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ABSTRACT 

The xenolith suite from the Bultfqntein Mine, Kimberley, 

South Africa, comprises lherzolites, harzburgites, and wehrlites 

with and without garnet; garnet olivine websterites and polymict 

peridotites. Many of the peridotites contain phlogopite and/or 

potassic-richterite which are interpreted as metasomatic minerals 

together with ilmenite, rutile, sulphides, and rare zircon. 

The variations in texture, mineral chemistry, equiiibration con-

ditions and bulk chemistry are described~ 

assemblages have been found. 

No diamond-bearing 

The textures vary from coarse to porphyroclastic and to 

fluidal mosaic and laminated and qisrupted. 

xenoliths have textures which may vary over distances of centi-

metres in individual specimens. The range of textures is 

greater than that reported for the xenoliths from Thaba Putsoa 

and Matsoku kimberlite pipes of northern Lesotho. 

There is no clear correlation between texture, mineral 

chemistry, or bulk chemistry in the Bultfontein xenoliths. 

Temperatures and pressures of equilibration have been 

calculated using three different geothermometers and three 

geobarometers, and the uncertainties involved in their applic

ation have been discussed. 

Some of the deformed xenoliths appear to have equilibrated 

at marginally higher temperatures and pressures than the unde-

formed xenoliths. The four-phase garnet lherzolites do not 

define a "perturbed geotherm 11 similar to that found in several 

other kimberlite localities in southern Africa and elsewhere. 
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Four hitherto undescribed xenoliths, the polymict peridot

ites, are made up of olivine, garnet, orthopyroxene, clinopyroxene, 

ilmenite, phlogopite, rutile and sulphide phases of widely vary

ing composition have been found in the xenolith suite 

at Bultfontein. The range of mineral chemistry of the silicate 

minerals and presence of metasomatic minerals and a wide variety 

of diverse mantle rocks in these disequilibrium assemblages 

suggests that they represent remnant conduit filling in the 

mantle left on termination of a phase of magmatic activity. 

The Bultfontein peridotitic suite has some similarities 

with the nodule suite at Matsoku but little with the Thaba 

Putsoa suite. 

The textures in the less deformed Bultfontein xenoliths 

are considered to represent the effects of upper mantle creep 

rather than processes associated with the envelope surrounding 

the kimberlitic diapir. The most deformed textures and the 

changes of texture over centimetre scale distances are regarded 

as being due to the Kimberlitic envelope. 

The coarse garnet peridotites are not as depleted in Ca, 

Al, Ti, Cr, Na and Fe as their equivalents at Thaba Putsoa. 

Some garnet olivine websterites are more enriched in basaltic 

components· than PHN1611 which is widely believed to represent 

a "fertile mantle" composi.tion. The common peridotites at 

Bultfontein are not equivalent to "fertile mantle" compositions 

and are considered to be "depleted mantle" with respect to their 

major and trace element abundances. 

No rocks likely to represent liquid compositions have been 

found in the Bultfontein xenoliths. The garnet olivine websterites 



could be interpreted as being "primary mantle" or cumulates. 

The latter is preferred. 

The peridotitic xenolith suite from Bultfontein has its 

own unique features and is not identical to any of the xenolith 

suites studied from northern Lesotho or· elsewhere. 
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I INTRODUCTION 

Clues to the nature of the upper mantle and mantle processes 

have been provided by the ultramafic xenoliths carried up to the 

earth's surface by magmas, principally of alkali basaltic and 

kimberlitic type. These xenoliths may be regarded as belonging 

within five general categories: peridotites and dunites; garnet-

pyroxenites; eclogites and grospydites; megacrysts (discrete 

nodules} and amphibole-bearing and mica-rich types (Harte, 1978). 

During the past two decades considerable interest has been 

focussed on the peridotitic xenolith suites from the kimberlites 

of Northern Lesotho, particularly Thaba Putsoa (Nixon et al., 

1963; Boyd and Nixon, 1970; 1972; 1973a; 1973b; 1975; Boyd, 

1973a;Nixon and Boyd, 197Ja; 1973b; 1973c.) and Matsoku (Cox, 

Gurney and Harte, 1973; Gurney, Cox and Harte, 1973; Harte, Cox 

and Gurney, 1973; Harte, Cox and Gurney, 1975; Harte and Gurney, 

1975; Harte, Gurney and Cox, 1977.) These studies have shown 

that the xenoliths exhibit a wide range of mineral and bulk 

chemistry; textures and modal variations. The Thaba Putsoa 

xenoliths show a correlation between the textures of the garnet 

lherzolites, the_chemistry of their component minerals and their 

estimated temperatures and pressures of equilibration. At 

Matsoku, however,. this 'correlation has not been observed. This 

study has been undertaken in an attempt to elucidate further 

some of the problems posed by these differing characteristics by 

comparison of another xenolith suite from a different kimberlite 

province with those from Northern Lesotho. 

The xenolith suite from the Bultfontein Kimberlite pipe 

near Kimberley, South Africa was chosen beca·use it was made up 
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of nodule types which were known to have considerable modal and 

textural variation~~ (Wagner, 1914; Williams 1932; Berg, 1973 

and personal observation). In addition a large number of rocks 

were readily available and, hence could be examined rapidly to 

ensure that as complete a range as possible of textural 

variations had been sampled. 

The Bultfontein pipe is one of a group of some fifteen 

kimberlites within an eight kilometre radius around the city of 

Kimberley in South Africa's, Cape Province. The pipe is 

situated 3,5 kilometres south-east of Kimberley, latitude 28° 46 1 

South, longitude 28° 48 1 East (Figure 1) and has been mined for 

diamonds since 1870. Bultfontein is the largest kimberlite pipe 

in Kimberley and the second largest in South Africa. At surface, 

the pipe is pear shaped covering an area of 24,8 hectares 

(61,5 acres) and its position relative to the other major 

kimberlite occurrences is shown in Figure 2• During the first 

thirty years of mining operations Bultfontein yielded an average 

grade of 34 carats of diamonds per hundred loads (Williams, 1932). 

The yield in 1969 was 34 carats per hundred metric tonnes. 
- ..... :. ,_-· -· ... 

Before modern mining and recovery procedures were imple-

mented the mined kimberlite was left in the open t~:~breakdown 

under natural weathering conditions on what were termed "floors". 

·' 
The :xenoliths of crustal and mantle rocks did not decompose and 

were removed prior to the crushing of the kimberlite and thus a 

large collection of nodules were avai'labie for examination at 

what is now known as the "Bultfontein Dumps"~ One of· these 

dumps covers an area of approximately 1 kilometre by 0,5 

2 



kilometres and is 50 metres high in places. 

This study is part of a collaborative project to determine 

the petrology and petro-chemistry of the Bultfontein peridotitic 

xenolith suite, with the following specific aims:-

(i) To sample the complete range of textural varieties 

within the peridotite xenolith suite. 

(ii) To determine the mineral compositions of the many 

different rock types within modal and textural groups. 

(iii) To determine whether the groups were chemically 

distinct. 

(iv) To determine the correlation, if any, between texture, 

rock type and mineral chemistry within textural 

groups and to compare the results with those from the 

Northern Lesotho xenolith suites. 

(v) To determine, if possible, whether recrystal'lisation 

and deformational features show marked chemical 

variations from original compositions within one rock 

or from rock to rock. 

(vi) To ascertain whether rocks similar to the lron-rich 

websterites and the primary metasomatic xen~llths found 

at Matsoku were present at Bultfontein and if so to 

determine their mineral compositions. 

(vii) To determin•e the bulk chemistry of the xenoliths. · 

(viii) To examine the petrological features of the Bultfontein 

peridotiteu .. 

The latter two objectives are being studied by Dr. J. J. 

Gurney (University of Cape Town) and Prof. J. B. Dawson 
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(University of St. Andrews) respectively. 

The xenoliths examined in this thesis have been selected 

from collections acquired over a period of several years by J. J. 

Gurney, J. B. Dawson~ J. B. Hawthorne, c. R. Clement, G. w. Berg 

and the author. 

Some of the mineral assemblages and rock types previously 

known to exist at Bultfontein have been listed and described by 

~illiams (1932) and Rickwood (1969) but the latter did not 

describe phlogopite-bearing xenoliths, nor those considered to 

be of metasomatic origin, amongst others. A complete list of 

the xenoliths analysed during the course of this thesis giving 

sample number and textural classification is presented in the 

Appendix; Volume II (Table 1). 

The rock nomenclature used in this study (after Boyd, 197Ja) 

deviates from the system proposed by Streckeisen (1976) in that 

the presence or absence of a particular mineral is usually de-

noted in the name. Thus a rock made up of garnet, olivine, 

orthopyroxene and clinopyroxene is termed a garnet lherzolite 

even if there is less than 5 modal per cent clinopyroxene. 

Garnet harzburgite is used to describe a rock which contains no 

clinopyroxene and dunite implies than more than 90 per cent of 

th~ constituent minerals are olivine. The term websterite is 

used when more than 90 per cent of the rock is clinopyroxene and 

orthopyroxene. Wehrlite as used in this study means a peridotitic 

rock which contains olivine and clinopyroxene but no orthopyroxene. 

Lherzolites ~hich have chromite or other opaque phases are called 

chromite lherzolites or opaque-bearing lherzolites. The term spinel 



lherzolite is not used because very few of the rocks examined 

contained aluminous spinel, the opaque phases almost always being 

chrome-rich spinels or ilmenite. If a particular xenolith con-

tained ntore than 15 per cent phlogopite this is referred to in 

the rock name. Small amounts of phlogopi te, frequently of 

secondary origin, are ubiquitous, but are not considered to 

justify inclusion in the rock name• 

The terminology used to describe textures and fabrics of the 

peridotite xenoliths and their deformational and recrystallis

ation features is that of Harte (1977). This system is the 

result of a concensus of opinions in which the various classific

ation schemes used to describe peridotite xen6liths were d1~~ 

cussed. Many different terms have previously been used in the 

literature to describe essentially similar textures and fabrics, 

examples of these being the "coarse granular" and 11 sheared11 

lherzolites of Nixon and Boyd.(197)a); 11 flaser 11 textures of Harte 

et al. (1975); 11 fluidal mosaic" textures of Boullier and Nicolas 

(1973, 1975}; and "banded and disrupted" texture of Dawson et al. 

(1975). Harte's (1977) terminology supersedes previous c'la:ss-

ification schemes and hence is used in this thesis. 

5 
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II SAMPLE COLLECTION AND PREPARATION 

The suite of samples examined in this study has been selected 

from collections compiled over a period of years by members of the 

Geochemistry Department, University of Cape Town; and by J. B. 

Dawson; and the staff of the Geological Department, De Beers 

Consolidated Mines Ltd. 

These xenoliths have been collected from what are known as 

the 11Bultfontein Dumps". 

Bultfontein Mine itself. 

These 11 dumps 11 are situated close to the 

One is now known as the "Yacht Club 

dump" and the other as the 11 Boshoff Road dump". The "Yacht Club 

dump 11 has been perused many times by J. B. Dawson, J. J. Gurney and 

G. w. Berg and a substantial collection of coarse xenoliths has 

been acquired by the latter two scientists. This "dump 11 has also 

been examined by the author. Most of the nodules analysed in 

this study however, were selected from the 11 Boshoff Road dump" by 

J. J. Gurney, J. B. Dawson, J. B. Hawthorne, c. R. Clement and the 

author. 

As the importance of the more deformed xenoliths became 

apparent sampling trips to the "Boshoff Road dump" were undertaken 

with the specific aim of selecting as comprehensive a suite as 

possible of (1) deformed xenoliths; (11) both coarse and deformed 

xenoliths containing phlogopite and ilmenite which were suspected 

to be similar to the primary metasomatic peridotites found at 

Matsoku by Harte and Gurney (1975); (111) the extremely deformed 

xenoliths now classified as fluidal, laminated and disrupted and 

(iv) xenoliths which might contain potassic-richterite. Thus in 

this study there is a sampling bias towards the more deformed 
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xenoliths relative to the coarse because these were considered 

likely to yield more information than a study of the coarse nodules 

on their own. In terms of numbers and volume however, the 

coarse xenoliths are, by far, the largest fraction of the total 

nodule population at these "dumps". 

Although there is a bias towards the more deformed rocks in 

this study it is considered that a sufficient number of coarse 

nodules have been analysed by the author and by Boyd and Nixon 

(1976) to ensure that the whole peridotite suite has been re

presented because most coarse nodules with similar modes have 

similar chemistry. The phlogopite and ilmenite-bearing rocks 

make up a very small although significant fraction of the com-

plete xenolith suite. It is highly unlikely that the number 

of samples examined in this study includes the full chemical 

range of every mantle rock type present due to the vastness of 

the 11 Boshoff Road dump" but it is considered that the range of 

textural varieties within the peridotite suite have been examined 

to a degree of completeness not matched by anyone else. 

The peridotitic xenoliths chosen for study were cut in 

three directions, parallel to the plane of lineation or deform

ation, normal to this plane and in a third direction normal to 

the previous cuts. This method was adopted so that the complete 

textural variations within a xenolith could be examined prior to 

the preparation of thin sections for microscopic and electron 

microprobe investigation. A further reason for employing this 

procedure was to facilitate the study of chemical disequilibrium 

within the rocks, particularly the deformed rocks. 
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The 11double-polished 11 technique was employed in the prepara-

tion of the thin sections. This procedure involves the polishing 

of one face of the rock slab prior to mounting on the glass slide 

and then further reduction (if necessary) and polishing of the other 

face of the slab to optical flatness for electron microprobe 

analysis. The thin sections were prepared at both Anglo American 

Research Laboratories and the University of Cape Town and although 

the medium used for mounting the rock slabs was different at each 

institution the same procedure was used throughout. A fuller 

description of this method of preparing 11 double-polished 11 thin 

sections may be found in Moreland (1968). The actual materials 

used in the final stages of the. polishing process were a series 

of fine diamond pastes of decreasing size from 12 microns through 

6, J, 1 and 0,25 microns because these were more readily available 

than those recommended by Moreland (ibid.). 

Microscopic examination of the finished thin sections was 

undertaken and large scale photographs of the sections were pre-

pared prior to the coating of the surface of the sections with a 

thin conducting surface film of carbon. This coating is applied 

by the settling of a carbon layer onto the specimen by means of 

a carbon arc in a reduced atmosphere. The thickness of this 

layer was monitored by placing a polished brass block alongside 

the specimen thin section and observing the changes in inter-

ference colours on the brass surface as the thickness of the 

carbon film increased. This coating was not allowed to exceed 

250 angstroms. The rationale behind this method and the calib-

ration procedure have been described by Kerrick, Eminhizer and 

Villaume ( 1973). 



