cituliges in It and Ifacc eleiiieiils nmed 
above, the comparison itt Ittilk -rick data Itin intttfally 	tOilS, tti;tht,eil 
peridolites and normal pet iiltthule. Shuts 	cii ileuici' ti 	iii rices ill ic, Al 
and Cr accompanying niitl,il ifteitstttniticnn Sihicatu' tnhtiei dc shut,, lime, 
Mg,'(Mg 4 - Fe) and higher Al (Al I ( r) ( liuiipii's om liii' ptu5to iiiutnc iii Ile 
normal normal silicates (o)lvmne, orlhitr1t itis,'iuci chifittpvituxi'ni. and 	tt trill .111' tlst t 
weri in some cases. Itir e'tmtlittle i liiitrps rtrseure [It - li St'iTli 111111 mIt tfnt1miitt 
ilrnenmte-rich seams and quite lange Iticleices in itrilt,1,s ittsene itImfice 
olivine may locally imcctilfrpaii\ iii' ilevehiipiiient ii 11111cilliv Ill 
melasomalic /lines. /illttgu'i hiCi tile leihtii-es show I liii tile ifilill I .iitttg hlttiil 
carried a subsitahilil niicltlot\- It sihrciie tuSlule and slilpirtile itittietal 
tiflripiitletilc, and file pttshtliii of It heittg a mcli icilliti 	1011 Ii III) ('I 
haul is snpporled ht 	lie c,rttdai lIes lielneelt tirutlal fiiel:lsttitfal,t ,ittiu's and 
lirtxcnrle sheds I Set ltelttfr tilt1 Set 11110 III. 

I uniter esuulpi 	ut hlitiul ifitispitil 111 itiilertil is slmttwti b5 	lIe fficiutreitte 
ill ilisciete IRI'S hem Ing ferns 	liithi clii 	Ii fIlm i'tuiiulnttil pr'ilmltilrle host 
lift ks 	Silicate,  huh 	he Itmqtti 	'ill 	ti suucii leilic 	mmmii situ lIe Ilwdal 
pr uu1tturl iliac 

 

may he -.im,la I t,I  I Iftise Ill ctiltnflt iii 	'mt uuit.t Ic 	I lit' en heal lit 
iiiimch I he 1,111k rick Illitior t'leutienl citilipiIciliomm tI Ilie I etmis lelileseills ihit' 
tttiliptsiiuiuii of the iuicoinlilg fluid IS apainsa life 1 tIilhltislttutri of it? ipolal 
htti rock 5 Ilmii_entmhi 

Fig. 	ii. Plilt51iqtill• 	ItO, 	and atomi, 	Al 1,%l 	' I Itirlicti ,llritti.l M1i INIP I tel 	( titillit symitlttils loci it 	ieslui;tiiy lillian miltu,i 	lath 
'titlittic itt Secttiuuli15 itilu; 	wiili su,ll c(ifibutic lutr hlui',utk,t ,ttitl 	Itt ii St iilitfil', 
hlItt't l,iitttti' it)cla,tcy II til . 	light) 	iiie 	rtbrl stat Sf iithu'h t'. liii Itltitititlttlr. 	ti fire 

a kiitiIs,tlii1 Open sqthmrc snihuuic tie tin hIA Rh) utile fill IS ii )irtstt ii 
'tttrtrhr  

19'7 1 	the Mtfsrlkti 	iltitlty PIfIN_thlt Ii's htititi lnil of 	Itt' till", titftt' flit  
111",11111c esrt'pltttti tnt I 331st 41 	111C 1sl.tisutku Sr' 	nut, 	I'll, I, shrift it itt hunt tilhiltrilitlt 	Frills 	titttiuirl 	glrnuct 	kelphtitm't ft till 	hit' tIlt flit rut 	lit- 	I Ithil 	liii 

liii keti 	which 	utities 	titus a ct'ipt-u,If III  - h'at tip tt'tii 	I Iti 	\I.tlsutk 
s piiliigutprlcc paths lilt lime gap heiweci, I )el,irtcs uf ti/cl I011f mmli I imtiiis 

I ili%isttil mntl Sniuths 1197 71 MAR11) toni' umtcts 
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(lear-cur pvro'setiite sheets with the gross features of 11111 IISiV ttiigitiatiC 

riiiits also occur xx (hilt sonic coarse peridoiiIe xcuolidis. These sheets have 
liner grain We than the coarse peridotites and may also contain I RI'S 
minerals In sonic cases ntodal metasomittic coites developing by niodilication 
of coarse peridot te show textures suit jar 10 those in the pyrox iti te sheets 

(Section III. Other xenoliths show injection complexes where t.-xtitr:il and 
structural features show transitions between those tif obvious eaS:s of ititidal 
metasomatism and those ofdiscrcte pyroxenttc sheetsol tttrusise appearance. 

Thus life melts forming p roxenute sheets with intrusive appe I rtt flee and  

those causing modal met asoma tism appear 10 be intimately related. 
This conclusion is supported by close similarities in mineral ci ntposi tiqits 

between modal metasomalic pertdotites. discrete I RPS-beartti5 vettti and 

pyrtixenite sheets In particular there ire similar relatively high Fe and ft 

contents in the silicate minerals together xx ith higher Al ,(Al + Co. I lie I RI'S 

minerals show close similarities in all sit tia I otis. and relatively high hulk Tat 

and III coniptisit ions are a common feature 
The extent olmodihicatiort na cinintittiti pertdinttte by modal nieiasontaitsm 

is ext reniely variable. In some cases rare grains of I RI'S mmci aIx may he 
dispersed through tIre periilottte. lit oIlier cases thin (about I nun) seams or 
discontinuous vei ntets may occur. show i tig a concentration of an I R PS 
mineral(s), perhaps in conjunction with pyroxene or garnet, but interwoven 
with coarse silicate grains of normal coarse pentdimtt te texture Elsewhere 
emirrec several centimetres thick may show the development øf I RI'S minerals 
with substantial changes in silicate textures and modes. Such variations tiitmy 
occur in single xenoliths (e.g. IBM Ill)) and 114: Section III I.mmcali,ed 
deposition of only one or Iwo minerals may occur during  interact ion ol' t he 

infiltrating melt or fluid derived From it with the host rock. 
These features of the distribution oF nodal itielasomalic rnitteials suggest 

that the melt is highly mobile in only small concentrations will respect to 
the solid phases of the host rock. McKen,ie I 191(51 has recently de iionstraicd 
that a picritic basalt melt of only I"., cimmmcctiirattoti will he mobile over 
relatively short time periods at depth in the continental lithosphere. Given 
such melt mobility and the convergence of features between met isomaticed 
peridot ire and pyroxeni me sheets in ceri tin cases, it becomes debatable 
whether the apparently  inirtisixc p% roxeiu me sheets owe I bet i origin to 
melasomatism (prolonged melt infiltration tltrotigh an essen ittlly solid 
medium) rather than st ra gIrt forwat d iitttgtila ic intrusion. This q text ton will 
be pursued elsewhere (Ilarte. in preparation) From the viewp sitU of the 
following section on watt- rock alteration itdtticetrt to clear-cut pyroxenite 
sheets, it is merely assutmied that  i lie pyroxenttc sheets are the products of 
melt incursion. 

Ilmenite is the principal I RPS mineral found in the pyroxelitte sheets.  

V 	DtS('t JSSION 	 2i17 

and phlogoptte and ruffle are often very subordinate. In titetttsimmtttmieml 

peridotites, either ilmenite or rutile (tisuttlhy accompanied by substantial 
phlogopiie( nay he dominant. The discrete I RPS-hcartng veins slrimw 
siihstttimiial phlogopite and rattle with little i)rnt'nite_ and may well he caused 
h infiltration of more xmrltiile-rich melt or fluid A prmigrcssixe change in 
he infiltrating melt cmiiitpmmstti.iti front l'c- and li-rich )ilnieitite-proihitctng) 

i t, Ii-. K- and 11 ,0 rich (rmmiile and plilogoptte-prodticing( xsmniild accord 
aith that expected in nifihimion nietasotiiaiism, sshcrehs the elements 
renios ed earliest fitini the infiltrating fluid are those sxtiich are lutist capable 
of reaction Auh and ahsorplion by the host-rock minerals I Iloftuanti, 
19731. 

'I lie melt minctirstoit and titcidtl metasomatic features desc riheil for tIre 

Matsokim xenoliths show considerable analogies with those describe(] in 

mantle xenoliths from alkali hasalts (e.g. Wilshire ci it!., 19Xlt: Mcn,ies. 

191(1). Thus the Matsuku pyrosenite sheets may be compared with the Al-
augite or Type II pyrosenite (tykes of the alkali basalt association: the 

discrete IRI'.S-hearing veins with amphibole-, phlogopite- and apatite-rich 
veins: and the Matsoku rocks showing modal metasonratisirm with the 
peridoi i es from alkali his-al is showing development of amphihole and 
philmsgopite. (leanly there are differences in inch compositions and depths of 
frirrititioru between the lxxii associations: but, ax with the Mitsoku situtlion, 
the phenomena in alkah basalt xenoliths have been linked together in one 
cycle of mmiagmatic activity (Wilshire of al.. 191(0: Roden i'm al . 984: Men7ies 
it al , 191(6) In hi,tli sit nations lie iiieitsomtiic phenomena are consequent 
I ott her than  prectirsory - Roden it al., 984) to the development of melt, 

Amongst xenoliths from kirruberlite. similarities to the Matsoku mneitso-
marie phenomena are seer) in the pol nmmci xenoliths from Buhibonitein. South 
Africa. Although the host rocks show unusual features not precerti at 
Ma isok ii - Wya It an(] Lawless (19H4) describe the development within 
them of an ilnienite nmiiile philogopite sulphide spinel tssociarimrn which is 
titmmhiiied to the mmicursioim of a Ii- and K-rich melt. 