9 

III ANALYTICAL PROCEDURES 

The determinations of the mineral compositions reported in 

this study were made by electron microprobe at the Anglo American 

Research Laboratories (A.A.R.L.), Johannesburg and the University 

of Cape Town {u.c.T.). The majority of the analyses were per-

formed using an Applied Research Laboratories Scanning Electron 

Microprobe Quantometer {ARL-SEMQ) in Johannesburg. 

This instrument has nine wavelength dispersive X-ray 

spectrometers, three of which are fully-focussing, scanning, with 

dual Johannson crystals, 127 mm Rowland circle radius, and X-ray 

0 take off angles of 52~5 • They have external Bragg angle and 

focal circle peaking controls. The other six spectrometers are 

fixed monochromators. The system is fully automat~d with sample 
\. 

stage, counting electronics, spectrometer control and data capture 

being controlled by a Digital Equipment Corporation PDP 11/08 

minicomputer with 16K words of available core storage. The ARL 

Basic Language Integrate.d Software System {BLISS) and the updated 

version of this control language known as SUPERBLISS {1977) are 

used. 

The electron optics consisted ~f a tungsten-filament, 

electron source focussed through pre-aligned lenses with an 

electron gun potential up to 50 kvolts. Each spectrometer has 

an associated pulse-height analyser and attentuation system of 

solid-state modular NIM design. 

The elements determined during the course of this study 

were Si, Ti, Al, Cr, Fe, Mn, Mg, Ca, Na, K and oc·casionally Ni 

but not all elements were determined in every analysis. 
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The following tables give __ }he instrumental conditions for a 

routine 10 element analysis in order of element determination. 

TABLE A 

Electron Beam Parameters 

EHT 20kV 

Current o,5 µ amps. 

Filament saturation current .:t .3 amps.* 

TABLE B 

Backgrounds and Counting times for elements determined on fixed, 
monochromatic spectrometers 

Dead Time Counting 
corrected 

Element Background 
Time on Peak 

Fe /,i,0 counts/sec 60 secs 

Si 5 counts/sec 60 secs 

Ti 10 counts/sec 60 secs 

Ca 15 counts/sec 60 secs 

Cr 15 counts/sec 60 secs 

TABLE C 

Crystal 

ADP Ammonium Dihydrogen Phosphate 

LiF(200) Lithium Fluoride 

RAP Rubidium acid phthalate 

EDDT Ethylene Diamine Di .. Tartrate 

Dead Time 
on detector 

1,0 µ secs 

1,0 p secs 

1,0 ii secs 

1,0 ll secs 

1,0 l.! secs 

d spacing 
(angstroms) 

2,0131* 

1),061 

1* ,401* 

* Throughout this thesis the designation + is used to 
indicate and mean approximately; i.e. ~3 amps. 
means approximately 3 amps. 



TABLE D 

Elements determined on fully focussing, scanning spectrometers. 

Detector Detector X-ray 
Peak 

Element Crystal Detector wavelength, Window Gas line 
(angstroms) 

K ADP sealed Be (0 9 001'1 ) Xenon KO'l,2 1,4163 proportional 

Mn LiF(200) ti Be (o, 001'') Xenon Kal,2 2,10314 

Na RAP flow 611m 90% Argon 
Kci,1,2 1,8360 proportional Polypropylene +10% CH

4 

Mg RAP ti ti ti Kci.l, 2 1,5246 

Al RAP ti ti " Ko:l,2 1,2856 

TABLE E -
Background positions and Counting times for elements determined 

on fully focussing scanning spectrometers. 

Background Counting Background Counting Dead Time 
Counting 

Time on 
Element position, A. Time position, A. Time on Peak 

(angstroms) (seconds) (angstroms) (seconds) detector 
(seconds) 

K 1,506) 10 1,3263 10 l,5psecs 20 

Mn 2,19314 10 2,01314 10 l ,511secs 20 

Na 1,9260 10 1,7460 10 1 9 5µsecs 20 

Mg 1,6146 10 1,4)46 10 1 1 5psecs 20 

Al 1,)756 10 1,1956 10 l ,5vsecs. 20 



TABLE F 
/ 

Elements determined on fixed, monochromatic spectrometers 

Element Crystal Detector 
Detector Detector X-ray Peak wavelength 

Window Gas line t.. ,. (angstroms), 

Fe LiF(200) Sealed Be(O 001") 
Proportional ' 

Xenon Ka.1,2 1,93735 

Si EDT(020) " " Argon Ka.1,2 3,2578 

Ti LiF(200) " " Argon Kal,2 2,7497 

Ca ADP(lOl) n Al(0,001 11 ) Neon Ka,1,2 1,2714 

Cr LiF(200) " Be(0,001") Xenon Ka.1,2 2,29100 

I-' 
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The configuration of the ARL-SEMQ instrument with its fixed 

monochromatic spectrometers poses a few analytical problems, 

particularly with respect to the determination of backgrounds and 

detection limits on these spectrometers. Backgrounds are given 

in Table a as dead time corrected counts per second. The 

figures are determined by taking various mineral and synthetic 

standards known to be free of the particular element sought, 

exposing them to the electron beam and determining the number of 

counts recorded by the spectrometer and counting electronics 

over a known time interval. An average is taken, corrected 

for dead time on the particular spectrometer and fed into the 

computer memory until required during the on-line computation 

of the final analysis. 

Before the commencement of an analytical run all the relevant 

information necessary for on~line calculation of results must be 

stored in the computer by means of a coded data paper-tape. 

This information includes: (a) the number of fully focussing 

scanning spectrometers to be used; (b) the elements to be deter

mined on these spectrometers; (c) approximate peak and background 

positions for these elements; (d) counting times on these 

positions; (e) peak position and backgrounds for the elements 

to be determined on the fixed monochromatic spectrometers; (f) 

the counting time on these spectrometers; (g) which spectrometers 

are to be used, and (h) the order in which the elements are to 

be analysed. 

The locations of the exact peak positions for the elements 

determined on the scanning spectrometers, are selected by 

driving the spectrometers under computer control through small 
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increments over the approximate peak until the position at which 

maximum counts are obtained is found. Backgrounds were deter-

mined by driving the spectrometers a fixed distance off either 

side of the peak and recording the counts at these positions. 

The standardisation procedure involves the storing in com-

puter memory of: (a) these peak and background positions and th~ 

counts obtained on them; (b) the actual position of the relevant 

standards relative to a fixed point on the sample stage; (c) 

the concentration of the element in the particular standard and 

(d) a data matrix of correction factors for the effects of the 

various elements on each other. 

The correction factors used are those of Bence and Albee 

(1968) and Albee and Ray (1970). 

The standards used in the routine analysis of silicate 

minerals and oxide minerals are presented in Tables G and H. 

Different standards were used for determining the same elements 

within the various mineral groups: for example, Kakanui pyrope 

was used as the standard for Si, Mg, Al and Fe during garnet 

analyses but for pyroxene analyses some synthetic glass standards 

were also used. Standards were selected so that the correction 

factors for the standards were similar in magnitude to those for 

the unknown minerals and also so that the standards covered the 

range of values expected from these minerals. 



Element 

Si 

Ti 

Al 

Cr 

Fe 

Mn 

Mg 

Ca 

Na 

K 

TABLE G 

Standards used in silicate mineral analysis 

Garnet Clinopyroxene Orthopyroxene Olivine 

KP En-glass En-glass En-glass 

2% Diop., 2% Diop .. 2% Diop. 2% Diop. 

KP Enai.1-10 Enal-10 Enal-10 

52NL9 52NL9 52NL9 52NL9 

KP Hedenberg. Hedenberg. Hedenberg. 

P-130 P-130 P-130 P-130 

KP Forster. Forster .. Forster. 

Diop. Diop. Diop. Diop. 

Anorth. Anorth. Anorth. Anorth. 

OR-1 OR-1 OR-1 OR-1 

where KP is Kakanui pyrope 

En-glass is a synthetic enstatite glass 

Enal-10 is a 10% aluminium, synthetic enstatite 
glass 

2% Diop. is a 2% titanium, synthetic diopside 
glass 

Diop. is a pure synthetic diopside glass 

Hedenberg. is a naturally occurring Hedenbergite 
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Forstero is a naturally occurring Forsterite (P-62J) 

P-lJO is a spessartine garnet 

Anorth .. is anorthite 

OR-1 is orthoclase 

52NL9 is a Stillwater chromite 



TABLE H 

Standards used in oxide mineral analysis 

Element Ilmenite Chromite Ru tile 

Si Diop. Diop. Diop. 

Ti 0-12 0-12 0-12 

Al 52NL9 52NL9 52NL9 

Cr 52NL9 52NL9 52NL9 

Fe 0-12 52NL9 52NL9 

Mn P-130 P-lJO P-1.30 

Mg Forste.r. Forster. Forster. 

Ca Diop. Diop. Diop,. 

Na ndo ndo nd. 

K nd. nd. ndo 

where 0-12 is an Orapa ilmenite 

nd. means not determined 

all other standards are as in Table G 

The concentrations and standard values used in these 

analyses are given in TABLE J as weight per cent of the oxide 

as determined by the original analysts. This table also 

gives the laboratory where these analyses were performed and 

where the actual standard originated from. 
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TABLE J 

En En al Diop. 2% KP Hedenberg. Forster. P-1.30 Anorth. OR-1 52NL9 0-12 Glass 10 Diop. 

Si0
2 59,81* 53,86 55,47 54,38 1*1I1*6 47,12 1*0,85 36,18 65,20 61*,39 0,19 0,026 

T·o 
1 2 2,00 o,47 -:0,01 <.0,01 0,03. 0,02 <0 1 01 o,49 51,JOO 

Al
2
0

3 
10,00 23,73 1,58 0,13 20,00 20,97 18,58 14,60 0,131 

Cr20J n.d. n.d. < 0,01 n.d. n.d. n.d. 46,80 J,456 

Fe
2
o

3 
1,91 0,16 8,60 

FeO 22,69 0,02 17,10 

FeO as• 10,68 24,41 7,17 21,75 0,16 0,03 24,84 JJ,37 

total Fe 

MnO 0,28 2,62 0,07 21,05 <0,0l -:0,01 0,21 o,432 

MgO 40,18 36,15 18,62 18,26 18,51 1,47 51,6) 0,30 0,0% -:0,01 11,40 l0,689 

Cao 25,90 25 1 38 5,17 21,97 <0,01 0,38 1,36 <0 1 01 n.d. n.d. 

Na
2
o n.d. o,44 0,02 n.d. 8,72 1,14 n.d. n.d. 

K
2

o n.d. o,Olt 0,01 n.d. 3,19 14,92 n.d. n.d. 

NiO n.d. n.d. 0,30 n.d. n.d. n.d. o, 1.3 n.d. 

TOTAL ioo,02 100,01 99,99 100,02 100,.)0 99,84 lOo,17 99,69 ioo,72 99,06 99,52 99,404 

Analyst FRB FRB FRB FRB Ej EK HBW AEB EK COI JD AEB 

Laboratory GPL GPL GPL GPL Smith ANU Swiss Cal tee ANU PS USGS Cal tee 

Source FS FS FS FS NZ Italy NC Mex Aus tr Switz Still Bots ... ..... 
• Total Fe expressed as FeO. Where Fe

2
o

3 
and FeO hav~ been determined separately they are .recorded. 

n.d. means not determined. 
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Key to Analysts, Laboratories and Sources of Standards in Table J 

FRB is F.R. Boyd of the Geophysical Laboratory as below 

GPL is Geophysical Laboratory, Carnegie Institution, Washington, 
u.s.A. 

FS is F. Schairer, of the above institution. 

EJ is E. Jarosewich, Smithsonian Institution, Washington, 
U.S.A. 

Smith is The Smithsonian Institution, Washington, U.S.A. 

EK is E. Kies of the Australian National University, 
Canuerra, AustraJia. 

ANU is Australian National University, Canherra, Australia. 

HBW is H •. a. Wiik. 

Swiss is the above analyst's private consulting analytical lab. 

AEB is A. E. Bence of the California Institute of Technology, 
U.S.A. 

Caltec is The California Institute of Technology, U.S.A. 
I 

COI is c. o. Ingamells of Mineral Constitution Laboratory as 
below. 

PSU is Pennsylyvania State University, U.S.A. 

JD is J. Dinnin of the United States Geological Survey. 

USGS is United States Geological Survey, Menlo Park, 
California, U.S.A. 

NZ is Kakanui, New Zealand. 

Italy is Rio Marina, Elba, Italy. 

NC is Balsam Gap, North Carolina, U.S.A. 

Mex is Nuevo, Mexico. 

Austr is the Anakies Range, Victoria, Australia. 

Switz is Val Cristallina, Grisons, Switzerland. 

Still is the Stillwater Complex, Montana, U.S.A. 

Bots is the Orapa Kimberlite Pipe, Botswana. 
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The analyses performed at the University of Cape Town were 

done on the Cambridge Scientific Instruments Ltd. Microscan 5 

electron microprobe. 

Instrumental Conditions, the standards used and pre-1976 

methods of data reduction have been recorded by Lawless (1974). 

However, this instrument has since been semi-automated and on

line data computation facilities are now available with a con

siderably larger selection of standards. The software used by 

the on-line Varian Data Machines Model 620/L-100 mini-computer 

has been developed by various members of the staff of the 

Department of Geochemistry, u.c.T. and the correction factor 

matrix and method of calculation is that of Bence and Albee 

(1968) and Albee and Ray (1970). A more complete description 

of the analytical procedure, instrumental conditions and 

standards now used in the analysis of kimberlitic xenoliths 

and their constituent minerals at the University of Cape Town is 

given by Shee (1978). 

Detection Limits, Precision and Accuracy of Electron Microprobe 

Analyses 

The precision of the electron microprobe techniques for 

silicate analyses used in this study has been estimated by 

performing replicate analyses on a clinopyroxene from a garnet 

pyroxenite found in the Delegate Pipe, New South Wales, 

Australia which was used as an 11 in-house check sample" at Anglo 

American Research Laboratories. This clinopyroxene ha.s been 

analysed by X-ray fluorescence and electron microprobe 

techniques by E. Kies, Australian National University, Canberra 

and its composition is regarded as being sufficiently well 
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known to be used as a microprobe standard~ The standard de-

viation about the mean of 10 analyses of the same grain has 

been compared with the uncertainty caused by counting statistics 

in Table K. This table shows the recommended composition, the 

mean for each oxide for 10 analyses, standard deviations about 

these means,iandthe 2.,. error at the 95% confidence limit for 

each oxide possible in an analysis due to counting statistics 

and the theoretical lower limit of detection of each oxide. 