B. With-Rock Enrichment in (he Absence of Modal Melasciinatixm 

We are concerned here with changes in maior-. minor- and trace-eleirteiil 
compositions that appetn to have taken place in peridot ic adjacent to 
pvrmrxenite sheets even is-hen there is no petrographic evidence of hltnd 
mnhihiraitoir or inimidil mnciasomitisni, (ompleie Sections across -, intrusive' 
p)roxenite slteets anmmb their enclosing penidotite wall rocks, like that itltmstrated 
in Fig 2a, are fare amongst Matsiik u xenoliths. Ilmiwever, if number of 
xeitithrihms show I 2-cm-thick wall-rock peridottie attached to pan of 

psno semitic sheet, and its ri the case of Fig. 2a) the wall rocks usually tick 
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evidence of modal 	 and his-c tile typical textures and iitiides 

ol the coarse cottittirint lie riilirtttes I mis the sellrilitlisappeit petriigraphically 

iii show,  it sharp boundary to lie legion of melt uicriisioii al (lie contact 
between pyrosenitte sheet and coarse coitittioti peridotile Iriwever, the bulk 
and mineral chemical data for these peiiilittte wall rocks Sections III and 
IV) show that they are quite inilike tire nirrinal Mg-rich course ciininton 

peridotites By c-i,trtpririsoii is tilt the depleted Coittpiis(ttoiis oh the normal 

coarse eotnnton per idotites. the nail rock pet idotites are particulatly enriched 

or Fe and Ti, it ace elements (Il(and la). and have higher Al/lAl -f Cri ( r Since 
the wall-rock peridolite mineral eiiin(iosittons show close similarities to lose 
in tire pyrrixenite sheets, ii process of chemical exchange and tiiterictii)it 
between sheets and wall rocks is suggested Given ecu t lie lack iii cv ilcitce of 
melt infiltration or modal nictasoniatisitl tit the wall rocks coiicem neil. this 
chemical exchange may bell product ol dilhistiiui iiie(asomatisnt 1K iic,liinskit, 
19701. amid this possibility is examined tit none iletiil below It may be noted 
that tire hosi rocks to both modal iltei.isotmiitic /ones and iliscrcie I RI'S-
bearing veins show Petrographic until chemical leatnines (Sections III and (VI 
similar ii' those of the wall rocks under discussion. We shill iricu.s our 

discussion oil wall-rock periclirtttes whiete file sharp contact between coarse 
peridirtite and pyroxenite sheet suggests a clear boundary Ii, the extent of 
melt peniet rim tion 

file chemical interaction between periihiittte wall tuck and pyroxettite 
sheet triateritil (either molten on crysttllt,ed) ninsi have occttried .srriiretiiric 
between the intrusion of the pyroxeitile sheet itignin and the hee,ing iii 
ill the mineral compositions now preserved in lie rocks I lie (oritter might 

be at tentperaltires of 11110 141(1) ( if the nell was not rich m rirlatiles: 

geotlterntrrtnetry estimates the latter at about 11)1(0 ( - Ihirts lie clieititcal 
ins leading to the substantially similar ititticral compositions oh tire ivirisen-
ite streets and their wall rocks may have occurred ttiatttly at higher 
temperatures whilst the pyrirsetitte sheets contained melt, or nattily after 

melt crystahhiiattiin ill lower tertiperatures bitt rivet it potentially longer time 
period, the fact that mineral, and especially garnet. coiitpursrtrirnis tit the 
pyrrixenitte sheets themselves are markedly liiiitriigenons, whilst those in wilt 
rocks show hinting, suggests that there was restricted chemical intei action 
between the sheet and wall -i ri-k minerals alter melt ci ystahhinutriiii in the 
sheets Another argument tit lusirimi ii) it high teniper ill life for the clieriuueil 
alteration of wall-rock peridoirtes is that Cr in garnets shows sonic, albeit 
closely restricted. nirrihsility tlriritig file chietnicih eseliamige, Since Ur 

is preserved tit oiiliitary course rettilritites (kirs it ii!., 1)7) yteirlitig 
temperature estimates of aronlid (t)ll)t ( - (oil the basis ol their mineral 
chemisuryt, Cr call hare little nobility it such tetupetatures. (hi lie oilier 
humid, the tniihthtty of other elements ill reitipertttires down to 111110 C - is 
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suggested by (lie woli spread (about 1(1(X) '(') tent pert t iii e estimates rates gi s en 

by mineral clrentistry. 
The nature of tire frocess of Fe--Ti, etc., enrichment may now be taken 

up, and this raises the question of the transport mechanism responsible liii 
movement of tile chemical elements between pyroseni te sheets unit their wall 
rocks Wins the process largely one of diffusion of Stnrns through the silicate 
mi rena Is and -or their  train boundaries (with or wit bruit the presence of all 

essentially sti tic pore fluid) or was there actual body ntos'ettietit of it fluid 
itt the ricks. i.e., was the metasi'im-.mttsm of essctiht,illy diffusion ot 

infiltration type I  Kor,hinskij, 1970; Hofmann, 19721.' I ack of petrographic 
evidence for the occurrence of fluid or melt infiltration in generating tile 
ext cost vrt changes tit wall-rock bulk and mmcm 1-chenitcil compositions his 
,tlte,ril' hccn noted, In the following we note three other heatunes altic Ii are 
suggestive of in origin by diffusion mera'oitui ni sttr. 

I 	No time mineral phii.ve,i are /ririiteu/ urn the iuii// r,'k 	I (its is to be 
cxpecied tit the present case if dihl'usorn nie(isonriitistrt opc'rated since lie 

phases tit ctun-aeu at (he pyroxctiiie sheet will-rock interface would not be 

abscuititely ritr(ihle With one another, bum would he compatible (itoh largely 
the smote) pluses merely has-inig compositional ihthlerences. I) itiltltmattuiti 

metisisinia t sin 

 

carried material into the wall-rock peridot tie from (lie 
p rrrxenite street, their the lick of new phases places special constraints oil 
the composition of the infiltrating fluid. Thus any fluid flux cannot have 
inirinuhrred ivy elements in sufficient quantity that local equilih'irnun coitld 
not he tniatnitirtied by Processes of compositional change in existing solid 

phases. Given the occurrence oh' it mcli crystalhi,ing un/c a coinihniattoti ol 
olivine, pyroxenes and garnet, then its Penetration of lie will rocks would 

not he expected to precipitttc tiew phases. I lowever, given that the pvninxemtite 
sheet melt adjacent lo the will tricks often crystalli'ed IRIS  titnietals also. 

it seems likely' that such it melt would also precipitate IRPS minerals if it 

moved ink,  tire wilt rocks 

2. 	Diflunhuv nti'm s-rrunrittr inn an i' v/i/rutii the i/li i'i'tinrit of the iiiuni'i ri/i iiu'itiii'um/ 

n'h,unrr' r ru-i'pu rim the rio/I rot 'k.i - That is to sa y  that the changes semi tit will - 
reek mineral noun posit ions could he driven wholly by Chemical potential 
differences beta ecu the phases on either side of the pym oxcumi in sheet ci' ni .rc I - 

and this is it hisic feature ot' dill'usuunn mitetism,unatisimr lKrnr,luinskuu. 19701 
three types of mineral chemical evidence have heeit obtained I Secitoti IV) 

concerning the direction of the chemical changes occunruig ni (lie pertihintite 
sill rocks as .1 consequence of their proximity to pyrunsctitie sheet iniitertii 

I lie firs( corn" by comparing tire is--all rocks with their silt trig uuiiieriah. u e 
ruth the c'uraise conumniti pci idotute iii' Mg-rich c'outpirsitirrn tumid away 
bnrrrtr peroverirne sheets 'I lte seciuttil conies from cxi miii initi il file will 
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esperinsenlilly ileteriritited iIilItsioit &ieIIitieiii fir s iluiitie dilliititn ut 

appropriate initittils I tiivvcver. Precise ciiiltp;iitci(tts are dilli, iili hcviiiise 

appropriate ift)litsriin coellicietits are pitiirls cotisiritined, and we ire also 

tirlccrtain .i) the tertiperrlt iires'and little suite irivolveil. 

Tile vilost enierrsrve reievriiti dala are for Mg I-c iiuterdilfusuun UI oluvitie 
(Horning and Riuseck 1971; Misener, 974 	For order 01 mnugitiutuule 
cnilctutattoiis the retattuurt he(sveeri dill'uisuuiit coefficients I), time I unit tlistninu,'e 
I for greater tItan 98" O  equilibration across it sheet contact is gireri by Di = 
(I •5I) 	At possible ninugiluatic intrusion teuripetatures ui l.'00 14(1(1 C. 
log I) from the above data sets wuitid he estimated nit ahoui 	Ill eni2  s and 
in II)' years tltis would give ell ttilihinuitoil over a distance (I) of it hout 12 cmv 
Al the lowest possible teitipera I tires in live present Circumstances i,l' about 
10881 C an appropriate log I) is about 	2 ctn2 /snittd in Itt" years this 
would give an equilibration i)ist:uiite of 37cirr A choice of ll) years in the 

tatter estimate coincides wit hr the tough minimum I00Ma time in tervil I 

between pyroxenile sheet intrusion intl k iniherlite eruption indicated by 

K ramers (1979) (see also Introduction) 

In I he case of the Mat sok u seitolit hs. the greatest distance away front a 

pyroxenule sheet for which we have evidence if Mg I c eq ui i bra 11(111 in 

olivine is the 15cm thickness of wall tuck seen in I OM 88 (Figs !a and 14h, 

and Table V). Oh course. another pyrosetitre sheet ttnigltt have been present 

lust outside the volume preserved in Iris senolith, and so we can strictly 

only say that the mmnurnutru distance of Mg Fe equilibration i thotit 8 cttt. 