The precision of the technique for ilmenite analyses has 

been estimated in exactly the same manner as for the silicate 

analyseso One of the grains of the ilmenite standard 0-12 9 

from Orapa 9 Botswana was analysed 10 timeso The recommended 

analysis figures, mean for each oxide, standard deviations about 

these means, 2 ~errors due to counting statistics and theoretical 

detection limits are presented in Table Le In the ilmenite 

analyses Na
2
o and K

2
o were not determined as experience has 

shown that the amounts of these oxides present are below the 

lower limits of detectabilityo 



'f ABLE K 

Recommended -OXIDE 
figures .. 

x s.n. ERR. D.L. 

Si0
2 

51,40 50,909 0,228 0,713 0,141 

Ti0
2 0,53 0,501 0,016 0,077 0,050 

A1
2
o

3 
5,51 5,~36 0,062 0,063 0,030 

Cr 0 
2 3 

0,61 0,739 0,007 0,047 0,024 

FeO 3,80 4,100 0,013 0,066 0,026. 

MnO 0,08 0,067 0,005 0,014 0,016 

MgO 16,07 16,221 0,111 0,097 0,022 

CaO 21,06 20,738 0,054 0,124 0,025 

Na
2

0 0,95 0,906 0,020 0,044 0,029 

K
2
o 0,05 0,010 0,007 0,017 0,025 

NiO 0,06 0,064 0,010 0,023 0,026 

TOTAL l00,12 99,49 0,319 

X = mean of 10 replicate analyses of a clinopyroxene from 
Delegate Pipe. 

S.D. m Standard deviation about the mean. 

ERR. = 2 a error ( 95% confidence 1 imi ts) due to counting 
statisticso 

D.L. = Theoretical detection limit (99% confidence}. 

All quantities expressed as wt % of the oxide. 
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TABLE L 

OXIDE Recommended x S.D. ERR. D.L. 
figures. 

Si0
2 

0,026 b.d. 0,183 

Ti0
2 

51,30 51,164 0,182 0,157 0,042 

A1
2

o
3 

0,131 0,244 0,013 0,012 0,023 

Cr
2

o
3 

3,456 3,676 0,022 0,034 0,024 

FeO* .:n, 371 33,360 0,090 0,071 0,02; 

MnO.,.. o,432 0,322 0,010 0,015 0,026 

MgO 10,689 l0,977 0,071 0,012 0,021 

Cao n.d. 0,022 0,004 0,013 0,02; 

NiO n.d. 0,176 o,ooa 0,045 0,032 

TOTAL 99,405 " 99,945 

-X = mean of 10 replicate analyses of an ilmenite from Orapa. 

S.D. = Standard deviation about the mean. 

ERR. = 2 cr error (95% confidence limits) due to counting statistics. 

D.L. = Theoretical detection limit (99% confidence). 

All quantities expressed as wt % of the oxide. 

• Total Fe expressed as FeO. 

n.d. = not determined. b.d. = below detection limit. 

~be precision of the analyses on the u.c.T. electron micro-

probe have been estimated by Reid (1977) on a pargasitic 

amphibole in a peridotite from the Swartkop complex, South 

West Africa. Table M shows the means of 10 replicate analyses, 

standard deviations about the means, 2 cr error at the 95% 

confidence limit due to counting statistics and the theoretical 

detection limits. 
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TABLE M (Reid, 1977) 

OXIDE x S .. D. ERR. DoL• 

s·o 
1 2 41,97 0,08 0,08 0,06 

T·o 
1 2 J,92 0,08 0,10 0,07 

Al OJ 2 
lJ,51 0,06 0,06 o,o4 

FeO 6,82 0,15 0,16 0,10 

MgO 16,34 0,07 0,10 ~ 0,05 

Cao 12,10 0,07 0,08 0,05 

Na
2

o 2,71 0,12 0,11,i, 0,09 

K
2

o 1,18 0,06 0,10 0907 

TOTAL 98,55 0,20 

MnO and Cr
2

o
3 

were not analysed but the estimated precisions 

are MnO: ERR. = 0,10; D.L. = 0,07 at the 0,75 percent level 

Cr
2

o
3

: ERR. = 0,10; D.L. = 0,05 at the 1, 25 percent level 

Data for MnO from an orthopyroxene, Cr
2

o
3 

from a clinopyroxene. 

X = mean of 10 replicate analyses, pargasitic hornblende. 

S.,D. = Standard deviation about the mean. 

ERR. = 2 a error (95% confidence limits) due to counting 
statistics. 

D.L. = Theoretical detection limit (99% confidence limits) 

All quantities expressed as wt % of the oxide. 



Inspection of these tables suggests that the overall pre-

cision of the technique is controlled by the counting statistics 

on the two electron microprobes. The detection limits for Fe, 

Si, Ti, Ca and Cr on the fixed monochromators on the ARL-SEMQ 

instrument in Johannesburg were calculated using the background 

count rates given i~ Table B. 

Accuracy of the technique is difficult to establish because 

of the possibility that natural mineral standards are inhomo-

geneous at ~he micro~ scale •. However, good agreement ~as·bee~ 

achieved by analysing one natural.mineral standard against 

another using abundance data obtained by other techniques such 

1 

as X-ray fluorescence,· atomic absorption spectroscopy and 

gravimetric'chemical methods. Good agreement has also been 

attained analysing natural mineral standards against synthetic 
.... · 

glasses of similar composition to the minerals. In practice, 

the less objective approach of disregarding analyses in which 

the sum of the oxides do not·lie within the range 97,5 to 101 

wt% is'most commonly used. The figures ~btained irt the 

series of" replicate analyses fo"r· the clinopyroxiehe and ilmenite 

(Tables Kand L), when compared with the recommended figures, 
. :- .-; ~~ 

suggest that the accuracy of the technique is at worst'+ 5 

relative percent at concentration levels of greater than about 

0,5 weight percent of the oxide present. 

· ... 



IV THE BULTFONTEIN PERIDOTITE XENOLITHS 

A. Introduction 

The great majority of the mantle xenoliths at 

Bultfontein are peridotites which would fall within the modal 

proportions which define the common peridotites (C.P.) at 

Matsoku, northern Lesotho (Cox, Gurney and Harte, 1973) (i.e. 

garnet 0-11%; clino~yroxene 0-5%; orthopyroxene 20-50~; olivine 

~5-75%; with olivine greater than orthopyroxene). Rare 

xenoliths fall outside this range because they contain more 

garnet and clinopyroxene and less olivine. In these rocks 
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orthopyroxene is usually the major mineral and they are referred 

to as garnet olivine websterites (Gurney, Lawless and Dawson, 

1977). Other rock types found and examined were garnet 

websterites and garnet wehrlites along with non-garnet-bearing 

lherzolites, harzburgites and wehrlites. Potassic richterite

bearing lherzolites similar to those described by Erlank (1973), 

have also been found at Bultfontein and have been estimated by 

Erlank and Rickard (1977) to comprise as much as 5% of all 

xenoliths found at this locality. This however is likely to be 

an overestimate, possibly be due to ·the sampling bias towards 

the more unusual and deformed xenoliths during recent excursions 

·to the Bultfontein 'dumps'• A more realistic estimate for the 

abundance of potassic richterite-bearing lherzolites is of the 

order of 1%. 

Texturally, the Bultfontein peridotitic xenoliths show the 

complete range described by Harte (1977) from coarse, granular 

to laminated and disrupted mosaic porphyroclastic and some 
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rocks have variable degrees of deformation within a single 

xenolith (Dawson, Gurney and Lawless, 1975). Short descript-

ions of the xenoliths analysed during the course of this study 

may be found in Table , and a list of the various rock 

types, deformed and undeformed is presented in Table ~ 

Detailed petrofabric analysis of these xenoliths e.g. similar to 

that described by Boullier and Nicholas (1973, 1975) on the 

Thaba Putsoa, Mothae, Solane roc~s has not been undertaken as 

. 
yet, being beyond the scope of the present study. Many of the 

features described by Boullier and Nicholas (op. cit.), Basu 

(1977); Nicolas, Boudier and Boullier (1973-Y, Mercier and 

Nicolas (1975) and Carter (1976) have been seen in the 

Bultfontein xenoliths. Kink-banding is present in many of the 

enstatites in the deformed nodules and olivines occur in both 

tabular mosaic and equigranular mosaic te:tures and porphyro-

elastic textures with various degrees of polygonisation recry-

st~llisation and sub-grain structures. Olivines may also show 

unusual extinction patterns similar to those illustrated by 

Carter (1976) which may indicate the onset of deformation within 

an otherwise apparently undeformed xenolith. Very few enstatites 

in the xenoliths are recrystallised although many are disrupted 

and also may form laminations (bands). 

B. Mineral Chemistry 

The mineral phases of 82 xenoliths have been analysed 

including 16 which have been classified as non-garnetiferous 

(Tablt! 2 ~ on the basis that garnet was found in neither 

the thin sections prepared for petrographic examination nor 

those for electron microprobe analysis. These 16 rocks 
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include 3 which contain potassic-richterite, (identification 

by J.B. Dawson, 1976); 4 classified as chromite harzburgites; 

6 phlogopite or chro~ite-rich lherzolites and three wehrlites, 

(2 coarse and 1 deformed). To enable a comparison to be 

made between Bultfontein rocks and those already described 

from Thaba Putsoa and Mothae (Nixon and Boyd, 197Jb) and. 

Matsoku (Cox, Gurney and Harte, 1973) part~cular care was taken 

in this study to include the full range of garnetiferous 
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peridotites. These have been clas~ified separately in Table 2. 

The results of the mineral analyses performed are presented 

in Tables 3 to 84 in order of sample number: those having JJG 

prefixes first, followed by those with K Bult. and X Bult. 

prefixes and finally the BD series numbers. It was not 

always possible to obtain reliable analyses of 'all the mineral 

phases present in each of the 82 xenoliths analysed and only 

those results which are considered to be satisfactory have been 

shown. As mentioned in the short rock descriptions (Table 1), 

some of the thin sections prepared for microprobe analysis did 

not contain all the mineral phases known to be present in the 

rock and in other cases~ the minerals were either too small or 

too altered, or both, to permit determination of their chemical 

composition. The figures presented in Tables 3 to 84 are the 

averages of at least two analyses on each of two or more grains 

of the constituent minerals present in the microprobe thin 

sections. Mineral grains were checked microscopically for 

optical zoning or any other evidence indicative of possible 

local chemical variation before actual analyses were undertaken. 

Very few cases of chemical inhomogeneity were found and 
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differences in composition between similar mineral phases within 

single xenoliths were rareo 

For comparison purposes the garnet~bearing peridotites were 

divided into groups based on textural classification, specific• 

ally the degree of deformation within an individual rock type. 

Thus, for example garnet lherzolites and garnet harzburgites 

were placed into three groups~- (a) coarse (b) porphyroclastic 

and (c) the more deformed types such as fluidal mosaic and/or 

disruptedo The garnet major element chemistry can be illustrat-

ed by means of Ca-Mg-Cr and Ca-Mg=Fe triangular diagrams and 

·the garnets analysed in this study have been plotted on this 

basis in Figures 3 and 4 ) " Similar plots of 

Boyd and Nixon's (1976) Bultfontein garnet data are shown in 

Figures 5 a.~d 6 ' t "' For these parameters it can 

be seen there is no clear distinction between the different 

deformational types of garnet lherzolitea Thus, on this basis, 

it is not possible to distinguish the garnets in a fluidal 

mosaic disrupted garnet lherzolite from those in a coarse 

garnet lherzoliteo It i~ al~o not possible in most cases to 

distinguish with any degree of certainty between the garnets 

in lherzolites from the garnets in harzburgites nor between 

the garnets in coarse harzburgites and those in the more de-· 

formed varieties~ However, garnets in harzburgites in some 

cases do appear to be depleted in the calcium component com-

pared with lherzolitic garnets on the Ca-Mg-Cr basis and also 

depleted in the iron component with respect to Ca-Mg-Fe. 

Histograms illustrating the distribution of Ti0
2 

and 

Cr
2
o

3 
contents of these garnets also showed that it was not 
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possible to differentiate garnets from lherzolites or harzburg-

ites or between those from the deformational variants on this 

basis a Plots of wt% CaO versus wt % Cr
2
o

3 
(Figures 7 and 

8 ) were also unable to provide a clear separation of the 

garnet types, although the calcium depletion with respect to 

chrome for some of the harzburgitic garnets compared with the 

lherzolitic ones is slightly better definede 

These results are in contrast to those of Nixon and Boyd 

(1973'~'.l)who found that garnets from deformed garnet lherzolites 

from N. Lesotho could be distinguished from coarse garnet · 

lherzolites because the former contained more Ti0
2 

and less 

Cr
2
o

3 
than the latter and also were less enriched in the calcium 

component when plotted on a Ca~Mg=Ee ternary diagram. 

The analytical data for the minerals in the garnet-bearing 

peridotites have been summaried in a series of histograms 

(Figures 9 to 23) in which these xenoliths have been divided 

into deformed and undeformed species ,onlyG In view of the 

results obtained from the garnet data no distinction has been 

made between the lesser or more deformed varieties. The data 

of Boyd and Ni%on (1976) for Bultfontein peridotites has been 

included in all the histograms to provide as complete a record 

as possible of the data on these rocks. These histograms also 

include for comparison purposes the data for Thaba Putsoa 

coarse and deformed garnet lherzolites (Nixon and Boyd, 1973[,b) 

and the Matsoku peridotites (Cox, Gurney and Harte, 1973; 

Gurney, Harte and Cox, 1975)0 



(a) Olivines 

All but one of the magnesium-rich forsterites in the 

coarse garnet lherzolites fall within a range of Mg/(Mg+Fe) 
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from 91 to 94 atomic %.• The equivalent range for the deformed 

garnet lherzolites is 91,5 to 94 at.% with two values below 

90 wt% (Figure 9). The garnet harzburgites show a similar 

range and distribution. 

Only three olivine compositions in garnet olivine websterites 

are shown because olivine was not present in the thin sections 

prepared for microprobe analyses of the others. The olivine in 

JJG1417 (Table 9) has the lowest Mg/(Mg+Fe) ratio recorded for 

a Bultfontein peridotite at 85,2 a~%. 

Minor and trace oxides Ti02 , A1 2o
3

, Cr2o
3 

and CaO are not 

shown because together they seldom exceed 0,2 wt % are are often 

close to or below detection limits for routine analysis. 