From the above rtrtrglt calculations this distance appears to he accessible I hr 

udisine Mg Fe voluttie iltll'uston over a range of the possible conditions 

1-tirthermurre, this rate of diffusion through olk ne. cirtipleil with the 

abundance of olivine in lie mains oh lie wall rocks, provides in elketive 

means iii Mg Fe transport to the oilier phases of (lie will rocks 

Wtth respect to the ihtilutstumn it) oilier cations and their inob:Itiy vvitltitu 
tither wall-rock phases. then, there is nitwit titicerinuni) in lie expenitrietitnil 

data Ii is. hoisevct, clear that Mg l-e uiihlusuoui in olivine is let ttively ltsi 

ll'reer. 1981 ) there are no dillusion data liii ii in any of lie appropriate 

silicates Clearly the ability of nit tie to act asa transport mcdtiirtt loi It 

will he severely impaired by lie very low antoonis uI ii in olti itte. vshicli 

must considerably reduce titus rate I Iloiutniruui and Ilirt. 1978. p. 50. l'erlttpv 

for ii grain houndaiy ulthluusitin is irtucli noire unpin taut i litir vi (utile 

dtftmtsttrn in determining the rate Of lii s I lutwever, prevent (ill isiiti ilium 

and unituttiolt rurttst cast severe ilouthi oil the possibility thtnut vIilliisiott alotte 

is capable of transporting all the Itecessary material for iurodil'yirig the will - 
rock courrposltiututs to tlustarum-c of ;if least II cttr see ihtve(. 

We are hits left with lilt itnsaiishmcrory situation whereby the wall-rock 

enrichment has natty lenuttires suggestive of ilihfusiurn ntetasitrnutmstn, bill 
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available ilihlutsiitu il it cure uuticeriu,itiy 	it  Its efficacy over file iltsiitices 
inilte-nireul. The -iluernitis c is to opt (or itiltltriutiturt rtietasuutrtitivtti. us lierchy 

lluuuh (penliups Inch irutin the pvrosertite shcelsf moves along the grain 

hiiuuitdurics and trmirsponis material to rite edges or each nruiierah grain; and 
lien volmunie tlutltistoit trtoves the eletrtents into the mineral grains 'I Ire fluid 

involved most he present in enireniel small qtiaumiities. given tIre preserved 
tenures of the course peruulomites Wall and Ituuhulretr (19811 might uhuirthi the 

putssthtlity of such peritteution by unit given the integrity of file present 

grain hotinulnmm ics, IIt,wever, McKcn,ies I 108ci uiiutni tin unnunvernent of picritic 

basalt melts stiggests that its little as I, melt titnul be mobile .Sitclt ut sntill 

L'unnu'entratumin might he impossibly to delettl alter freeiittg and rqtnlilrt aiiiuii 

wtiti tire trrmnernml phases pteseni. especially givett the occurrence of sonic 
tate-stage uerpertiuuii,nituoru in most per tdittite xenoliths 

1-roiti a general vtcwptirti it is interesting to compare Ire ohserv'nutriuits on 
gnrttet tuning ill lire Slnmtstikui will nicks intuit Mg Fe iiuterttill'ttsioui ulnmtnm lirr 

gainer. Rather different experimental res tilts are provided by I )ttck Wi mt It 

and I reer 11981, hg. 16, pyrope data) and Flphick ci o/ 119851. with 

respective vnilites iii lug I) tninihout 	I h.Scnr2jsand . 13 I cttr1  s at 14411 (', 
hi or 411 khnir Given unit Mg Fe-ionmmrg is only occasionally preserved in 

he M nit sok n mini rye in II- rock garnets. their radius (m) of a hmiutt It 25cm 
appeni t s lu he close ii  the man im mu distance of potentially cnrtirplehe 
ehlumilthrnitnuin itmuiler oil  cuntduiuonc operating. IJsiitg the apprositrrahe rehaliurur 
(ii --. in 63rl1, wilt log I) 	- I l.Scrn2 's and r=O.25crn, gives an eqtiilihrnu. 
non uuunte of ihuitti 4111 s'enurs whilst with logD = .._ 13.1 cm1/s lIre time is 
about 81100 years At teitipera(tires iii 118) 1300"C. the Freer and ouch-

ruth 1(9811 data Inill :nite equilibration times of 101  to 10a years, ushrilsi file 
I Iphick ut uI ((985) ii nh I.uiuinrus et uI. (1985) data suggest times of  Ill 4  ar)u 
Ill' seats More infirm mauimun oil  ilte time nuitul tetnpernmitunt' of pv-numcttiie 

sheet Inrninittomi is needed but the Duckworth and Freer ulnutnu suggest that 

Mg I -c eqiutlubrunton might be expected, whilst file Ftphick in fit ifuitnu provmihc 

more scope lor presers u ng the zoning cha mmdci Sires r uhsei veil 

C. Isolated 'Iract'-i'Icnuciri Enrichment 

The Mtisok it ricks ulescrubeul herein sliois I. R F F cnn iv Iirnueiir l,Secbiiun 11111; 
lugs 12 and It) lie suinprrsuiug liii is lImit. nullossing fur nuinmjou uniuudnul 
itniuutuuunms in v hitnuihls rosette and gnirnei, the RI:F patterns of concerti rnmlrtnn 

in imoiN netiumltubts ire rettmui kubly suntuinur I ruts no marked differences are 
iceti between uuuirnmiI Mg-rich c_unit-se Ireruiluitites. Fe- rich coarse pernluripues. 
p(nuusemiuie sheets. I 	ii critic-lied will rocks and host rocks. (list mete IRPS- 

hearing veins and rtiuubiIly uiietnisunuttnuti,eub perimfuitiles. turn lIre Mnuismmku 

li- 



214 	 5 (ARNIi rrI:KlI)rtrrrl  l'\(IFS M ThTI I XINOLITIIS 

scriolihs the R II- therefore appear to he of little viIiie as a petrogenctic 

indicator, and some consideration may he given to their simul;.r abundances 

in this varied suite of rocks In this discussion it is important to bear in 
mind that it has to he conducted in terms of hulk-rock composition data, 
since very little mineral trace-eleitient data is axaitable for Matsoku xenoliths 
at present, 

ftc I REF-enriched compositions of tile pyrosenhte sheets. IRI'S-beau tug 
veins, modal nleiasomrtt uc cones and I heir respective peridoti tic wall rocks 
and host rocks might at first sight he associated with the melt Incursion and 
modal net asoma t sin which tin ye been shown to has e occurred in i tiese 
xenolith types taking this viewpoint for the utlonletti, it is the presence oh 
I.RFF enrichment in the Mg-rich coarse common peridotutes I  l'orniiug the 
harkgrilttttd data in Figs 12 and 13) which is most surprising. These Mg-
rich peridotiles have depleted major minor element corn post t ions which are 

interpreted to he the result of the rocks being residua from a partial melting 
event (( iuurney i'm al.. 975) C learly such rocks would he expected to be 

depleted in 1. R FE. assuming that the peridotite, before nietting, had 
approximately chtond ri tic element a huu ida nces. 

Similar FR FE enrichment, siummiet mes accompanied by enrichment in K, 
Rh. Sr and Ba. has been shown in ninny ultra basic xenoliths of depleted 
major minor element composition (e.g. see references and discussion in 
Menetes, 983; Harte, 1983) and has been demonstrated in many crises 
to reflect REF concentrations within the clinopyroxeuue phase. Similar 
concentration of LR FE. in clinopyroxetre is indicated for tIre Mi isok u 
xenoliths by the correlation of I.E. FE abundances with the niurdat auruouunls 
of clunopyroxene (Section MR: Jigs 12 and Il)' and we ;issiuiite htuite that 
REF in Matsoku rocks are not significantly located in grmtlti h.uuurd:irics or 
associated with late-stage alteration. Oisen this assumption. the Mg-rich 
depleted peridotites provide little evidence of modal itretasmumutmutic or other 
phenomena which may have caused the I REF enrichment. Thin they appear 
to have been affected by an event which caused !.REE m'nriciinter t in isiu/atuuuuu 
front c/uunmgi'u ni major uuu,,ior elu'nur'iicc or petruugra,uhuu i'IiWi5 us. Dawson 
(1984) termed such enrichment i ''cryptic" meia su ruin I sill. 

let its now examine more closely lie situation in the Marsok I pyroseiuite 
sheets, nodal m,ietasommuatic rocks, etc., sytuucti thu siusuw esidcuice of ntett 
incursion and associated changes in Ic, Ii. At and Cr cuui.cenirmmuions 
Increases in the trace etc'ntents In and Ill are also clear)' associated 
with these melt intrusion inhihraiuon phenomena Section II By Bariunu 
concentrations may also be a flec'i ed, though the evidence is less ';lemi r. Figure 
IS gives a plot of the light rare earth element Ce against both Ta and Ba in 
the Matsoku xenoliths. Clearly, there is no correlation of Ce abundance 
with that of ta or Ba. Therefore the Matsoku data presently provide no 
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evidence to hmiuk their FR liI- abundances to the mcli incursion ci entv lot flung 
the pyrosen ite sheets and modal nietmm sormia tic cones, etc. 

Overall the Matsokut data suggest that the lRFF'enrichment eseiti is not 
mnl decoupled truunu file petrographic and major minor element character-

istics oh the Mg rich commotion peridotites, but is also unrelated to time Inch 
incursion eretits wJliclj rifled these peridotimes It appears rlrmit similar 
I RFF-rmhuuuuutmuiice cluar,icieristics have been unposed out all Mmitsuuk ui nicks 
irrespective oh their diverse petrologic histories. This further suggests that 
the I.RFF currirhinie it in the Maisoku rocks train late event, post-sitting 

VU 	40 	60 	60 	Ion 

Fig, tS_ [Sois of 'to aruut ha ;ugriuuusi ( eta, ptlnit, to utenirunsir;uie truck of crurret;uiuuuu, 
N'isse-c'o tREE crunccflurmumuuuns and those  (11 other trace ebenimnts in M;mtsrkiu hulk-
rock cuunupsusir ions t tim cc cr1 verne s ;utiies tta htcs t ;in,]  Itt have tucen oiuuut ted lrui 
ease rut presentation these are [MM 22 vein ita 16 8, Cc 7 St. I RM Si pyruuseuuite sheet Ta 1)7, Rn 661). t e 19.6l and I tIM 108 (Ba 1540, Ce 5.2). Symbols as in Fig I 
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processes formin)t I-c -rich coarse pet dot i Icc. psi oxcuite sheds. modal 

irretasoinaiisui. etc If we ,iic to link this ill-pervasive I RI-F enrieliiticili 

with any petrogtiphic or otlici iletiiili;thli: leaniri's in the Mitsiikii rocks. 

their it has either ii be with the kelspliuie associated events or wills events 

associated with lie build-tip at dept It and ccciii iial eruption of the kiiiiherliie 

mtgrtta (ascittrtitig thai the kclypliit ii 	'ictits ire not also ascociat'd with 

(rose leading to k ttnherlite ertipi iii 

In cisnsii(eritrg[lie I RVIT cnricliitieiii in oilier nt,uiile seitislitlic, inally 

workers (e.g. Frey and ( ireen. 11174:  Sluiiii,ii. 1975: I-rey and Prin.,. 1978: 

Riiden ii al., 1984: Men,icc ii at. 19851 have assoctitieil it principltily with 

tntsilttl ttieiasismaiism caused by the intiitiition of niell or fluids icriced 

from melt (Icaily such rneiasoniaiisnl can lose rice to eiirtchnteiii it LRI-,F 

mu oilier incirrripatihle elements he g Sr. K. Rb iiid Ba), Flowerer. si-noliufis 

with I R FF enrichment bitt lacking iii liii evidence iii nodal FildiasOiliitisifl 

are not rare. Roden ci al. (1984) and Men,ies ri id. (985) sug cci he 

possibility that tile evidence of net isout it cm has been rerrioved is such 

rocks by crihseq utent metamorphic reci cliii i ii sit. hut seem to reler it 

trtechantstn of enrichment without rimfol rtictasoirttitsnt involving it 

) 	11 ( ) find derived from a resiil nal mcli Men ,tes it (it. (1985.  Co. 6841 

particularly note the ability of (1), licit vapinrs to carry reiaiise)y high 

concettiratioris of I R F,F (Wendlitnuh( and I Iii rison. 1979) ss hilsi having low 

conrcenit rat ions of other elements (Schneider  a till I ggler. 19841 Itt sonic cases 

isotope cc uknce indicates a ili(fererti origin lot such ('0, Vapours than for 

the melts responsible ('or nitisilil tnetusirusttisui ( hvlen,ies it ii!. 19851. [lane 

(1981. V. 76) noted that RFF abundance data for a s-irieiy of xenoliths lristn 

kimberlite do rtot show a simple correlation with evidence of inodal 

flicitsOitia itsili. 

Piircelhi ii ill. (in press) have denriiusttateu( that lie in mantle xcnoltthis 

may show isotope ratios markedly tlevonpled Crom those of Sr; and the I he 

is believed to he cotmtaiueu( in 	'11 	ft-h fluid uncliicuutrs concentrated in 

cltnirpvroxene. lCitichIluid iucltrsiotis also coniuuned siguithicaut LRIF, ilteti 

a ifecouphinig is) I U II convent taiions lioiii I he ibuundotccs of titoci eteumieiutc 

might he achieved Au arginuent for file late- stage origin 111 [lie  Ile- )varing 

('02  richfluids no association witlt itiuguttatic ex'eiiis leading to caption 

might he made on the basis of the MO R13-like lisihettospheric) lIe .sotispe 

ratios 

In the case of the Maisoku rocks the linking of the apparent lit c-stage 

tREE enrichment ssiih (02 -rich (litids is only speculative ill present, 

Furthermore, it sitclr fluids were vapouis [hey would probably hice 10 he 

asiictitieiI with eruption, because at the pressure and temperature cor dihuons 

indicated by Mtitsoktt, periilotties pyrrisi'ttttes of 976 ( - and 35 kher. ('0, 

vapour would cause caihoti,ttioti (Wyllie. 978: ( )l;nisson and Fggler, 983). 

Vi 	SUMMARY At' 5 ('ON(l (SIt INS 	 717 

VI, ,SIM!'nlAR\ lulI) CONCluSIoNS 

,"reruiiuhs front lie Matsoku ktrtiherliie pipe reveal Ille presence wiiliini 

niarille garnet pci iil hites of pyrlixenite sheets Fhese pyioserntc sheets have 

the loriru if sninll igneous iniriisions. allholigh they do not has-c hulk 

uirnipostiuirnc corresponding to expected silicate liqtuilc itril ire of'tert 

niternihiy layered In addition to isrtlniipvroxene. clutopyroxene, girriet and 

irh'uie, the pyroxenuie streets e-tinirunt I RI'S muirer,il'. I ihunienite. mule. 

phiiigopi(e and sulphides) in inodal priipiiriiiinc front less tlttni 1"', lip to 

I tthen peniilistt(e xenoliths show variable tnusrunic of innirdil and textural 

alter,iliusri in 55 loch I RPS minerals develop in (lie pertifotites, sotmnetintes tn 

conjunction with changes in the tituitlil proportions ofirhis. itiu, onihtuspvriuxciie. 

clitii'ps russene and garnet '('his nisriltI ineticisnittictir nrvrilves the hitlk 

ailduiisin oCFe,Ti, Al, Cr, K, S. 7r, Nb. Ia. Ill and 11,1) 1,t ihe seouhrlues. 

ishilsi the silicate mineral chemistry slrsswc decrease in Mg 'I Mg I Fe) ittif 

increase in Ti and AI/(AI 6 ('r) I'etrigitpltir' 	tuf chemical ifiti suggest ihtat 

a I-c Ti-rich silicate nieil was tespoticihle lot the niodal nielisottliticiti 

iii Ihermore, the hulk-rock and ititticril chentical cliartu'tu'itshtcs itt tIle 

sinfully metasomati',ed peridohuiec are closely reliteul to tltirse if tile 

ps-roxenrte sheets. The ituuidah nietucotitittcnt in thte Matsiskni penrifisusti's is 

therefore associated with the i,ihili rill tott uI tnell cisnstnigruiteonc us tilt Illal 

sshttch give rise to the pyr oxertite slreuls Also of related otigin ire dicu-reie 

I RI'S-bearing veins vdticfi cut the peridirlites Vapour ilerisi'if Iritirt Iii' Inell  

during crysta(lieaiiot may have played a purl in tile phteitiritieriti seen, bill 

(list tngurshtng its effects from those of lie melt is uhilhicuuht 

I lie lea t tires associated with modal mel a ssstii;r irsnmi it M it 'irk n slur us. inalls 

uiuhogues to those involving Al-autgite or Type If pyroxenitle ifs kes ould 

artipluhohe- rich veins in perrdotite xenoliths Crom alkah hasalts he g Wilshire 

it al- 1980, Roden etal., 1984: Menzies it ii!, (986) I(iiis-eser, the Maisirku 

ccctitc iii ohve tncitrsuoni of different Inch csnriiposihuirtis tntd ill higher 

pressures than those seers in alkali basalt xenoliths [lie Matcrukii es-etsic nttts-

piereihe eruption (probably at about 911 Ma before presenu I l's (tuhl ,'Sti Ma 

K tntiers, 11)79) 

('liar cul pyrirxenite sheets may be lotitsd Willi sharp crutitiu'is agailusl 

lwouhiriufe which shitiws no cvtdcttce uI iitisihtl nueiacirimrauisiir I scsi' peruihuritte 

wall roi,'ks have the textural and rmiisdih ietturec sI cirirrintuunu pertilisiile 

setsohithis csluclt sluiss nit evidence of tile presence of py- nurxeiiiic sheds and 

which are chirticteni,eil by lie depleted trnajiir reinor elu'itr&'nnt crirnspirsitiiitts 

of mttitry irmantle neiusulitht 	Despite their similarity in nriiri(e ituif lestnire tim 

connmrirrti pt'rtdistites, the wall rift-ks to tIme pyruuncnntc sltu'eis shiurss. distinct 

Fr' and Ii eiirntitinru'uit, iogcthter svitli rnii-retseil All Al I ('i) in uiiutieiuls tisif 
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relatisely high fit, Ill. Zr and Nb 'the ittrti'ral chemistry of the wall rocks 

is in fact very similar to that (it their adjacent pvrosctiite shet-is [he 

metascim a tic nat it re of this enrichment is shown by (lie preservation of relicts 

oh the original depleted compositions ci) the wall-rock minerals in their 

garnets. which consistently shnw Increasing Al '( Al - Fr) front core to rim 

and comet imes increasing ii and decreasing Mg (Mg 6 Fe) In the absence 

of petrographic evidence of modal ntetasoiria I mStti in file Wall rocks it other 

signs of melt Infiltration fr,nttt the py roSenute sheets, the alteration il wall-

rock compositions has life appearance ill it ililfiisiiin metasomatisni ccciii 

d nc en by the chemical potential differences between pyrosen lie sheets (and 

their melt) arid the wall-rock per;dotrtcs The greatest thickness of will rock 

found in a senolith contairiiitg a pvroxeniie sheet is 15cm. and the etirichmetit 

in Fe and Ti and higher Al (Al I Cr) is )oiiitd across the whole of dii, scidili. 