(b) Orthopyroxenes 

The enstatites in the coarse garnet lherzolites have a 

range of Mg/(Mg+Fe) from 91 to 94,5 at.% whereas the majority of 

the deformed lherzolites and harzburgites have smaller and more 

limited ranges from 92,5 to 94,5 at.% and 93 to 95 at.% re-

spectively (Figure 10). The mineral compositions for the rock 

JJG155 have not been included in these generalisations. These 

data fall outside distribution pattern for the other deformed 

garnet lherzolites. JJG155 is identified on all the relevant 

figures and will be discussed separately. The orthopyroxenes in 

the garnet olivine websterites have a range of Mg/(Mg+Fe) from 87 

to 93,5 at.%. 

Ti02 values for the orthopyroxenes are restricted 



to less than 0,15 wt % with the vast majority having less than 

0,05 wt % which is the detection limit for Tio
2 

in routine 

microprobe analysis. Values above this limit have been found 

in a few deformed lherzolites, harzburgites and websterites 

(Figure 11 ) .. 

A1
2
o

3 
contents for enstatites in the coarse rocks are 

restricted to the range 0,7 to 0,9 wt %, which is very similar 

to the range shown by the deformed lherzoliteso One of these 

KBBF-11; (Boyd and Nixon~ 1976) has 0,58 wt % and is the most 

deformed rock mentioned by these authors (op. cit. P.25, 1976) 
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it has the lowest A1
2
o

3 
content in an enstatite in a four phase 

garnet lherzolite from Bultfonteine The harzburgitic 

orthopyroxenes hewe a slightly larger range of A1
2
o

3 
from o,65 

to 1 1 05 wt % whilst those in the websteritic rocks have between 

0,55 and 0,90 wt% A1
2
o

3 
(Figure 12 )Q 

Cr2o
3 

values fall within the range 0,05 to 0,60 wt % for 

both coarse and deformed lherzolitic and harzburgitic enstatites. 

The distributions for the different rock types (shown in 

F:l..gtife 13 ) are slightly different with most of the coarse 

varieties having on average less Cr
2
o

3
Q 

CaO contents are shown in Figure l~ • The apparent 

bimodal distribution for the coarse rocks is regarded as 

fortuitous due to either analytical bias or the method of 

plotting used in the histogram rather than real compositional 

differences., Both the lherzolitic and harzburgitic enstatites 

show similar compositional ranges from 0,2 to 0,55 wt % with 

three exceptions~ Websteritic orthopyroxenes have between 



Na
2
o in the enstatites of these Bultfontein xenoliths 

seldom exceeds 0,2 wt% (Figure 15 ). The three exceptions~ 

occur in the deformed rockso 

(c) Garnets 

As mentioned previously no distinction could be made 

between the chrome-rich pyropes of coarse and deformed 

lherzolites by comparison of their respective Ti0
2 

contents 

(Figure 16 ) with the harzburgitic garnets showing very similar 

rangeso 

Generally the amount of Cr
2
o

3 
present in the garnets from 

coarse lherzoli tes is lower than <:Jii@::t::C from the deformed 6ic'ks 

(Figure 17 ) 9 with the harzburgitic garnets showing a re-

stricted range from J to 8 wt % Cr
2
o

3
o Garnets from the 

websteritic and wehrlitic xenoliths have ranges of composition 

similar to the coarse garnet lherzolites. 

Figure 7 indicates that three of the deformed 

harzburgitic garnets have less calcium than all the other 

garnets (<3 9 5 wt% CaO)o An undeformed garnet lherzolite and 

a undeformed garnet harzburgite have garnets with less than 

4 wt % Cao. These garnets have compositions similar to some 

of the garnets found as inclusions in diamonds but have less 

Cr
2
o

3 
than most of the diamond inclusion garnets. 

Harris and Rickard, 1977; Lawless, 1974). 

(Gurney, 

J2 

The positive correlation between CaO and Cr
2

o
3 

(Figures 7,8) 

previously noted by Gurney and Switzer (1973), Sobolev et al. 

(1973), Dawson and Stephens (1975), Danchin (197;l;) and Boyd and 

Nixon (1978) may be seen in Figure 7 although there is con-

siderable scatter in this plot. 



(d) Clinopyroxenes 

The clinopyroxenes are all chrome diopsides with re-

markably restricted ranges of Ca/(Ca+Mg) and Mg/(Mg+Fe) values. 

Ca/(Ca+Mg) varies between 44 and 49 at.% in the clinopyroxenes 

in the coarse lherzolites with those from the deformed 

lherzolites ranging from 43 to 48 at.% Ca/(Ca+Mg). The dis-

tributions of these values may be seen in Figure 18 • 

Mg/(Mg+Fe) ratios for the undeformed lherzolitic diopsides 

vary from 89 to 95 ~t.% and in the deformed ones from 90 to 

95 at.% (Figure 19)e 

Ti0
2 

contents of the clinopyroxenes of both deformed and 

undeformed lherzolites have similar distributions and ranges, 

rarely exceeding 0,2 wt% (Figure 20 )o 

Amounts of Cr
2
o

3 
present in the coarse lherzolite clino

pyroxenes have a considerably different range and distribution 

compared with those from the deformed lherzolites as may be 
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seen in Figure 21 • The clinopyroxenes in the garnet websterit-

ic rocks have a range of Cr
2
o

3 
from 1,25 to J,O wt %. 

The range and distribution of Na
2
o contents in the coarse 

lherzolites and the deformed lherzolites, with one exception, 

are similar .. As shown in Figure 22 this exception has J,75 wt 

% Na
2

0 which plots outside the range of the bulk of the data 

which lies between 1 7 25 and J,25 wt%,. 

A1 2o
3 

contents in all btit t•~·of the'dio~sides in two deformed 

lherzolites vary from 1,5 to J,75 wt%. The two exceptions 

have 0,54 wt % and 1,20 wt % respectivelyo The distribution of 

A1
2
o

3 
in the coarse lherzolitic diopsides seems to be skewed 

towards higher values when compared with the A1
2
o

3 
data for the 

deformed lherzolites. The apparent bimodal distribution for the 



coarse lherzolites is not regarded as indicating meaningful 

compositional differences {Figure 23). 

(e) Chromites 

Some of the garnet-bearing peridotites also contain 

chromites whose compositions have been represented in the 

11 ·expanded spine! prism" {after Pavlov t 1949) along 

with the other chromites analysed in the non-garnetiferous 

Bultfontein xenoliths. None of the chromites in the garnet-

iferous peridotites contain sufficient Cr2 o3 to match the 

chromites found as inclusions in diamonrl, and they also have 

considerably more Ti o
2 

(>2 wt %) than found in such incl us ions. 

The chromites in these peridotites are very variable in 

composition (Figure 24). 
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C. Results 

Electron microprobe analyses of the various mineral 

phases of the Bultfontein peridotitic xenoliths have shown that 

there are distinct differences in composition between these 

minerals and those from Matsoku and Thaba Putsoa. In this 

discussion Thaba Putsoa and Mothae will be considered as a single 

entity for comparison purposes because Nixon and Boyd (197Jb) 

regarded the two pipes as compatible and it was the data from 

these localities which was used to produce the original 

"Lesotho perturbed geotherm 11 (Boyd, 1973~). 

The histograms illustrating the range and distribution of 

the various oxides and Mg/(Mg + Fe) and Ca/(Ca + Mg) for the 

minerals in the Bultfontein garnet-bearing xenoliths are 

presented in Figures 9 to 2J. 

The minerals in the garnet harzburgitcs do not differ 

significantly from their equivalents in the garnet lherzolites 

with regard to the ranges of composition although the dis

tribution of the various oxides and elemental ratios may be 

slightly different. Comparisons between undeformed and 

deformed garne·t harzburgites c~nnot be made because only one 

undeformed harzburgite has been analysed. This coarse nodule 

does not show any compositional parameters, at least on the 

basis of the composition of its minerals, which might suggest 

that there are major differences between coarse and deformed 

garnet harzburgites. 

The most remarkable result to come from this study is 

that there are very few differences in mineral chemistry be

tween the deformed and undeformed garnet lherzolites. The 
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ranges of values shown by these xenoliths are generally similar 

although the distributions may be slightly skewed one way or 

another. This finding is in contrast to the results obtained 

from the Thaba Putsoa xenolith suite, in which significant 

differences between the minerals of the deformed and undeformed 

garnet lherzolites are very apparent (Nixon and Boyd, 197Jb). 

In brief; the deformed Thaba Putsoa xenoliths, when com-

pared with the undeformed ones have: 

(i) lower Mg/(Mg + Fe) ratios for the olivines (Figure 9), 

the orthopyroxenes (Figure 10) and the clinopyroxenes 

(Figure 19)o 

(ii) more Ti0
2 

in the orthopyroxenes (Figure 11) the 

garnets (Figure 16) and the clinopyroxenes (Figure 20). 

(iii) more A1
2
o

3 
(Figure 12), and more Na

2
o (Figure 15) and 

considerably more CaO (Figure 14) in the orthopyroxenes. 

(iv) less Cr
2
o

3 
in the garnets (Figure 17), the clino

pyroxenes (Figure 21) and the orthopyroxenes (Figure 13) but 

the latter difference is not marked. 

(v) considerably lower Ca/(Ca + Mg) ratios in the 

clinopyroxenes (Figure 18) which may be as low as 29 at.%. 

(vi) less calcium enrichment in the garnets when plotted 

on a Ca-Mg-Fe ternary diagram (Figure 28). 

(vii) whole-rock compositions which show that these deform-

ed xenoliths are enriched relative to the undeformed ones in 

Ti, Al, Fe, Ca and Na (Nixon and Boyd, 197Jb). 

(viii) bulk compositions which have FeO/(FeO + MgO) ratios 

greater than 0,12 for the deformed xenoliths but less than 

0,10 for the coarse nodules (Nixon and Boyd, 197Ja). 
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It' is clear from the data obtained for Bultfontein garnet-

bearing lherzolites that the compositional differences between the 

minerals of the undeformed and deformed varieties are small and 

that it would not be possible to distinguish between them purely 

on this basis. Thus the correlation between texture and mineral 

chemistry and hence estimated temperatures and pressures of 

equilibration which was found in northern Lesotho is not evident 

at Bultfontein. This result is similar to that found for the 

peridotites from Matsoku (Cox, Gurney and Harte, 1973; Gurney, 

Harte and Cox, 1975) in that there is no correlation between 

texture and the estimated temperatures and pressures of 

equilibration. The clinopyroxenes in the Matsoku xenoliths, both 

deformed and undeformed, have a very restricted range of 

Ca/(Ca +Mg) (Figure 18). Hence, if this ratio is used to 

estimate temperatures of equilibration from the diopside-

enstatite solvus of Davis and Boyd (1966) values between 1030 and 

!065°C are obtained for all the rocks, with no correlation to 

texture. Thus xenolith suites from kimberlite pipes less than 

20 km apart in northern Lesotho have very dissimilar character-

istics both in mineral and whole-rock chemistry. The Matsoku 

/'i, 
rocks do not display what Boyd (1973W termed the "Lesotho 

perturbed geotherm". This perturbed geotherm has been one of 

keen interest to many researchers and has been often debated at 

various international conferences because it has far reaching 

implications for the understanding of the processes taking place 

in the upper mantle. 
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D. The Perturbed Geotherm and the Estimation of Temperature and 
Pressure of Formation of Garnet Peridotite Xenoliths 

The estimation of the temperature and pressure at which 

kimberlite xenoliths have equilibrated in the upper mantle has been 

fraught with problems and uncertainties and has been investigated 

by numerous workers. Various methods have been proposed and pre-

dominantly, chemical parameters involving the distribution of 

elements amongst different mineral species have been used to 

calculate the theoretical eq~ilibration temperatures and pressures 

of xenolith suites in basaltic and kimberlitic magmas. Some of 

these methods have been listed by Navrotsky (1976). Others include 

the potential geothermometers of Jackson (1969), Powell and Powell 

( 1974) , Anderson et .. ~;!;i:'~f?J2·L-~~:::,'ll~b:g,[.!:l 9~e,yei-)~~~ff~hese 

methods have been shown to be entirely satisfactory when applied 

to the garnet peridotite xenoliths found in kimberlite. 

The most frequently used method to calculate apparent 

temperatures of equilibration has been based on the direct 

correlation of the Ca/(Ca + Mg) ratio of a clinopyroxene with 

temperature. This correlation is an application of the experiment-

al determination of the diopside limb of the diopside enstatite 

solvus at JO kbars (Davis and Boyd, 1966). 

Pressures of formation of these xenoliths have been calculated 

using the A1
2
o

3 
contents of enstatites in equilibrium with for-

sterite and garnet~ The amount of A1
2
o

3 
in enstatite was found 

to decrease with increasing pressure at constant temperature by 

experimentally determining the various phase relationships between 

garnet, orthopyroxene, cJinopyroxene and forsterite on both 

natural and synthetic systems. (O'Hara, 1963; MacGregor and 



Ringwood, 1964; Boyd and England, 1964; Ringwood, MacGregor and 

Boyd, 1964; MacGregor, 1965; Boyd, 1969, 1970). The results of 

MacGregor (1974) showed that the Al
2
o

3 
contents of enstatites 

decreased with increasing pressure such that the A1
2
o

3 
isopleths 

---had positive slopes steep enough to be used as a potential geo-

thermometer. 

These methods were used by Boyd (1973a)to estimate the 

temperatures and pressures of forma~ion of a xenolith suite from 

Thaba Putsoa, Northern Lesotho, (Nixon and Boyd, 197Jb). This 

suite of rocks included ur.deformed nodules classified as "coarse 

granular" and deformed nodules (some severely) termed "sheared" 

(Boyd, 1973a). Apart from differences in the mineral chemistry 

of the two types of xenoliths, the estimated temperatures and 
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pressures of equilibration of the undeformed and deformed nodules 

were also very different from each other. 

The "coarse granular" garnet lherzolites appeared to have 

equilibration temperatures and pressures which were considerably 

-- lower than the "sheared" garnet lherzoli tes. The deformed 

xenoliths, however, also seemed to have equilibrated at much 

• higher temperatures than expected when compared with the contin-

ental geothermal gradient of Clark and Ringwood (1964). This 

phenomenon led Boyd (1973a) to suggest that the geothermal gradient 

( 11 geotherm 11 ) had been "perturbed" by a heating event in the upper 

mantle somewhere in the vicinity of the lithosphere-asthenosphere 

boundary. The existence of the inflection in subcratonic geo-

thermal gradients derived from xenolith suites from other 

kimberlitic intrusions and the reasons ~or its presence and 

origin has provoked much discussion in the published literature 

I 
i 

' i 
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since 1973. Abnormally-high, apparent equilibration temperatures 

and/or pressures for deformed xenoliths have been found at other 

such widespread localities as Montana, U.S.A. (Hearn and Boyd, 

1975); Udachnaya, Yakutia, Siberia (Borley, 1975); Louwrencia, 

South West Africa (Namibia) (MacGregor, 1975); Premier Mine, 

Transvaal, South Africa (Danchin and Boyd, 1976); Elwin Bay 

Kimberlite 9 Canada, (Mitchell 9 1977~f Frank Smith Mine, Cape 

Province, South Africa (Boyd, 1974) and Jagersfontein, Orange 

Free State, South Africa (Johnston, 1973). 

The fact that not all xenolith suites produce "inflected 

geotherms" has led Boyd (1976) to suggest that the inflections 

in the geotherms are real and not an artifact of the method of 

estimation. "Inflected geothermstt have not been found for 

Matsoku, Lesotho (Gurney, Harte and Cox, 1975); Somacuanza, Angola 

(Danchin and Boyd, 1975); the Sloan II diatreme, Colorado, U.S.A. 

(Eggler and McCallum, 1976); Pipe 200, Lesotho (Carswell, Clarke 

and Mitchell, 1977) and in contrast to Borley's (1975) results, 

Udachnaya, Yakutia (Boyd, Fujii and Danchin, 1976). The first 

two localities, Matsoku and Somacuanza, do not define a geotherm 

at all but plot as a single point in pressure-temperature 

diagrams. 

It must be noted that the upper limb of the "inflected geo~ 

therms" are not always characterized by "shearedn or deformed 

garnet peridotite xenoliths. In some cases; such as Frank 

Smith (Boyd, 1974) and ttthe Kimberley area" (Boyd and Nixon, 1978; 

in press) this upper limb has been defined by temperature and 

pressure estimates for clinopyroxene or orthopyroxene megacrysts, 

or both. It is somewhat doubtful however, whether the constraints 
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placed by the experimental phase equilibria can be applied equally 

to both the garnet lherzolite suite and the megacryst suite. It 

also seems strange that the same zone of the upper mantle should 

have extremely deformed fine-grained rocks on the one hand and 

large unstressed megacrysts on the other. 

The important factor to be considered is that there are some 

xenolith suites in which the deformed nodules appear to have 

equilibrated at similar temperatures to the undeformed ones but 

also other xenolith suites in which the deformed rocks appear to 

have equilibrated at higher temperatures and pressures than the 

undeformed ones. 

Uncertainties in Temperature Estimation 

There has been considerable debate as to whether the methods 

used to make these temperature/pressure estimates are valid. 

Since the original (Davis and Boyd, 1966) determination, the 

diopside-enstatite solvus has been re-examined by Warner and Luth 

(1974); Nehru and Wyllie (1974); Mori and Green (1975, 1976); 

Saxena and Nehru (1975); Howells and O'Hara (1975, 1977); 

Lindsley and Dixon (1976); and Dixon and Presnall (1977). The 

results of Mori and Green (1975, 1976) showed that below 900°c 

this solvus becomes very steep, pyroxene compositions become 

insensitive to change in temperature, and estimates of temper-

ature in this range are likely to be inaccurate. The suppos-

ition that the diopside limb of this solvus was independent of 

pressure has been shown to be incorrect by Mori and Green (1975, 

1976); Lindsley and Dixon (1976) and Dixon and Presnall (1977). 

This pressure effect which can lead to errors of 60 to 80°C in 

the geothermometer in the range 15-20kb at 1200°C (Lindsley and 
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Dixon, 1976) is smaller than that reported by Mori and Green (1975) 

at J0-40kb. From this it appears that the pressure effect in-

creases with increasing temperature (Lindsley and Dixon, op. cit.). 

Wood and Banno {1973) and Mercier and Carter (1975) have 

shown that, on thermodynamic considerations, corrections for the 

I 

effects of FeO, Cao, Na
2
o and Cr

2
o

3 
in multiple component systems 

may change temperature estimates made fr,om the Davis and Boyd 

(1966) data by as much as l00°C. However, these "corrections" 

have been criticised because of the possibility that errors in the 

basic data used to compute the corrections may exceed the magnitude 

of the corrections (O'Hara, 1975). 

Boyd and Nixon {1973a) and Akella (1974) suggested the use of 

the enstatite limb of the enstatite-diopside solvus as an alter-

native geothermometer. Akella and Boyd (1974) and Akella (1976) 

concurring with -Mysen-"'and Boettcher (19.75b)-; hav.e=shown that~ the 

Ca/(Ca + Mg) ratio of enstatites is decreased either by decrease 

in temperature or by an increase in pressure at constant :temperature. 

-- Mori and Green (1975, 1976); Nehru and Wyllie (1974); Nehru (1976); 

and Lindsley and Dixon (1976) have also shown that this limb of 

the eristatite-diopside solvus i~ pressure dependent. The results 

of Lindsley and Dixon's calibration of this solvus indicated that 

it could not be used to determine temperatures to better than + 

0 100 C; and they doubted that it could be calibrated more closely 

by standard methods of experimental phas~ equili6~ia (1976, p.1298). 

It was also considered possible that the pressure effects at 

temperatures higher than 1200°C might result in still greater un-

certainties. 

Mysen and Boettcher (1975b), having noted that the Cr content 
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of both orthopyroxenes and clinopyroxenes increases significantly 

with increasing pressure, suggested that the exchange reaction 

CaAlA1Si0
6 

+ MgCrA1Si0
6 

= CaCrA1Si0
6 

+ MgA1AlSi0
6 

could theoretic-

ally be used as a geothermometer for peridotites. If ideal 

mixing is assumed K = (Xvi/X )opx / (Xvi/X )cpx and the 
D Al Cr Al Cr 

equation of the curve when solved for T°K gives: T = 4091,0 
KD + 2,7898 

This geothermometer has been further refined by Mysen (1976) to 

cover "the entire compositional range and pressures from 7.5 to 

JOkbars" (ibid.). Temperature estimates obtained using this 

method agree very well with temperatures from the pyroxene solvus 

of Davis and Boyd (1966); (Mysen 9 1976)., One of the drawbacks to 

this method may be that the Cr/Al ratio of the peridotite is a 

limiting factor in the direct application of the geothermometer 

curve (ibid.,). However, it is an advantage that it can also be 

applied to websteritic rock types. Some further refining of the 

experimental data is necessary before the geothermometer can be 

used with complete confidence (Mysen and Boettcher, 1976). 

Recently, Wells (1977) has derived a semi-empirical equation 

of state extracted from all the then available experimental data 

for the diopside-enstatite miscibility gap first determined by 

Davis and Boyd (1966). This equation has been used to reproduce 

0 this miscibility gap over a temperature range of 800 C to 

1700°C and can be used as a geothermometer for aluminous pyroxenes 

The effect of iron 

solubility in the pyroxenes has been calibrated empirically using 

the experimental data available for multicomponent pyroxenes. 

Wells regards his model as being able to reproduce most of the 

experimental data to within 70°c. Applications of this 
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geothermometer to naturally equilibrated Mg-rich two-pyroxene 

assemblages differ markedly from results obtained using the method 

of Wood and Banno (1973). Equilibration temperatures calculated 

by Wells (1977) for lherzolites from Northern Lesotho (Nixon and 

Boyd, 1973a) are up to 140°C lower than those estimated using the 

Wood and Banno (1973) method. 

Uncertainties in Pressure Estimations 

The most important aspect of the calculation of pressures of 

formation of peridotite xenoliths is that the temperature of 

equilibration must be known before the application of A1
2

o
3 

contents 

in enstatites can be justified. This leads to complications in 

determining formation conditions for rocks such as harzburgites. 

These rocks do not contain clinopyroxene and hence the Di(en) 

solvus and the Ca/(Ca + Mg) ratio of the clinopyroxene cannot be 

used to estimate temperature. The A1
2

o
3 

isopleths of MacGregor 

(1974) have been the most commonly used method of estimating 

pressure of equilibration of lherzolite xenoliths ip spite of 

MacGregor's opinion that his data should only be used semiquantat-

ively for Ca-free ultramafic rocks such as harzburgite and that if 

the data were applied to Ca-saturated two-pyroxene ultramafic 

rocks such as lherzolites "adjustments must be made" and that the 

data would "result in absolute values of pressure that are high 11 

(p.115, 1974). One of the more significant problems in using 

MacGregor's data is that the reaction indicating the boundary 

between spinel and ~arnet peridotites is not as well defined as 

previously thought. (Presnall, 1976; Wood, 1975; Obata, 1976; 

Fujii, 1976; Howells and O'Hara, 1975, 1977; Dixon and Presnall, • 
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1977). The uncertainty in the actual position of this boundary in 

temperature~pressure space is the result of: (1) purely theoretical 

thermodynamic considerations of the Al
2
o

3 
isopleths in the spine! 

peridotite field (Wood, 1975; Obata, 1976) and (2) redeterminations 

of the solubility of A1
2
o

3 
in enstatites in spine! lherzolites 

(Presnall, 1976; Stroh, 1976; Fujii and Takahashi, 1977; Dixon and 

Presnall, 1977). Although these studies show that there are large 

differences between MacGregor's A1
2
o

3 
isopleths in the spine! 

peridotite field and the more recent data, there have been only 

three published re-examinations of the solubility of Al o
3 

in the 
2 . 

garnet lherzolite field. Akella (1976) extended MacGregor's 

(1974) results by adding CaO to the simple MgO - A1
2
o

3 
- Si0

2 
system 

and found that the A1
2
o

3 
isopleths were much steeper than those of 

MacGregor. Howells and O'Hara (1975, 1977) reported marked dis-

crepancies between their data and MacGregor's~_(197~) results. 
····:. 

One of the most trying aspects of the whof e procedure in 

using the A1
2
o

3 
contents of enstatites in garnet peridotites to 

estimate pressures of equilibration is that most of the experimental 

data are limited to values of A1
2

o
3 

considerably higher (2 wt % or 

more) than occur naturally in these enstatites (seldom greater than 
• 

1,5 wt %). Thus large extrapolations are .necessary when 

estimating pressures of formation of xenoliths which have 0,6 to 

0,8 wt % A1
2
o

3 
in their orthopyroxenes. In the light of the con-

siderable uncertainties surrounding much of the experimental data 

in both synthetic and natural systems the validity of any such 

extrapolations must be doubtful. 

Mercier (1976) and Mercier and Carter (1975) have tried to 

circumvent some of the problems encountered by direct application 
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of the Di(en) solvus and A1
2
o

3 
isopleths. They adopted a thermo-

dynamic approach using all the available experimental data and the 

theoretical derivations pertinent to (a) both limbs of the Di(en) 

solvus; (b) the A1
2
o

3 
contents of the enstatites and diopsides and 

(c) a set of partition coefficients derived from natural assembl-

ages. From this method a series of equations can be generated 

which permit computation of fully corrected pressure and 

temperature estimates from the composition of either pyroxene 

phase 9 provided this phase has been in equilibrium with another 

pyroxene and an Al-rich phasee In other cases the estimates re-

present minimum temperatures and maximum pressures. This 

"single-pyroxene" technique can be applied to partially re-

equilibrated assemblages, altered facies or xenocrysts. Mercier 

(1976) considers that the method allows the construction of 

pressure-temperature paths for partially recrystallised and re-

equilibrated textures and can be used as a check on either the 

equilibrium state of a paragenesis or the quality of analyses. 

If both pyroxenes are used independently, maximum and minimum 

values for the estimates of temperature and pressure can be made 

instead of a single set of assumed equilibration conditions 

(op. cit.). 

However, the application of this method is not a simple 

task and the effects of the pressure dependence of the diopside-

enstatite solvus have not yet been fully incorporated into the 

derived equations. It is not yet known how these effects will 

alter the original estimates (Mercier, 1977; personal communication). 

An alternative method of calculating pressures of formation 
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of xenoliths has been devised by Fraser (1977). This procedure 

uses the orthopyroxene-garnet geobarometer of Wood (1974) allowing 

for mixing in the octahedral site in garnet. This is based on 

the equation 

(P-1) A.V = 7010 - J,89T - RTln 

(Xgt)2 
Al 

(l11) • (XMl) 
Mg opx Al opx 

where ~V is fitted to a least squares linear regression through the 

four points of lowest A1
2
o

3 
solubility as calculated by Wood and 

Banno (1973), giving A.V = -7,796 - '5,62. (%Al in M
1 

site)-. 

The distribution of Al between the ~l and tetrahedral sites in 

the orthopyroxene (and hence the calculated pressure) depends on 

the amounts of minor components and the site allocation procedure 

adopted. In this method Na, Cr and Ti contents of the ortho-

pyroxenes are used to form sequentially th~ components: NaTiSiA10
6

, 

- NaCrSi
2
o6 , MgCrSiA106 (if cr;Na), NaA1Si

2
o6 and MgA1

2
Si06 as re-

quired by the analytical data. This allows for the coupling 

expected for Na+ - Ti 4 + and the crystal field stabilisation of 

_CrJ+ in the smaller octahedral pyroxene site. The assumptions 

involved in this method are (1) that there is ideal mixing on sites 

with Al-Al coupling in Tschermak's-type molecules; (2) all Fe is 

regarded as Fe 2 + and (J) that the various mineral phases have 

reached equilibrium conditions. Details of the site assignment 

procedure and all equations used may be found in Appendix 1 in 

Volume 2. 

Summary 

Although much work has been done to improve the quality of 

the methods of estimating temperatures and pressures of 
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equilibration there are still many unresolved uncertainties both in 

the experimental data on natural and synthetic systems and the 

application of the results. The study by Lindsley and Dixon (1976) 

has clearly shown that extreme care must be taken 11 to bracket" or 

reverse all experimental phase equilibrium determinations by 

obtaining the data for both exsolution and dissolution runs at the 

same temperature and pressure. It is emphasized that there is no 

a priori reason to choose a 11best 11 value at any particular point 

on the solvi because the limits imposed by the exsolution and dis

solution data (considering the margins of error) should be 

represented by bands up to 1 to 3 mole per cent wide and not as a 

single, best-value line (p.1291, ibid.). 

A comparison of the various methods of estimating xenolith 

equilibration temperatures and pressures has been made by 

Huckenholz and Noussinanos (1977)0 Their results have shown 

that the temperatures estimated by different methods for a single 

peridotite xenolith may differ by nearly 250°c (i.e~ from 924°C 

to 1160°C). Surprisingly, the pressures for this xenolith only 

showed a difference from 25 to 29 kbars (ibid.). It is not 

stated, however, which temperatures were used in calculating the 

various pressure estimates. This factor can be very important 

because the pressure obtained is critically dependent on the 

temperature assumed. Ernst (1977) has calculated the apparent 

temperatures of equilibration for various two-pyroxene, Alpine 

garnet and spine! lherzolites and found differences of up to 200°c 

using four different geothermometers. 