Whilst ic Mg et1itrlrhraiion across this width, principally by volume di)lusi,irm 

in olivine. appeals possible from mailable ihi)hisiiin data, it seems unlikely 

that volminie diffusion would he adeitnate to account for the iii cessuiry 

transport of other elements such as 'Ii and Al. Consideration must t),ereliui 

he given to the possibility of Infiltration mctasoiriattsnt into these scull rocks 

from the pyroxeni te streets by very low tolunics of- inch or other Il tiho whose 

presence has not been detected petrogt aphtically, 

Hulk -rock chemical analyses show all Macok u xenoliths to ham L R FE 

enrichment. Allowing for modal variations, particularly with respect to 

cli nopyrosenc. this I. REF enrichment appears  to he similar in all Xenoliths 

irrespective of their petrologic history (e.g wircibter or not the peti(lotites 

have been affected hly modal merasomatisttt or contact with pm osenite 

slice is) 1 his uniformity in the I. REF enrichment therefore appears to be 

isolated from variations in other chemical teat un's and petrography, and, 

front this ccc point, FREE. concentrations itt the Macok u rocks are of very 

little caIne as a petrrrgenetic indicator. I he similarity in FREE enrichment 

across the diverse range of Matsoku sertolntlts suggests that it has been 

imposed oil the rocks. with little modification of other chemical character-

istics, at a late stage in their history 
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SR AND ND ISOTOPE AND REE DATA ON 
JAGERSFONTEIN AND MATSOKU KIMBERLITE 
XENOLITHS 
P.W.C. VAN CALSTEREN*, P.A. WINTERBURN, C.J. 
HAWKESWORTH & B. HARTE 
(Department of Earth Sciences, The Open University, Milton 
Keynes, UK) 

REE concentrations and Sr and Nd isotopes measured on 
clinopyroxene, garnet, ilmenite and phiogopite separates and 
whole rocks from ultramaJic xenoliths in Matsou (N. Lesotho 
and Jagersfoniein kiimberlites are similar but less enriched to 
those from more central locations on the Kaapvaal Archaean 
craton near Kimberley. Handpicked garnet and clinopyroxene 
separates from low T coarse peridotites and fertile Fe-Ti rich 
peridotites yield present day sr-9 to -O and CNd 0 to 7. 
There are marked difference5 n 	Sr/ Sr ratios between 
clinopyroxene and garnet with clinopyroxene slightly lower and 
garnet somewhat higher than the host icimberlite. On a present 
day CNd  versus £Sr diagram clinopyroxenes plot on the mantle 
fan and garnets are offset to the right. Data for clinopyroxene 
with positive ENd  and negative ESr  also occur in the Kimberley 
area but the range there is much larger and extends into the 
enriched nijadnrnt nf the diagram indicating older age, that havc 
not yet been found in the more marginal Matsoku and 
Jagersfontein pipes. The displacement of garnet puts it in the 
same field as metasomatic amphibole but based on textural 
evidence, the two are unrelated So far, there is no evidence for 
old enrichment events and even the amphibole bearing rocks from 

Nerntein have not developed high Rb/Sr (and hence 
Sr/' Sr) so characteristic of the richterite metasoniatic xenolith 

suite from Kimberley. Furthermore, the lack of an old age 
signature is in strong contrast to ultradepleted high-Cr garnets 
from Jagersfontern and N. Lesotho which yield Proterozoic 
1.1.4 Ga ages. 

This inferred juxtaposition of rocks with different age 
signature within different pipes suggest that the mantle beneath 
marginal crasonic areas is a complex melange of rocks of different 
ages. 



ABSTRACT 

Petrography and major element mineral compositions of peridotite 

nodules with high calculated temperatures of equilibration and of 

Cr-poor megacrysts, all from the Jagersfontein kimberlite pipe, 

lend support to models proposing a close association between these 

nodule types. The peridotites appear to have equilibrated at 

slightly lower temperatures on average than the megacrysts but at 

the same pressure (51+2 kbar) . The megacrysts show features unique 

to Jagersfontein emphasising the variability in the evolution of 

megacryst magmas at individual localities. The deformed nodules 

exhibit a relationship between equilibration temperature, degree of 

deformation and relative enrichment of Ti02, Na201  A1203  

and FeO, which it is suggested reflects proximity to the megacryst 

magma. 

}eywords: Cr-poor megacrysts, deformed peridotites, Jagersfontein 



INTRODUCTION 

Cr-poor rregacryst suites and high-temperature deformed 

peridotites from kiniberlites commonly yield overlapping temperature 

and pressure estimates and the possible relationships of these 

mineral and rock suites has been the subject of debate in 

evaluating the structure and composition of the upper mantle. The 

Cr-poor megacrysts are generally considered to be the product of 

magmatic crystallization and detailed studies for particular 

localities have supported the idea of a magmatic fractionation 

sequence formed at depth (e.g. Nixon & Boyd 1973; Eggler et 

al. 1979; Gurney et al. 1979). The peridotites yielding 

high-temperature estimates extensively overlapping those of 

megacrysts, are typically deformed ('sheared'), and although a wide 

range of compositions occurs, these peridotites are typically more 

fertile in basaltic components, particularly Fe and Ti, than the 

common coarse peridotites (e.g. Nixon & Boyd 1973; Danchin 1979; 

Harte 1983) 

The temperature and pressure estimates obtained from Cr-poor 

megacrysts and high-temperature deformed peridotites were noted by 

Boyd (1973) and Boyd and Nixon (1973a,b, 1975) to define the 

inflected (high dT/dP) limb of a perturbed xenolith geotherm in 

which the normal (relatively low dT/dP) limb was defined by coarse 

peridotites and was similar to geophysical estimates of shield 

geotherms. Boyd (1973) and Boyd and Nixon (1973a) suggested that 

deformation associated with plate movements caused both the 

deformation of the peridotites and shear heating, which resulted in 

the inflected geotherm. They also suggested that the megacrysts 

reside in crystal mush magmas dispersed over several tens of 



PTR.CRAPRY 

Per idotite Nodules 

Previous studies by Johnston (1973) and Harte and Gurney 

(1982) have shown that there is a bias towards harzburgite for 

coarse nodules and towards garnet lherzolite for deformed nodules 

at Jagersfontein with the deformed peridotites yielding higher 

equilibration temperatures. Harte and Gurney (1982) also note that 

the deformed nodules comprise approximately 15% of nodules >8cm in 

diameter and approximately 35% of the nodule population <8cm in 

diameter. The nodules analyzed in this study were mostly <8cm in 

diameter.  

Olivine and orthopyroxene are always the most abundant 

minerals in the high-temperature peridotites, with relatively small 

modal amounts of garnet and clinopyroxene. No primary phlogopite, 

amphibole or spinel is found in these nodules. Garnets typically 

show kelyphitic rims and are sometimes completely replaced by 

fine-grained kelyphitic intergrowths. Clinopyroxene crystals 

commonly show an altered marginal zone which has a pitted 

appearance and probably contains very fine-grained inclusions. 

The single coarse high-temperature peridotite is largely 

composed of mineral grains in the 2 to 5mm size range, with no 

neoblasts of any mineral. All other high-temperature peridotites 

are deformed and show both neoblasts and porphyroblasts; in the 

terminology of Harte (1977) they are porphyroclastic or 

mosaic-porphyroclastic, sometimes with laminar and fluidal 

structures. In these rocks, neoblasts of olivine are always 

present, neoblasts of orthopyroxene are commonly present, but 

clinopyroxene and garnet occur only as porphyroclasts. Even in the  

porphyroclasts, olivine is usually dominantly in the form of 



neoblasts rather than porphyroblasts, and mosaic-porphyrociastics 

(without or with <10% of porphyroclasts) form 67% of deformed 

peridotites (based on a count of 103 thin sections in three 

separate Jagersfontein collections). Orthopyroxene often occurs 

dominantly as porphyroclasts, but a large proportion of 

orthopyroxene neoblasts is seen in most of the 

mosaic-porphyroclastics. 

The olivine and pyroxene porphyroclasts show that prior to 

deformation the rocks were typically coarse with grain sizes above 

2nc. However, garnet porphyroclasts indicate a wide range of 

original grain sizes from 1.0 to 6.0mm, irrespective of the coarse 

original texture revealed by the other porphyroclasts. Garnet 

porphyroclasts are typically equant, irrespective of size, and 

appear to preserve original grain shapes and sizes closely. 

Clinopyroxene porphyroclasts also show relatively little 

distortion, but with respect to orthopyroxene considerable 

variations are seen. In some cases orthopyroxene porphyroclasts 

with minor fringes of orthopyroxene neoblasts have equant shapes 

and suggest relatively little strain. In other cases orthopyroxene 

porphyroclasts are highly distorted, and are accompanied by laminae 

or fluidal stripes of orthopyroxene neoblasts (commonly <0.1mm). 

Such "stripes of orthopyroxene neoblasts may have length to breath 

ratios in excess of 100:1. Laminae of orthopyroxene neoblasts may 

be both curving and roughly planar, while the fluidal stripes 

occasionally form planar parallel arrays. 