Clearly, the methods presently employed are somewhat in

adequate and probably unreliable and much work is necessary before 



equilibration conditions can be accurately estimated. A series of 

exchange reactions involving Mn, Ca, Mg and Al between the peridotitic 

minerals at various t€mperatures and pressures has been studied by 

Finnerty (1977) but the results are not conclusive enough to be used 

with any degree of confidence at present. 

Any further detailed evaluation of all the geothermometers and 

geobarometers which have been used to estimate apparent equilibration 

conditions of upper mantle xenoliths and all the possible sources of 

error in these methods is beyond the scope of this thesis. However, 

until further experimental phase equilibrium studies have been com

pleted and rigorously tested some of the methods described so far 

must be used in the interim. Although the original "geotherm" 

calculations of Boyd (1973a)are recognised to have severe limit

ations this method (using the Davis and Boyd (1966) and MacGregor 

(1974) uncorrected data) has become the most generally accepted 

basis for comparing xenolith suites from different kimberlites. 

(Dawson, Gurney and Lawless, 1975; Eggler and McCallum, 1976; 

Danchin, 1977; Mitchell, 1977a). However, it must be emphasized 

that this method does not make any allowances for compositional 

differences between the specific mineral phases of deformed and 

undeformed xenoliths. Also, i~ is these differences, especially 

with respect to Na
2
o, Ti0

2 
and Cr

2
o

3
, which are responsible for 

much of the disagreement and discussion concerning the relative 

merits of the various geothermometers and geobarometers applicable 

to peridotitic nodules. 

Thus the accurate quantification of temperatures and 

pressures of formation of peridotitic xenoliths in the upper mantle 

involves extrapolations from experimental data which may not be 
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sufficiently precise to warrant the emphasis placed on the results 

obtained. Clearly, no matter whi~h method is used there will always 

be uncertainties due to the complexitites in the naturalsystems, as 

opposed to simple synthetic ones, for which we have not been able to 

compensate adequately. 

Thus Irving (1976) has suggested that the temperatures and 

pressures obtained from the ''simple synthetic systems" should only 

be used with reservation until all the phase equilibria are better 

determined and understood. Also in his opinion xenolith suites 

should not be used to "define valid geotherms because the processes 
i 
t 

~ 
I 

of magma generation and xenolith formation involve perturbations of 

the very geotherms we seek to measure 11 , (ibid. p.638). 

'geotherm' deduced from such samples can only be meaningful for the ! 
I 
i 
! 

rather specialized and highly complex P-T regime associated with 

zones of magma generation, and cannot be equated with the steady 

state geotherm in unmodified regions of the mantle" (Irving, 

p.641, 1976). 



E. Estimated Temperatures and Pressures of formation of the 
Bultfontein Ga:net Lhe~zolites 

51 

Although there are many uncertainties and problems in-

valved in the estimation of temperatures and pressures of 

formation of peridotitic xenoliths as has been discussed in the 

previous section, an attempt has been made to estimate these 

parameters for the Bultfontein xenoliths. As all the methods 

of pressure estimation require an estimate of temperature first, 

three different temperatures have been calculated using (a) the 

diopside-enstatite solvus of Davis and Boyd (1966) (b) the Wood 

and Banno (1973) correction procedure on the Davis and Boyd 

(1966) temperature and (c) the Wells (1977) two-pyroxene geo-

thermometer. Two pressure estimates have been calculated 

using Ca) Wood's (1974) theoretical calculation procedure and 

{b) Fraser's (1977) modification of Wood's (1974) method combined 

with the use of Akella's (1976) modified Al O~ isopleths. 
2 J . 

modification uses different site allocations to the original 

ones proposed by Wood and Banno (1973) and Wood (1974). 

This 

The results of these calculations are presented in Tables 

203 and 204, which are respectively the xenoliths analysed in 

• 
this study and those analysed by Boyd and Nixon (1976). These 

tables have been arranged with the "Wood and Banno temperature" 

first followed by the two pressure estimates using this 

temperature, then the "Davis and Boyd temperature" with the 

pressure estimates and finally the "Wells temperature" with the 

two pressure estimates. From these tables it can be seen that 

the "Wood and Banno temperature" is higher than the "Davis and 

Boyd temperature" which is in turn nearly always higher than the 
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"Wells temperature". The pressure estimates must follow exactly 

the same pattern, the highest ones being associated with the 

"Wood and Banno temperature" and the lowest with the "Wells 

temperature 11
o The pressure obtained using Wood's (1974) method 

is higher in each case than that obtained from Fraser's modific-

ation of this method. 

The remarkable observation from this exercise is that, 

depending on which geothermometer and geobarometer is used, the 

temperature and pressure estimates for one xenolith may differ 

0 
by as much as 130 C and 8 kbars. The problem of which temper-

ature and pressure estimates are the most feasible is compounded 

when MacGregor's (1974) A1
2
o

3 
isopleths are used to estimate 

pressure .. Tables 20l and 202 show the temperature and pressure 

estimations of formation for the same xenoliths as depicted in 

Tables 203 and 204 but using Boyd's (197Ja)procedure which 

estimates temperature from the diopside-enstatite solvus (Davis 

and Boyd, 1966) and pressure from the A1
2
o

3 
content of enstatites 

(MacGregor, 1974)., The figures in Tables 201 and 202 have been 

read off graphs plotted using the original data of Davis and 

Boyd (op .. cit.,) and Boyd (1973a)~ and extrapolating MacGregor's 

(1974) data to the levels of A1
2
o

3 
found in the enstatites in 

the Bultfontein garnet lherzolites. From these tables it can 

be seen that the pressure estimates using this method are much 

higher than those using the Wood (1974) ~ethod and Fraser's 

(1977) modification of the "Wood method" from the "Davis and 

Boyd temperature" by as much as 16 kilobars. Translated into 

depth in the upper mantle these differences may be as high as 

50 km. 



With all the controversy over which geothermometers and geo

barometers are the most accurate and which correction procedures 

to adopt,the original Boyd (19?3a)application has become the basis 

for the comparison of xenolith suites from various kimberlites 

(Dawson, Gurney and Lawless~ 1975; Eggler and McCallum, 1976; 

Mitchelltl977a; Danchin, 1977). Although this procedure undoubt-

edly has its limitations due to the uncertainties in the exper

imental phase equilibria on which it is based it is still the 

only method which can be used without too many problems being 

created. The results of using this method have been portrayed 

in Figures 29 and JO for the xenoliths analysed in this study and 

those of Boyd and Nixon (1976). Only those xenoliths which are 

4 phase garnet lherzolites or garnet olivine websterites (olivine, 

orthopyroxene, clinopyroxene, garnet) thus satisfying the re~ 

strictions placed by the original experimental phase equilibria 

have been included in these diagrams. 

These results have been superimposed on the original "Lesotho 

perturbed geotherm" of Boyd (1973a) to illustrate the differences 

that are very apparent between the Bultfontein xenolith suite and 

that from Thaba Putsoa. It is ~otable that the 11 upper limb" of 

the "Lesotho perturbed geotherm 11 is absent at Bultfontein and 

that the distinction between the coarse and deformed rocks is not 

clear although the majority of the deformed xenoliths appear to 

have higher estimated equilibration temperatures, and hence 

pressures~than the coarse ones. 

Temperature-pressure plots for the other calculated temperat

ures and pressures shown in Tables 203 and 204 have not been 

presented because they do not alter the overall result except to 
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shift the whole suite to higher or lower temperatures and pressures 

depending on which combinations are used. However, the magnitude 

of the actual temperatures and pressures adopted may have some far-

reaching implications for the mechanisms invoked in explaining the 

acknowledged differences between deformed and undeformed xenolith 

suites geographically close together; (see chapter VI). 

Boyd (1976) has withdrawn his original hypothesis that the 

deformation of the 11high-temperature/high~pressure 11 xenoliths at 

Thaba Putsoa was caused by the break-up of Gondwanaland mainly 

because it has been shown by Green and Guegen (1974) and by 

Goetze (1975) that the stress rates implied by the movement of 

continental lithospheric plates, particularly the African plate, 

would not have been sufficient to cause the deformation textures 

observed in the deformed garnet lherzolite xenoliths from Thaba 

Putsoa. 

Goetze (1975) has estimated that the straining evident in 

the textures of the most deformed lherzolites from Thaba Putsoa 

took place at differential stresses reaching at least 2 to ) 

kbars and the microstructure thus developed in a matter of minutes 

or days but not over millions of years. Boyd's original premise 

(1973a)that the steeply rising non-steady-state part of the 

geotherm resulted from stain heating during plastic deformation 

has been regarded by Goetze as possibly correct but also that the 
~· 

microstructure of the Thaba Putsoa deformed xenoliths is not 

representative of in situ conditions in the upper mantle. Hence 

it is almost certainly incorrect that deformation of these 

xenoliths was caused by migration of the African plate relative 

to some deeper part of the asthenosphere (Goetze, 1975). 
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Green and Guegen (1974) have proposed that kimberlites are 

generated during the rise of upper mantle diapirs and that the 

perturbations of the sub-cratonic geothermal gradients were caused 

mainly by the convective heat of the diapir. Deformation of the 

peridotitic xenoliths would be particularly strong at the margin 

of the ascending diapir. This model is admitted by Green and 

Guegen (op. cit.) to be an extreme case in which all the heat 

necessary would be produced by convection but also admit that 

other models in which both shear heating and upwelling are in-

volved (Anderson and Perkins, 1974) can be constructed. These 

are more complicated and hence more difficult to apply quantitat-

ively. This diapiric model for the mechanism of deformation, 

seems to be a more reasonable method of accounting for the unusual 

textures seen in some of the Bultfontein peridotite xenoliths in 

which the degrees of deformation vary over distances as small as 

3 cm. Green and Guegen's model certainly cannot be invoked to 

explain all the textural features of the deformed xenolith suites 

but it does leave more scope for the interpretation of the Special 

features of individual suites e.g. Matsoku (Harte, Cox and Gurney, 

1975). 

The range of deformational textures shown by some of the 

Bultfontein xenoliths over small distances even within single thin 

sections seems to indicate that a steady state did not exist and 

that deformation may have been very localised. This is supported 

by variations in chemistry between the deformed and undeformed 

minerals. It is thus reasonable that the Green and Guegen (1974) 

model could account for some of these features. One of the 

essential pre-requisites for this model is the presence of water 

\ 
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albeit in small quantities. Many of ~he xenoliths contain 

phlogopi te much of which is 11 primary 11 am a textural basis. The 

mica has been shown, in certain cases, ~o have been of pre

kimberl i te-emplacemen t origin under coc:i:I.i tions where isotopic 

homogenization has occurred (Barrett, ~975) and it is thought 

that some mica formed contemporaneously with its associated 

minerals and is therefore a primary con•stituent of the nodules 

(op. cit.). The phlogopite is hence an available source of 

water. Griggs (1967), Griggs and Blacie (1965) have shown that 

the presence of small amounts of water considerably reduce the 

elastic properties of olivine and other silicates. The weaken-

ing process is thermally activated and makes deformation by intra-

crystalline flow possible. At the temperatures and pressures 

of the upper mantle and with small quan:ti ties of water present the 

strain rates and increases in temperatul!"e induced by the rising 

of a diapir in the upper mantle could reasonably be expected to 

produce some of the textures observed in deformed peridotitic 

xenoliths. ·' 

Harte, Cox and Gurney (1975) considered three hypotheses to 

account for the solid-state de~ormation and annealing textures 

shown by the xenoliths at Matsoku. Th.ese textures, found in 

rocks with essentially identical temperatures and pressures of 

origin indicated that the principal textural features of these 

rocks originated prior to their incorpa·ration and eruption within 

the .kimberlite magma (op~ cit.). An origin cognate with the 

kimberlite magma was excluded for the x:enolith.s. because a highly 

complex and prolonged series of events involving magma at depth 

within the upper mantle would have to he proposed (ibid.). The 
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hypotheses considered were (a) the xenoliths were samples of mantle 

rocks essentially unmodified (except for late-secondary alteration) 

by any association with the kimberlite magma body. The features 

of the xenoliths were then products of widespread processes of 

deformation and annealing in the upper mantle; (b) the xenoliths 

were samples of mantle rocks which formed an envelope to the 

kimberlite magma body at source or as it moved upwards (not 

necessarily rapidly, at first), and underwent localised deformation 

and annealing in response to movements associated with the magma 

body; (c) some of the deformation and recrystallization is assoc

iated with widespread mantle phenomena, whilst some is a product 

of localized kimberlite envelope events (ibid.). For the Matsoku 

xenoliths hypothesis (c) was considered to be the most reasonable 

(Harte, Cox and Gurney, 1975). 

The Bultfontein peridotitic xenoliths show a wider range of 

textures than the Matsoku xenoliths and than reported elsewhere in 

South Africa or Lesotho. Most of the deformational features 

exhibited by the Matsoku nodules are present in the Bultfontein 

xenoliths. This plus the fact that there is no correlation be-

tween bulk chemistry and texture of the Bultfontein rocks (Gurney, 

Dawson, Harte and Lawless, 1975) indicates that the reasoning of 

Harte, Cox and Gurney (1975) for the Matsoku xenoliths is applic-

able to the Bultfontein peridotitic suite also. The textures of 

the deformed Bultfontein rocks cannot only be ascribed to wide

spread mantle creep and localised phenomena occurring within the 

mantle envelope at depth. The extraordinary variation of 

textures over distances as small as 2 cm. must be related to events 
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very closely associated with the phase of kimberlite magmatism 

itself. The consequences of the action of volatiles and fluids 

; 

during the actual processes of deformation of peridotitic nodules 

at the pressures and temperatures of the upper mantle are as yet 

not completely understood (Carter, 1976) but there is evidence 

that these volatiles and fluids may be the controlling factors 

as to how the nodule would be deformed and what the final 

texture would be. Very localised action of volatiles may thus 

be invoked to explain the sudden change of texture of some 

xenoliths, over 0,25 om, from coarse to laminated and disrupted. 



F. The Bultfontein Peridotitic xenoliths compared with those 
of Thaba Putsoa in terms of their minor element chemistry, 
Sr isotope systematics and bulk chemistry. 

The Bultfontein xenoliths have been shown to be very 

different to those from Thaba Putsoa in terms of their mineral 

chemistry and textural variation and hence, their calculated 

temperatures and pressures of formation. There are further 

differences between these two xenolith suites in that the Thaba 

Putsoa coarse nodules are depleted in Na, Ti, Ca, Fe and Al 

(although not K) relative to the deformed nodules in terms of 

their bulk,chemistry. 

59 

At Bultfontein xenoliths do not show this depletion (Gurney, 

Lawless and Dawson, 1977). With respect to Thaba 

Putsoa Ti0
2 

is strongly depleted in the pyroxenes and garnets of 

the coarse lherzolites and by contrast Cr
2
o

3 
is enriched (Boyd 

and Nixon, 1975). The elements Na, Ti, Cr, Fe and Al would 

fractionate into a liquid during a partial melting and the 

formation of this liquid has been regarded by Boyd and Nixon 

(1975) as being the cause of the observed depletion. There are 

also differences between the coarse and deformed xenoliths from 

Thaba Putsoa on the basis of FeO/(FeO + MgO) for the bulk com-

positions but this feature has not been found for the Bultfontein 

rocks (Gurney, Lawless and Dawson, 1977). 

The deformed nodules from Thaba Putsoa have been regarded 

as more P,rimitive mantle material than the coarse rocks and hence 

could be a potential source of basaltic magmas (Kushiro, 1973). 

The coarse xenoliths at Thaba Putsoa are depleted in the "basaltic 

components" (Cao, A1
2
o

3 
and FeO, relative to MgO). Shimizu (1975a) 

however, after determining some trace element contents of clino-
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pyroxenes from both coarse and deformed xenoliths found that the 

amounts of K, Rb, Cs, Sr and Ba present were inconsistent with 

Boyd and Nixon's (1972) interpretation. All these elements should 

be depleted in the coarse nodules because they are strongly part-

itioned into silicate melts relative to clinopyroxene. The Sr 

contents particularly of the clinopyroxenes were too high to be 

consistent with any clinopyroxene-silicate melt relationship 

because the partition coefficients calculated by Shimizu (1974) 

for Sr between clinopyroxene and liquid at high pressures implied 

that the coarse Thaba Putsoa nodules should have equilibratGd with 

a silicate melt containing from J500-9JOO ppm Sr which is un-

realistic (Shimizu, 1975a). Shimizu (op. cit.) also suggested 

that the trace element patterns in these clinopyroxenes may have 

been altered by a secondary process, possibly in the mantle if one 

could assume that the granular nodules were originally in 

equilibrium with a silicate melt. A more likely proposition was 

that the high Sr contents of the coarse nodule clinopyroxenes 

have been produced by reactions between the nodules and a carbonate

rich kimberlitic magma (p.667, op. cit.). 

Shimizu also demonstrated.by determination of the strontium 

isotope systematics of-the deformed Thaba Putsoa xenoliths and of 

some coarse rocks from Thaba Putsoa and Li,qhobong (also n. Lesotho) 

"that these rocks clearly do not represent a genetically related 

suite as shown in the different 87sr/
86

sr ratios" (p.667, 1975a). 

Thus in this respect xenolith suites from different kimbcrlitic 

sources should not be treated together but as distinct separate 

entities, a conclusion also drawn by Harte (1978) in refere.nce to 

physical conditions of equilibration. 
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Unfortunately only a few trace element and strontium isotopic 

determinations have been performed on those Bultfontein peridotite 

xenoliths which do not show evidence of having been metasomati~ed. 

Kramers (1977) has determined the Pb, u, Th, Sr, K and Rb contents 

of clinopyroxenes from coarse xenoliths BD2319 and BD2458 (class~ 

ified in this study as garnet olivine websterites) and from 

deformed xenoliths BD2308, BD2348 and BD2435. Both strontium and 

lead isotopic systems were also investigated by Kramers (op. cit.). 

His results have shown that these five xenoliths exhibit large 

variations both in Sr and Pb isotope ratios and four of them cover 

87 86 . the complete range of Sr/ Sr ratios found by Barrett (1975) for 

a large number of xenoliths and xenocrysts from various localities. 

According to Kramers there is no correlation between Rb/Sr and 

87 86 . 238 204 232 204 Sr/ Sr ratios or between U/ Pb and Th/ Pb and Pb 

isotopic compositions in the diopsides from these xenoliths. "If 

the diopsides had remained closed systems with respect to Rb, Sr, 

u, Th and Pb for a length of time of the order indicated by the 

. 207 204 206 204 data slope 1n the Pb/ Pb versus Pb/ Pb plot (.:!:. 2500 m.y. 

before present) such a correlation would be very distinct. 

Therefore some isotopic equilibration between the diopsides and 

their environment is likely to have occurred", (p. 429, 1977}~ 

However, BD2435 has an anomalously high 87sr/
86

sr ratio of 0,7134 

and BD2319 has a very low K/Rb ratio of 77 and Kramers (ibid.) 

considered that these diopsides must have equilibrated with 

anomalous systems. This equilibration must have taken place 

prior to the incorporation of these nodules into the kimberlite 

possibly during the course of recrystallisation process~s. 

"~iven the large range of isotopic compositions throughout the 
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group of samples, no systematic difference in either Sr or Pb 

isotope ratios is evident" (p.429, ibirl). · These data diverge 

from the results obtained by Shimizu (1975a, b) in which differ-

ences in incompatible element concentrations and rare-earth 

element fractionation patterns between de:formed and coarse 

nodules were found (Kramers, 1977~ 1978). 

However, it must be noted that all but one of the xenoliths 

studied by Shimizu (1975a, b) originate from Thaba Putsoa, 

Mothae or Liqhobong where the mineral chemistry of the deformed 

xenoliths has been shown to be very different to that of the 

coarse nodules (Nixon and Boyd, 1973b; Boyd and Nixon, 1975). 

This study has shown that such differences are not present at 

Bultfontein. The work of both Kramers (op. cit.) and Shimizu 

(1975a, b) has thus indicated that the dissimilarities between 

the Bultfontein peridotite xenolith suite and the nodules from 

Thaba Putsoa are not confined only to the major oxide contents of 

the minerals making up these rocks. 

" The differences between the Bultfontein xenoliths and those 

from Thaba Putsoa are also reflected in the bulk chemistry of 

the Bultfontein rocks. GurneY,, Dawson, Harte and Lawless (1975) 

have shown that there is no correlation between bulk chemistry 

and rock texture. The Bultfontein xenoliths show a smaller range 

of bulk chemistry than the Matsoku suite for all major elements 

except Ti0
2 

and K
2
o (ibid.). Figure 77 shows the ranges of com-

position of various major oxides plotted against MgO x 100/(MgO + 

FeO){where all iron is expressed as FeO) for the different 

xenolith types found at Bultfontein. This figure indicates 

clearly the lack of correlation between the bulk chemistry and 
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rock texture. 

Gurney, Lawless and Dawson (1977) have reported that the range 

in bulk chemistry and Mg/Mg + Fe ratio at Bul tfon'tein is greater 

than that found by Nixon and Boyd (197Jb) :for both the coarse and 

deformed xenoliths from Thaba Putsoa/Mothae but less than that for 

Matsoku (Gurney, Harte and· Cox, 1975). As a consequence of the. 

changes in modal proportions and mineral chemistry the unmeta

somatized common peridotites (as termed for the Matsoku xenoliths) 

have high whole rock Mg/Mg + Fe ratios (total Fe expressed as Fe2 +) 

compared with the garnet olivine websterites. One feature of the 

Bultfontein suite that is in contrast to Matsoku is that some of 

the coarse garnet olivine websterites do not show marked iron 

enrichment in their constituent minerals. The only rocks at 

Matsoku which have similar chemistry are narrow pyroxene rich veins, 

much finer grained than the normal Matsoku common peridotite which 

appear to have re-equilibrated with adjacent peridotite (Harte, 

Gurney and Cox, 1977). 

The bulk compositions of the unmetasomatised common peridotites 

at Bultfontein are very similar to the coarse common peridotites 

at Matsoku and are thought to most likely represent partly depleted 

mantle material for the same reasons as ad·wanced by Gurney, Harte 

and Cox (1975) for the Matsoku rocks (Gurney, Lawless and Dawson, 

1977). Ba, Sr, Rb, Y, Zr, Nb, Zn, Cu and V are all very low in the 

unmetasomatised Bultfontein common peridotites, compared with the 

Stormberg volcanics of Lesotho but Ni, Cr and to a less extent Co 

are enriched (ibid.). Further information on the bulk chemistry 

of the Bultfontein xenolith suite will be presented by Gurney, 

Lawless and Dawson (in preparation). 



G. Bultfontein Peridotitic Xenoliths showing evidence of 
Metasomatism 

64 

Many of the Bultfontein peridotitic xenoliths both coarse 

and deformed contain phlogopite. In the latter the mica has been 

severely deformed, with the other major mineral phases. The 

presence in the deformed xenoliths, of phlogopite which has itself 

also been deformed, severely in several examples, indicates that 

the deformation of such xenoliths must have occurred after the 

formation of the phlogopite in these nodules. 

Texturally many of the phlogopites in the coarse rocks appear 

to be primary but have compositions which indicate that they are 

intermediate between what Carswell (1975) termed primary and 

secondary phlogopites. Phlogopite has also been found forming 

symplectic intergrowths.with chromite and chrome-diopside which 

are often interstitial to coarse grained olivine and enstatite. 

Xenoliths consisting of phlogopite, chrome-diopside, ilmenite 

and rutile have also been found at the Bultfontein Mine with 

phlogopite making up more than 60 modal percent of the rock. 

Other xenoliths which are made up almost entirely of phlogopite 

and ilmenite have been discovered but have not been examined in 

detail as yet. Williams (1932) has described a xenolith which 

he called a zircon pyroxenite which contained zircon, chrome-

diopside and ilmenite with zircon being the modally most abund-

ant mineral. Zircon has been found in several assemblages, 

always associated with ilmenite and/or mica. The rare amphibole 

potassic-richterite has been found in twenty-two nodules from 

the Bultfontein Mine (Erlank, 1973; Erlank and Rickard, 1977) 

and this mineral is generally found associated with phlogopite, 
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chrome-diopside, ilmenite and an, as yet, unidentified Ti-rich 

opaque mineral similar to that described by Haggerty (1975) from 

the De Beers Mine, Kimberley. Pargasitic hornblende, similar to 

that described by Boyd and Dawson (1972) has been identified by 

J. B. Dawson in one of the Bultfontein coarse xenoliths in which 

it is suspected that potassic-richterite is also present, but 

this has not yet been confirmed by electron-microprobe analysis. 

The existence of xenoliths with the minerals phlogopite, 

chrome-diopside, ilmenite, rutile and zircon are considered to 

be the products of upper mantle metasomatic processes. 

The deformed Bultfontein peridotitic xenoliths are dissimilar 

to those from Thaba Putsoa in that they contain phlogopite where-

as Boyd and Nixon (1975) noted that phlogopite was altogether 

absent in the deformed lherzolites from Thaba Putsoa. 

The whole rock chemistry of the Bultfontein coarse and deformed 

xenoliths indicates that most .of these nodules have + O,l wt % 

K
2
o (Gurney, Lawless and Dawson, 1978 in preparation) which is 

very different to the results obtained by Nixon and Boyd (197Jb). 

The unusual phlogopife-ilmenite bearing xenoliths some of 

• which may contain chrome-diopside have textures which indicate 

that these rocks have. been deformed. The similar mineralogy to 

rocks which have been shown to have a metasomatic origin indicates 

that a metasomatic paragenesis is more likely than an igneous 

one. The origin of the unusual zircon-pyroxenite described by 

Williams (1932) is also uncertain and has not been examined. 

It does, however, contain minerals which have affinities to other 



66 

rocks considered to have a metasomatic origin. These unusual 

xenoliths do not contain olivine although olivine-phlogopite

ilmenite bearing nodules are known to exist at several Yakutian 

localities (Ponomarenko, 1971) and at the De Beers, Wesselton and 

Dutoitspan Mines, Kimberley (Dawson and Smith, 1977). The re-

lationship between these unusual xenoliths is still uncertain 

and will probably remain so until further detailed investigations 

have been completed but it is likely that they have been sub

jected to metasomatic processes at some stage of their formation. 

The work of Harte, Cox and Gurney (1975); Gurney, Harte and 

Cox (1975; Harte and Gurney (1975a, b); Harte, Gurney and Cox 

(1977); Dawson and Smith (1977); Erlank (1973); Erlank and 

Rickard (1977); Erlank and Shimizu (1977) and Shimizu and Allegre 

(1977) has conclusively shown that there is much evidence for 

metasomatic processes in the upper mantle. Garnet peridotite 

and pyroxenite xenoliths from the Matsoku kimberlite contain 

phlogopite, ilmenite, rutile and sulphides as minor phases. 

The textural relations of these xenoliths were considered by 

Harte, Cox and Gurney (1975) to indicate that this suite of 

minerals had equilibrated with the host-rock silicates (olivine, 

clinopyroxene, orthopyroxene, garnet) and that the suite was of 

11 primary-metasomatic" nature in distinction to "late-secondary" 

ore minerals and phlogopite associated with kelyphite and 

serpentine. The "primary-metasomatic" minerals have also been 

found to be closely associated with clinopyroxene-rich garnet 

lherzolite sheets or dykes within peridotitic host rocks (Harte, 

Gurney and Cox, 1977). The structural and textural features of 

these sheets are considered to indicate a magmatic origin and 
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"the close association of the 'primary~metasomatic' miner~ls with 

these sheets may indicate that this metasomatism is related to 

the magmatic event responsible for the clinopyroxene-rich sheets" 

(ibid.). The 11primary-metasomatic 11 minerals have compositions 

which show that they cannot have been derived solely by reaction 

among the major peridotite silicates (olivine, garnet, ortho

pyroxene, clinopyroxene) and, with the textural and structural 

relationships, indicate that these minerals have formed as a 

consequence of infiltration by a hydrous fluid especially en

riched in Ti and K but also containing S and probably Fe and the 

minor elements (Ni, Cu, Nb, Zr) (Harte and Gurney, 1975). This 

metasomatic fluid was considered to have been derived from a· 

magmatic source which might have been the kimberlite magma prior 

to eruption or the crystal-mush low-velocity zone magmas postul

ated by Boyd and Nixon (1973a). Harte and Gurney (1975) favoured 

the former of these two possibilities. 