Olivine neoblasts show a range of sizes. Tablet shaped 

neoblasts, which Boullier and Nicolas (1975) and Mercier (1979) 

interpreted as products of annealing recrystallization after 



compositions, with some overlaps (Figs. 2 to 5) , but reasonably 

distinct boundaries on a Ca-Mg-Fe ternary diagram (Fig. 1). 

Selected representative analyses are given in Tables 2 and 3. 

Olivine 

Olivine in the high-temperature nodules has lø(Mg/Mg+Fe) 

(Mgt s), in the range 89-92, whereas the Cr-poor olivine megacrysts 

are more Fe-rich with Ng#s from 84-87. These compare with Mg#s 

of 91-93 observed in cold coarse peridotites from Jagersfontein 

(Harte 1983) 

No zoning was noted in the olivine porphyroclasts, and 

neoblast and porphyroclast compositions are indistinguishable. The 

range in CaO content (.05-.l0wt%) is essentially the same in both 

the porphyroclasts and megacrysts. A1203  and Ti02  are below 

detection limit in the porphyroclasts with Cr203  ranging up to 

.lOwt%, whereas Ti02  and Cr203  are below detection limit in 

the megacrysts and A1203  ranges up to .08wt%. The NiO content 

of the olivine porphyroclasts varies from .28-. 4øwt% and overlaps 

that of the megacrysts (.15-.35wt%) 

Or thopyroxene 

Orthopyroxenes in the high-temperature nodules have Mgt's of 

91-93 and løø(Ca/Ca+Mg) or (Can's) in the range 1.5-2.4, this 

compares with Cr-poor orthopyroxene megacrysts which have Mg's of 

83-89 and Cat's of 1.8-2.9. 

No zoning was noted in the orthopyroxene porphyroclasts and in 

most instances the porphyroclast and neoblast compositions are 

indistinguishable. However, some nodules show two chemically 



distinct groups of neoblasts; one group is compositionally 

indistinguishable from the porphyroclasts and the other is higher 

in A1203, CaO and Cr203  contents (Table 2) 

Both the orthopyroxene megacrysts and porphyroclasts in the 

lherzolites show a regular trend of decreasing A1203  with 

decreasing Ca#. However, the orthopyroxenes from the two deformed 

garnet harzburgites have lower A1203  contents and do not fit 

the trend for the other samples. (Fig.2). 

A trend of increasing Na20 (.13-.35 wt%) with increasing 

Ti02  (.04-.24 wt%) and A1203  (.5-1.1 wt%) was noted for the 

orthopyroxene porphyroclasts. While the orthopyroxene megacrysts 

display trends of decreasing Cr203  and CaO with decreasing Mg#. 

Garnet 

Garnets in the high-temperature nodules have Mg#s of 81-86 in 

comparison to Ng#s of 75-82 for the Cr-poor garnet megacrysts. 

The garnets in two deformed garnet harzburgites are enriched in 

cr203  and CaD and depleted in Ti02  in comparison with those 

from the garnet lherzolites. 

The porphyroclast garnet rims may be enriched in FeO, Ti02, 

and Na20, and depleted in Cr203  relative to the cores (Table 

2) (Fig.3). 

The garnet megacrysts display a broad trend of increasing 

Ti02  with decreasing Mgj (Fig.4), whilst Cr203  also decreases 

with Mg#. 



range in equilibration temperatures, using the empirical 

thermometer of Boyd & Nixon (1973b) , although the actual values are 

lower (1190-13400C). However this geothermometer is not 

considered to be as well calibrated as Lindsley and Dixon (1976) 

and the preferred temperature range for the megacrysts is therefore 

1297-14710C. 

Equilibration pressures were calculated for the 

high-temperature peridotites using the barometer of Nickel & Green 

(1985). All samples are essentially isobaric at 50 + 2 kbar. The 

Nickel & Green (1985) barometer was chosen because it takes the 

Cr 203  content of the orthopyroxene into account. Pressure 

estimates using the MacGregor (1974) barometer are of the order of 

10 kbar higher than those of Nickel & Green (1985), but are also 

essentially isobaric. 

Pressure calculations using the Nickel & Green (1985) 

barometer require mineral compositions for coexisting garnet and 

orthopyroxene. Only one garnet megacryst with coexisting 

orthopyroxene was found, giving a pressure estimate of 52+1Kb. 

DISCUSSION 

The temperature and pressure estimates for the 

high-temperature peridotites and megacrysts from Jagersfontein 

indicate the existence at the time of eruption of a wide range of 

temperatures in a very small depth range (Fig.6) . Thus the 

temperature estimates for the peridotites are in the range 1109 to 

13630C with pressures at 50±2kbar; whilst the megacrysts yield 

1297 to 14710C and a single direct pressure estimate of 52-flkbar. 

These data therefore indicate a close association of the high 



temperature peridotites and nleyacrysts, and consideab1e 

temperature gradients in a very restricted depth range. Clearly a 

thermal pertubation (or departure from a steady-state geotherm) is 

associated with the high-temperature peridotites and the 

megacr ysts. 

The mineral chemistries of the high-temperature peridotites 

and the megacrysts show a general continuity for most elements, 

with the megacrysts generally showing lower Mgs and Cat's than 

the high-temperature peridotites. As with many kirnberlite 

localities, the minerals of both the megacryst and high-temperature 

peridotite suites at Jagersfontein indicate compositions which are 

more fertile (more capable of yielding basaltic melt components 

such as Fe, Ti and Na) than those of common coarse peridotites, 

which are usually considered to be derived from the lithosphere 

(e.g. Boyd & Nixon 1975; Harte 1983). On the basis of similarities 

in chemical composition and pressure estimates Nixon and Boyd 

(1973) and Boyd and Nixon (1975) have argued for the close 

association at depth of discrete nodules (megacrysts) and sheared 

(deformed) peridotites, and this is clearly supported for the 

Jagersfontein suite by the data presented here. 

The Cr-poor megacryst suite from kimberlites are widely 

considered to represent the crystallization products of deep-seated 

magmas of probable asthenospheric origin (e.g. Nixon & Boyd 1973; 

Boyd & Nixon 1975), and these hypotheses are supported by detailed 

studies on megacrysts from the Monastery kimberlite (Gurney et 

al. 1979) and primitive basanitic trace element signatures for some 

megacrysts (Harte 1983). We accept these hypotheses, though the 

present data from Jagersfontein provides relatively little further 



temperature estimates of Ca. 14000C must have been quenched 

rapidly because of the presence of submicroscopic pigeonite 

exsolution and lack of optically visible exsolution structures. 

This implies that megacrysts must exist at a wide spectrum of 

temperatures (ca. 1100-14000C) at the time of eruption since the 

higher temperature ones cannot have cooled slowly at depth. 

Boyd and Nixon (1973a) had suggested dispersal of the 

siegacrysts in crystal-mush magmas over several tens of kilometres 

in a low-velocity zone. In order to account for more restricted 

depth estimates, Harte and Gurney (1981) proposed a much smaller 

magma-bearing region, but with interleaving of magma and host 

peridotite (high-temperature peridotite) in a temperature gradient, 

so that magma at various temperatures and in various states of 

fractionation was simultaneously present. 

Returning to the questions surrounding the origin of the 

microstructures of the high-temperature peridotites, it is clearly 

important to consider whether all the textural features in these 

rocks imply a short-term origin such as kimberlite-conduit 

formation (Mercier 1979). In the present case for Jagersfontein, 

our observations are limited to those of routine petrographic 

observation, but these observations show a wide diversity of 

microstructures, including the one coarse peridotite. The shapes 

of porphyroclasts and aggregates of neoblasts, particularly with 

respect to orthopyroxene, suggest extremely wide variations in 

strain. In some cases the outline shape of the original coarse 

grains is largely preserved, whilst other per idotites show 

laminated and fluidal structures. In addition the size of equant 

(syntectonic) olivine neoblasts and development of tablet 



(annealing) neoblasts is rather variable, whilst tablet neoblasts 

may occur both in olivine porphyroclasts and in a matrix of equant 

neoblasts. 

Given the above features, the lower temperatures of 

Jagersfontein deformed peridotites compared to some previously 

examined rocks, and the uncertainties in stress and Strain 

estimates (Green & Gueguen 1983), we do not think it appropriate to 

assign the whole of the deformation features of the 

high-temperature peridotites to eruption channel formation. Thus a 

diapiric hypothesis, as discussed in more detail by Green and 

Gueguen (1974, 1983), remains appropriate. Another, partly 

alternative but not mutually exclusive, model is that of magmatic 

aureole development (Ehrenberg 1979, 1982; Gurney & Harte 1980; 

Harte & Gurney 1981), whereby the deformation may be attributed to 

a combination of buoyancy forces, pressure gradients and thermal 

expansion, in the high-temperature environs of a megacryst magma 

body. The diapiric and magmatic aureole hypotheses may act in 

concert (Harte 1983) , and both allow scope for a range of 

microstructures. 

In terms of the T-P characteristics of both megacrysts and 

high-temperature peridotites it is evident that a diapiric or 

thermal aureole or some combination of these hypotheses may yield a 

wide range of temperatures in a limited depth interval. Both 

convective and shear heating may be involved (Green & Gueguen 

1983) 

We now turn to consider the chemical characteristics of the 

high-temperature peridotites. In the models of Boyd and Nixon 

(1973a, 1975) and Green and Gueguen (1974) the less-depleted major 



be expected to increase towards the centre of the megacryst magma 

body. 

Evidence of changing chemical composition, with Fe-Ti 

enrichment, in the course of evolution of high-temperature 

peridotites has recently been demonstrated for the Thumb locality 

in the Colorado plateau (Smith & Ehrenberg 1984) and various 

southern African localities (Smith & Boyd 1986). Thus evidence for 

metasomatic effects is growing, though it remains difficult to 

assess whether the original peridotite, prior to deformation and 

metasoniatism was part of the asthenosphere or lithosphere. Such 

assessment, and evaluation of the relative roles of diffusion and 

infiltration metasomatic processes, will require detailed studies 

of trace element and isotope compositional variations within single 

xenoliths. 
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high-temperature nodules it was noted that these temperatures are 

essentially equivalent to those obtained using coexisting 

orthopyroxene and clinopyroxene compositions in the Bertrand & 

Mercier (1986) thermometer. The deformed garnet lherzolite nodules 

yield calculated equilibration temperatures (Lindsley & Dixon, 

1976, 20 kbar) in the range 1109 to 13630C. There is an apparent 

correlation between temperature of equilibration and texture, in 

that the nodules at the low temperature end of this range are 

porphyroclastic whereas those at higher temperatures are 

mosaic-porphyroclastic. The clinopyroxene inclusion in the zoned 

garnet porphyroclast yields an equilibration temperature (11930c) 

which is 801C lower than that of the clinopyroxene porphyroclasts 

in the same nodule. The coarse nodule, 3117, yields an 

equilibration temperature of 1324°C, which is close to the 

highest equilibration temperatures for, the deformed nodules. 

In order to determine the relative equilibration temperatures 

of the deformed garnet harzburgite nodules, temperatures were also 

calculated for all nodules using the O'Neill & Wood (1979) 

thermometer (assuming P=50 kbar). The deformed garnet harzburgites 

yield calculated temperatures which plot at the low-temperature end 

of the range shown by the deformed garnet lherzolites. 

Temperature estimates for the discrete subcalcic clinopyroxene 

megacrysts, using the thermometer of Lindsley & Dixon (1976, 

20kbar) , are in the range 1297 to 14710C. Subcalcic 

clinopyroxene megacrysts with garnet inclusions have temperatures 

in the range 1316 to 14710C, and garnet megacrysts with 

clinopyroxene inclusions have temperatures in the range 1297 to 

14130C. Orthopyroxene megacrysts yield an approximately 1500C 



evidence on this point. The increase in Ti02, Na20 and 

A1203  with Ca1( (and therefore decreasing temperature) in 

clinopyroxene megacrysts from Jagersfontein might be interpreted to 

be a consequence of magmatic fractionation, but on the other hand 

Mg(s show little systematic variation with Cat's in clinopyroxene 

megacr ysts. 

In southern Africa megacryst minerals are almost always 

present in Group I kimberlites both on and off the Kaapvaal craton 

whilst they are generally absent or very rare in Group II rocks 

(Smith 1983) with the exception of Dokolwayo (Daniels & Gurney 

1987) and Crown/Lace (D. Bell pers. comm.). 

In addition to this distinction there may be an individuality 

to the megacryst suite found at any particular locality which has 

generally not been described in sufficient detail to be broadly 

recognised. 

The full list of Cr-poor megacryst suite minerals includes 

garnet, clinopyroxene, orthopyroxene, olivine, ilmenite, phlogopite 

and zircon. Ilmeriite-silicate intergrowths are common at some 

localities (e.g. Monastery) but both these and other components of 

the suite may be scarce or even apparently completely absent at 

others. Olivine is often rare and whilst at Monastery it is (with 

ilmenite) one of the two most abundant components it is not always 

considered a megacryst phase. Whilst there are alternative 

supporting arguments the numerous described examples of olivine 

coexisting with other minerals of megacrystic composition (Jakob 

1977; Robey 1981; Moore 1987) is sufficiently strong evidence for 

us to consider olivine to be a megacryst phase in this study. The 

virtual absence of ilmenite, the scarcity of olivine and the 



restricted range in composition of the silicate phases at 

Jagersfontein provides a marked contrast to the Monastery Mine and 

illustrates the differences in the megacryst suites and hence the 

variability in the evolution of megacryst magmas from locality to 

locality. 

The close association at depth of megacrysts and 

high-temperature peridotites and the presumed magmatic origin of 

the megacrysts provides a common background to hypothesis for their 

origin noted in the introduction to this paper. Discussion has 

essentially focussed on three main aspects of the nature of the 

high-temperature peridotites: (a) their distinctive deformation 

textures; (b) their wide range of relatively high temperature 

estimates which are accompanied by limited variations in pressure 

estimates (the inflected geotherm problem) ; and (c) their 

relatively fertile and more primitive chemical compositions (by 

comparison with common coarse peridotites).  

Aspects of both the peridotite textures and the megacrysts 

have been noted to suggest rapid quenching. Mercier (1979) was 

particularly concerned with the origin of the peridotite 

deformation textures, and on the basis of stress and strain rate 

estimates and the survival of porphyroclasts (palaeoblasts) in some 

rocks interpreted the textures as being associated with formation 

of the kimberlite eruption channel, since they could only have 

formed within a few hours of eruption. Goetze (1975) also proposed 

formation and quenching over a very short time interval because of 

the abundance of dislocation structures. 

In parallel to these observations, McCallister and Nord 

(1981), suggested that sub-calcic clinopyroxene megacrysts yielding 



element chemistry of the high-temperature deformed peridotites, by 

comparison with the low-temperature coarse peridotites, may be 

attributed to their derivation from the asthenosphere rather than 

the lithosphere. Such an origin is supported by primitive 

(chondritic) BEE patterns (Shimizu 1975), and by Nd and Sr isotope 

ratios which fall in the MORB-OIB field (Richardson et al. 1985). 

However, involvement of lithosphere is obviously not excluded by 

the depth estimates of the high-temperature peridotites at 

Jagersfontein and other localities. In the case of the 

Colorado-Wyoming kimberlites it is notable that high-temperature 

deformed as well as coarse peridotites have depleted compositions 

and that this fact, coupled with the occurrence of Cr-rich as well 

as Cr-poor megacrysts, suggests that lithosphere formed the margins 

of, or was entrained in, any diapir (Eggler et al. 1979). 

In the case of high-temperature and deformed peridotites from 

other localities some features of major-minor element chemistry 

have prompted suggestions that the rocks may not have either 

primitive compositions, or compositions which are the product of 

simple crystal-liquid magmatic fractionation processes. Thus Boyd 

(1975) and Ehrenberg (1979, 1982) respectively inferred Ti and Fe + 

Ti metasomatism in high-temperature peridotites because of 

unexpected compositional variations between xenoliths with respect 

to some or all of the elements: Fe, Ti, Cr, Al and Ca. In general 

the most consistent feature of major-minor element geochemistry in 

the high-temperature deformed peridotites is their richness in Fe 

and Ti relative to low-temperature coarse peridotites, and even the 

magnitude of this enrichment shows wide variations (Harte 1983). 



The above compositional features, coupled with observations of 

Fe-Ti metasomatisni in mantle peridotite adjacent to minor 

intrusions (e.g. Wilshire & Shervais 1975; Irving 1980), led 

Ehrenberg (1979, 1982) and Gurney and Harte (1980) to suggest a 

metasomatic origin for the Fe-Ti enrichment seen in 

high-temperature and deformed peridotites. Given the close 

association of high-temperature peridotites and megacrysts, these 

authors suggested that the rnegacryst magma was the source of the 

material entering the peridotites. 

Three features of the Jagersfontein data presented here 

support the idea of metasoniatism causing enrichment in Fe-Ti and 

perhaps other elements in the high-temperature peridotites:- 

Garnet porphyroclasts have rims enriched in Fe, Ti and Na, 

and depleted in Cr relative to their cores. 

A clinopyroxene inclusion in a zoned garnet shows lower Fe, 

Ti and Na, and higher Ca than clinopyroxene porphyroclasts in the 

same nodule. 

The xenoliths as a whole show a correlation between degree 

of enrichment and estimated temperatures, most particularly seen 

as an increase in Fe, Ti, Na and Al with decreasing Ca# 

(increasing temperature) in clinopyroxenes. 

In addition to the coupling of variables noted under (3) 

above, the Jagersfontein data show a further link to textural 

variations, with lower-temperature deformed peridotites being 

mostly porphyroclastic and higher-temperature deformed peridotites 

usually being mosaic-porphyroclastic. Such features clearly 

support a magma aureole model, in that temperature, degree of 

enrichment and degree of deformation and recrystallization may all 
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FIGURE LEGENDS 

FIGURE 1 

Ca-Mg-Fe ternary diagram showing garnet, clinopyroxene, 

orthopyroxene and olivine from the Cr-poor megacryst suite (open 

symbols) and high-temperature nodules (filled symbols) at 

Jagersfontein.  

P1203  wt% versus 101(Ca/Ca+Mg) for orthopyroxene megacrysts 

(open symbols) and orthopyroxene porphyroclasts in the 

high-temperature nodules (closed symbols and stars) from 

Jagersfontein. 

FIGURE 3 

Na20 wt% versus Ti02  wt% in garnet porphyroclasts. Zonation is 

illustrated by core and rim compositions from single garnets which 

are joined by broken lines. 

FIGURE 4 

Ti02  wt% versus løø(Ng/Mg+Fe) for garnet megacrysts (open 

symbols) and garnet porphyroclasts in the high-temperature nodules 

(filled symbols) from Jagersfontein. 

FIGURE 5 

Ti02  wt% versus lø(Ca/Ca+Mg) in subcalcic clinopyroxene 

megacrysts (open symbols) and clinopyroxene porphyroclasts in the 

high-temperature nodules (filled symbols) from Jagersfontein. 

Temperatures and pressures of equilibration of high-temperature 

garnet lherzolite nodules (open symbols) calculated using the 



Sample Description 
No. 

5 3311 	35 

6 3311 	10 

7 3311 10 Neoblast 

8 331113 

ple 	Description 
o. 

3311 35 

JJH 10 

3311 13 

JJG 1713 

TABLE 2 

heresentøtive peridotite Mineral Ana1X.eA 

1 2 3 4 5 6 7 8 

CLV CLV CLV CLV OPX OPX OPX OPX 

40.7 40.0 40.2 41.0 57.9 57.1 57.3 56.6 

ND NC ND 0.05 NEI 0.20 0.22 0.23 

03 ND ND 0.04 ND 0.70 0.97 1.04 0.97 

03 ND 0.05 0.04 0.07 0.31 0.24 0.25 0.26 

8.55 9.26 9.96 7.86 5.08 5.56 5.92 5.93 

0.12 0.12 0.10 0.11 0.13 0.12 0.11 0.14 

49.5 49.4 48.9 49.5 35.1 34.0 33.8 33.8 

0.07 0.10 0.07 0.05 0,87 1.01 1.26 0.98 

00 - - - - 0.07 0.27 9.28 0.28 

- - - - ND ND ND ND 

9.30 0.34 0.36 0.41 - - - - 

:al 99.24 99.27 99.67 99.05 190.16 99.47 100.18 99.19 

NOT DETECTED; - 	NOT DETERMINED 



TABLE 2 CONTINUED 

Representative peridotite Mineral Analyses  

1 2 3 4 5 6 7 8 

OPX OPX GAP GAP GAP GAP GAP GAP 

Si02 58.0 57.4 40.9 41.9 42.0 41.2 42.6 42.6 

Ti02 6.19 6.23 9.16 0.67 0.53 0.12 6.55 6.34 

A1203 1.13 1.25 19.2 20.2 26.7 26.4 26.2 26.8 

Cr203 6.37 6.36 6.27 4.21 3.59 3.73 3.90 3.89 

FeO 4.81 4.95 6.94 6.59 7.78 7.76 6.32 6.58 

MnO 0.10 ND 0.30 0.25 6.31 0.25 6.27 0.27 

MgO 34.2 34.4 19.5 21.6 20.7 20.5 21.1 20.1 

CaO 1.08 1.13 6.10 4.71 4.69 5.20 4.76 4.73 

Ne20 0.32 0.29 ND 9.08 6.08 0.95 9.16 0.05 

20 ND ND - - - - - - 

Total 166.20 100.01 99.31 100.21 160.38 99.21 99.14 99.36 

ND 	NOT DETECTED; - 	NOT DETERMINED 

Sample Description Sample 	Description 
No. No. 

1 JJG 1713 5 JJH 13 Rim 

2 JJG 1713 Neoblast 6 JJH 13 Core 

3 33H 35 7 33G 1713 Rim 

4 JJH 16 8 JJG 1713 Core 



TABLE 3 CONTINUED 

Representative Ne9bcry&t Mineral Analyses 

9 10 11 12 13 14 15 16 

CAR CAR CAR CAR CPX CPX COX CPX 

41.7 41.8 41.9 42.1 55.5 55.6 55.6 55.3 

9.94 0.74 0.82 0.58 0.26 0.32 0.33 0.45 

21.9 22.1 22.3 21.9 3.54 2.60 3.38 3.17 

9.44 0.58 9.29 1.00 0.55 9.33 9.28 9.22 

11.5 10.2 8.90 8.06 5.03 5.78 5.89 5.71 

9.31 0.26 0.22 0.24 0.12 0.13 0.99 0.16 

19.2 19.7 21.0 21.4 21.0 20.9 18.6 17.9 

4.16 4.25 3.96 4.11 11.7 13.7 14.0 15.3 

0.12 0.12 0.09 0.11 2.36 1.45 2.18 2.20 

- - - - ND ND ND 0.03 

rotal 100.27 99.77 99.48 99.52 190.06 100.81 100.55 190.44 

MD a NOT DETECTED; - • NOT DETERMINED 

Sample Description Sample Description 
No. No. 

9 .3311 	B70 13 3311 A79 

10 .3311 B25 14 3311 A65 

11 .3311 A78 15 3311 A69 

12 3311 B35 16 3311 B78 
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TABLE 3 

Representative se9scryt Nineral Analyses 

1 2 3 4 5 6 7 8 

OLV CLV CLV CLV OPX OPX OPX OPX 

0102 39.7 39.8 39.9 40.1 56.2 56.4 57.0 57.1 

Ti02  ND ND ND ND 4.15 0.25 4.24 0.22 

A1203  0.03 0.04 0.06 0.04 4.79 0.97 1.03 1.14 

Cr203  ND ND ND 0.05 ND ND ND 0.19 

FeO 14.7 13.9 13.2 11.8 11.9 9.39 8.71 7.65 

MriO 0.14 9.14 0.08 0.13 0.18 0.98 9.17 0.12 

MgO 44.6 45.6 46.8 47.3 30.9 31.7 32.3 32.9 

CaD 9.94 9.06 9.99 9.08 0.78 1.92 1.06 1.27 

20  - - - - 0.19 0.32 0.27 4.33 

1(20 - - - - ND ND ND ND 

Total 99.21 99.54 109.13 99.59 100.19 100.04 100.78 100.79 

ND • NOT DETECTED; - • NOT DETERMINED 

Sam ple Description Sample Description 
NO. No. 

1 .738 D5 5 338 C29 

2 338 D21 6 338 CS 

3 338 Dl 7 338 C19 

4 3.18 B35 8 338 C16 



TABLE 2 CONTINUED 

presentative periOotite Mineral Analyses 

1 2 3 4 5 6 

cpx cpx cpx cpx Cpx cpx 

Si02 55.0 54.9 54.6 53.9 54.1 55.4 

Ti02 ND 0.16 9.42 0.43 9.48 9.41 

A1203 1.93 9.74 2.48 1.62 2.73 3.07 

Cr203 9.96 9.95 0.94 9.88 1.92 1.42 

FeO 2.70 2.31 3.62 3.59 3.98 3.29 

MnO 0.11 ND 8.10 0.14 9.12 0.19 

MgO 18.8 17.3 18.7 19.4 18.5 18.5 

CaO 20.5 23.8 16.7 18.6 16.0 14.9 

Na20 9.68 0.45 1.96 0.95 2.16 2.23 

20 9.05 ND ND ND ND ND 

Total 99.83 99.71 99.52 99.51 99.39 99.32 

ND • NOT DETECTED 

Sample Description Sample Description 

No. No. 

1 JJH 35 4 JJH 10 Border 

2 JJH 35 Border 5 33H 13 

3 JJH 19 6 JJG 1713 



TABLE 1 

TEXTURES AND TEMPERATURES OF THE PERIDOTITE NODULES 

SAMPLE NO. TEXTURE TEMPERATURE 

3311 1 PORPHYROCLASTIC 1116 
3311 2 FLUIDAL MOSAIC 1242 
3311 3 MOSAIC 1270 
3311 4 FLUIDAL MOSAIC 1270 
3311 6 PORPHYROCLASTIC 1100 	(Ol79) 
3311 7 FLUIDAL MOSAIC 1337 
3311 8 MOSAIC 1257 
3311 9' PORPHYROCLASTIC 1165 	(0W79) 
3311 10 FLUIDAL MOSAIC 1265 
3311 11 MOSAIC 1304 
3311 12 MOSAIC 1329 
3311 13 MOSAIC 1282 
3311 14 PORPHYROCLASTIC 1164 
3311 15 MOSAIC 1298 
3311 17 PORPHYROCLASTIC 1169 
3311 18 FLUIDAL MOSAIC 1275 
3311 19* MOSAIC 1200 	(O%79) 
3311 20 FLUIDAL MOSAIC 1245 
3311 26 MOSAIC 1217 
3311 28 PORPHYROCLASTIC 1165 
3311 29* FLUIDAL MOSAIC 1127 	(0W79) 
3311 30 PORPHYROCLASTIC 1296 
3311 31 MOSAIC 1363 
3311 32 MOSAIC 1242 
3311 33 MOSAIC 1124 
3311 34 LAMINAR MOSAIC 1273 
3311 35 PORPHYROCLASTIC 1109 
3311 36 MOSAIC 1270 
3311 37 MOSAIC 1272 
3311 38 MOSAIC 1252 
33G 1710 FLUIDAL MOSAIC 1235 
33G 1713 FLUIDAL MOSAIC 1325 
JJG 1729 PORPHYROCLASTIC 1214 
JJG 1753 MOSAIC 1285 
JJG 1798 MOSAIC 1271 
3 117 COARSE 1324 

GARNET BARZBURGITE 
ALL OTHER SAMPLES ARE GARNET LHERZOLITES 

MOSAIC • MOSAIC PORPHYROCLASTIC 
FLUIDAL MOSAIC FLUIDAL MOSAIC PORPHYROCLASTIC 
LAMINAR MOSAIC = LAMINAR MOSAIC PORPHYROCLASTIC 

TEMPERATURES ARE CALCULATED USING LINDSLEY & DIXON (1976, 20 kbar) 
EXCEPT FOR GARNET HARZBURG1TES WHERE THEY ARE CALCULATED USING 
O'NEILL & WOOD (1979). 



Liridsley & Dixon (1976) thermometer and the Nickel & Green (1985) 

barometer. The closed symbol indicates the clinopyroxene inclusion 

in JJH 34 and the star indicates the high-temperature coarse 

nodule. Arrows indicate the range of temperature for the 

clinopyroxene and orthopyroxene megacrysts and the bar indicates 

the pressure range of the orthopyroxene megacrysts. The dashed 

lines indicate the Clark & Ringwood (1964) shield geotherm and the 

Kennedy & Kennedy (1976) diamond-graphite curve. 