Dawson and Smith (1977) have provided further evidence for 

upper mantle metasomatism from their study 0£ what has been called 

the MARID (mica-amphibole-rutile-ilmenite-diopside) suite of 

kimberlitic xenoliths. These rocks are part of a series 

collectively and loosely t~rmed 11 glimmerites". The minerals 

making up the MARID suite are considered to have compositions 

which distinguish them from the minerals of the megacryst suites 

and from other peridotitic nodules. The ilmenites in the MARID 

rocks have distinctive compositions which are similar to the 

"primary-metasomatic" ilmenites of the Matsoku xenoliths but 

not identical (Figure 74). The diopsides are calcic and low in 

A1
2
o

3 
and Cr

2
o

3 
compared with lherzolitic diopsides and higher in 
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The MARID diopsides are also distinct because they have 

Na ) Al +Cr. The phlogopites in these nodules may be distinguished 

from all other micas in kimberlites by mea~s of a three dimensional 

plot of NiO, Cr
2
o

3 
and Mg(Mg + total Fe) (ibid.). The amphiboles. 

are either subcalcic potassic richterites or subcalcic potassic 

sodic richterites. An igneous origin from a magma chemically 

similar to kimberlite is favoured for the MARID suite of xenoliths 

as a whole, by Dawson and Smith (op. cit.) as opposed to a purely 

metasomatic one but they concluded that due to the presence of 

rutile and ilmenite similar to that found by Harte and Gurrtey 

(1975) that metasomatic processes in the upper mantle were proven. 

One of the xenoliths described by Dawson and Smith (ibid.) has 

been classified by them as a metasomatised peridotite and that 

this rock (BD11J9) has affinities to the MARID suite but is 

different in some features. The textural dat·a indicates that 

the earlier minerals have been partly replaced leaving olivine and 

orthopyroxene as the only survivors. The rock is texturally 

dominated by blades of amphibole intergrown with or enclosing 

diopside. 

The presence of potassic richterite has been confirmed in 

twenty-two xenoliths from the Bultfontein Mine and one from each 

of the De Beers and Monastery kimberlite pipes (Erlank and 

Rickard, 1977). One of these xenoliths has a deformed porphy-

roclastic texture and both the richterite and phlogopite present 

have been deformed. The other richterite-bearing nodules have 

coarse textures. None of the xenoliths in which potassic 

richterite has been found contain unenclosed garnet. The 



mineral chemistry, strontium isotope systematics and trace trans-

ition element abundances of these xenoliths have been determined 

by Erlank and Rickard (1977), Erlank and Shimizu (1977) and 

Shimizu and Allegre (1977). The bulk rock, mineralogical and 

textural characteristics of the richterite-bearing nodules in-

dicate that the richterite is a late stage replacement mineral 

and the result of upper mantle metasomatism and that these 

xenoliths represent the end product of the metasomatic process 

(Erlank and Rickard, 1977)e The richterite has been produced 

by the reaction of olivines, enstatite, diopside, phlogopite with 

a fluid phase containing K, Rb, Ba, Na, Ti, Sr, Zr and Nb and 

occurred in or produced Al-deficient environments (ibid.). 

Strontium isotope evidence (Erlank and Shimizu, 1977) indicates 

that this metasomatic event pre-dates kimberlite emplacement,is 

isotopically unrelated to the enclosing kimberlite and thus is 

of upper mantle origin. It is also noted that this process may 

be only one of a series of such processes that might have taken 
< 

place in the upper mantle leading to lithospheric differentiation 

and enrichment (Erlank and Rickard, 1977). Many of the 

xenoliths examined in this ~tudy do not contain potassic-rich-

terite but most of them contain phlogopite, which, with diopside, 

replaces garnet in many cases. In the garnet-free harzburgites 

enstatite is preferentially replaced by phlogopite but in 

garnet-free lherzolites diopside is replaced. Erlank and 

Rickard (1977) considered that similar processes had produced both 

the potassic-richterite and phlogopite and that these processes 

were indicative of widespread upper mantle metasomatismo 

The presence of potassic-richterite in some of the Bultfontein 
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peridotitic xenoliths and the MARIO suite indicates that these 

rocks must have formed at considerably higher levels in the upper 

mantle than the "primary-metasomatic" minerals in the Matsoku 

xenoliths because this amphibole is not stable at the pressures 

and temperatures estimated for the Matsoku peridotites C.:t, 1050°C 

and 50 kbars, Gurney, Harte and Cox, 1975). Hence, it is most 

unlikely that the metasomatic fluids postulated by Erlank and 

Rickard (1977) for the potassic-richterite bearing nodules and 

by Harte and Gurn~y (1975) are similar. It is apparent that 

there are a number of metasomatic processes occurring in the 

upper mantle which may or may not be related to the actual form

ation and emplacement of the kimberlite. 



V THE POLYMICT PERIDOTITES 

Ao Introduction 

Amongst the xenoliths examined during the course 6£ this 

study, a small number of extremely unusual nodules have been 
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found and are referred to as polymict peridotites. These rocks 

are characterised by the presence of ilmenite, phlogopite and 

sulphide phases, together with a wide variety of mineral grains 

and rock clasts of upper mantle origino 

in equilibrium with each other. 

These clasts are not 

Nine of these rocks have been found including one from the 

De Beers Mine, Kimberley and one from the Monastery Mine9 Orange 

Free State. The physical characteristics, mode of occurrence 

of ilmenite and classification in terms of Harte's (1977) 

terminology of the four rocks chosen for study are presented 

in the Table overleaf (Table M). 

B. Nomenclature 

Because of the very varied and unusual nature of these 

rocks some of the terms used by Harte (1977) in his generalis-

ed system of nomenclature for olivine bearing rocks have been 

used in a wider sense than originally envisaged by Harte (ibid.). 

This system has been used whenever possible to describe the 

recrystallisation and deformation features of polymict 

peridotites. The term "disrupted" has been defined by Harte 

(1977) as "a texture in which garnet or spine! occurs in dis

continuous stringers or groups" of relatively small grains 

(partially separated by other minerals) which appear to have 

formed by the disaggregation (with or without recrystallis

ation) of initially large garnet or spine! grains (ope cit.). 



TABLE M 

Rock No. JJG513 BD2394 BD2666 JJG1414 

Locality De Beers Bultfontein Bultfontein Bultfontein 

Approximate 
size largest 

14x1Jx8 18xl6xll 12,5xl2,5xl0 14,5xl2,5x8,5 
dimensions 
in cm. 

Shape See Figure 31 See Figures 33,34 See Figure 32 See Figure 35 
Plates 1 9 2 Plate 7 Plate 4 Plates 8,9 

Texture after Laminated- Disrupted-

Harte (1977) 
Porphyroclastic Porphyroclastic disrupted- mosaic 

porphyroclastic porphyroclastic 

Mode of 
Small Large Small Large 

Ilmenite 
blebs blebs veins veins occurrence 



Some olivines and orthopyroxenes in these rocks display similar 

features, hence 11 disruptedn has not been restricted to garnet 

and spine! only. 

C. Description of the Polymict Peridotites 

1. JJG51J 
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The most abundant mineral in this rock is olivine, with 

lesser amounts of orthopyroxene, garnet, clinopyroxene, 

phlogopite, ilmenite and rutile. Clinopyroxene megacrysts 

and sulphide phases are rare and occur sporadically. 

(a) Olivine 

Most of the olivine occurs as porphyroclasts up to 5 mm 

in diameter. Nearly all of them have been partial!! 

serpentinised along cracks and/or grain boundaries and have 

been deformed and recrystallised to produce tiny olivine 

neoblasts, which appear to be replacing the larger strained 

grains. These neoblasts (O,l mm) are present along grain 

boundaries and form discontinuous chains around olivines 

and orthopyroxenes. The prophyroclasts are nearly always 

anhedral and some appear to have .been completely recrystall-

ised., Grain boundaries are curved and may be di ffi cu·1 t to 

see due to recrystallisation features. 

(b) Orthopyroxene 

The larger orthopyroxenes are up to 7 mm in the longest 

dimension, but the majority are 5 mm or less. Two 

orthopyroxene clasts contain many tiny platelets of what 

appears to be rutile, another has a few similar platelets. 

Most of the orthopyroxenes are inclusion free and have 



generally rounded shapes. They are anhedral and have 

curved slightly serrated grain boundariesa Cleavage 

traces are often well preserved 9 but few porphyroclasts 

have grain boundaries parallel to cleavage. Some ortho-

pyroxenes appear to be very cloudy and semi-translucent, 

and a few seem to have been slightly recrystallised, with 

the formation of tiny (0 9 05 mm) grains along crystal edges. 

Only one example of a disrupted orthopyroxene has been seen. 

Small (0,5 mm) randomly oriented grains of orthopyroxene 

occur with phlogopite in small areas of the rocka 

Orthopyroxene is found around clinopyroxene grains 

and megacrysts, but orientation, size, and the nature of the 

orthopyroxene varies at each occurrenceo Finely dissemin-

ated opaque minerals and phlogopite are associated with 

these orthopyroxenese 

(c) Garnet 

The garnets all show alteration along edges, the 

amount of which varies from very little to extremee Some 

garnets have been almost totally destroyeda None of the 

garnets are euhedral, and they are always cracked. Garnet 

colours vary from yellow~orange through red to mauve and a 

few are alexandritic. They seldom exceed 5 mm in diameter 

and are generally rounded or elliptical in shape. A 

small proportion of the garnets have been disrupted and 

others appear to have been shatterede Although the outer 

grain boundaries are distinctly altered ''fresh" breakage 

surfaces show relatively little alterationc Olivine, 

chromite and clinopyroxene are found as inclusions in 
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garnets, but the large majority of them are inclusion free. 

(d) Clinopyroxene 

There appear to be at least two types of clihdpyrbx~rie 

present in this rock. One type occurs as megacryst's 

(Plate 1) or as small grains (o, 6 mm) surrounded by 'or 

including orthopyroxene with phlogopite and opaque ~inerals. 

This clinopyroxene is a deep green colour, anhedrai, shows 

cleavage traces and has irregular grain boundaries. 

The other cl inopyroxene type occurs as bright .:.gr·een, 

randomly oriented crystals associated with orthopyroxene 

and chromite in a clinopyroxenite rock cl~st surrounde~ by 

phlogopfte. Clinopyroxene may also be found in olivin~ 

crystals as a small, rounded, bright ~reen inclusion. 

(e) Phlogopite 

This is the most widely distributed mineral in JJG51J 

and seems to occur in three different forms: 

(a) as large (10 mm) relatively undeformed, fresh

looking "blades"; 

(b) small (O,J mm) grains in association with 

orthopyroxene around clinopyroxene; 

(c) variable size grains forming along grain 

boundaries with rutile, ilmenite, sulphides, 

rare calcite and serpentine. 

The edges of the large phlogopites are often not well 

defined and small grains appear to have been formed by 

recrystallisation. The main 11 body 11 of the larger ones do 

not show the uneven~ wavy extinction pattern characteristic 

of strained or deformed phlogopites. 
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The small (0 9 2 mm) phlogopite grains associated with 

orthopyroxene around clinopyroxenes are clear, do not show 

pleochroic cores 9 and are randomly oriented. 

The phlogopite forming along grain boundaries appears 

in most cases to "cement" the various mineralse Many of 

these phlogopites associated with serpentine vein~ have 

pl·eochroic 11 cores 11 al though others have undulose extinction 

and "patches", up to 15 mm in the longest dimension, consist 

of numerous tiny randomly oriented phlogopite crystals. 

Small grains of other silicate minerals are often included 

in the phlogopitee 

( f) Ilmenite 9 R110__tHe and S1i.qphides 

These opaque min~rals always occur with phlogopite. 

Ilmenite forms very irregularly shaped blebs often mantled 

by rutile rims 9 and occasionally by phlogopite. These 

blebs vary in size from 1 mm to 12 mm in the longest 

dimensi~fil and may enclose olivine or phlogopite. 

Rutile may occur as tiny inclusions in phlogopite, 

minute platelets in orthopyroxenes, small individual grains 

and blebs or as rims to ilmenite. 

Sulphide phases are rare1 do not have regular shapes 

and appear to fill the spaces between silicate phases. 

(g) Chromite 

Chromite occurs as tiny grains ((0 9 5 mm) within the 

orthopyroxenes surrounding clinopyroxene megacrysts and 

grains and also in a pyroxenite rock clast as inclusions 

in the diopside., 
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(h) Serpentinisation 

Although common, serpentinisation is not extensive and 

has taken place in cracks along grain boundaries or in veins 

cutting through porphyroclasts and/or neoblasts. Most 

olivines and many orthopyroxenes have been partially 

serpentinised., Clear yellow-green "pools" of serpentine 

which often contain phlogopite and tiny opaque minerals and 

very rarely calcite occur sporadically throughout the rock. 

2.. BD2666 

This rock consists of olivine, orthopyroxene, garnet, 

very rare clinopyroxenes and zircon, riddled with veins of 

ilmenite, phlogopite and rutile. The silicate minerals 

are predominantly oriented with their longest axis parallel 

to the ilmenite veining. Many of the silicates are deform-

ed to variable extent. Some mineral clasts are larger 

than 7 mm, but most are 3 mm or smaller., They generally 

have rounded to elliptical shapes .. Plate 4 is a colour 

photomicrograph of one thin section of BD2666. 

(a) Olivin"e 

Olivine is the most abundant silicate phase. It is 

anhedral, and porphyroclasts occasionally contain inclusions 

of other silicate or oxide minerals. Many of these 

porphyroclasts display undulose extinction and have been 

partially recrystallised to small tab~~ar crystals and/or 

tiny neoblasts., Grain boundaries are usually curved but 

are not well defined where disruption and/or recrystallis-

ation have taken place. Most olivine clasts a~e slightly 
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serpentinised along cracks, but in some the serpentinisation 

has been severe enough to separate parts of the same clast. 

Extremely fine grained areas consist of tiny (0,05 mm) 

olivine neoblasts which may be rounded or, more often, 

tabular and oriented with the longest axes parallel to 

clast grain boundaries. 

(b) Orthopyroxene 

Orthopyroxene occurs as porphyroclasts (5 mm or 

smaller) and around clinopyroxene grains or as aggregates 

of small (1 mm) crystals. Porphyroclasts are anhedral, 

often display, undulose extinction and kink-banding, and 

occasionally have well-developed cleavage traces. Grain 

boundaries of clear orthopyroxenes are well defined, and 

generally curved, but "cloudy" semi-transparent grains 

are often partially serpentinised 9 disrupted and, some

tjmes, slightly recrystallised to tiny (0,01 mm) grains. 

Orthopyroxene around clinopyroxene grains is randomly 

oriented and associated with finely disseminated opaque 

minerals and phlogopite. This association also exists in 

cases where no clinopyroxene is presento Small randomly 

oriented orthopyroxene crystals form aggregates associated 

with phlogopite. Some of these grains are strung out in 

discontinuous chains. One orthopyroxene porphyroclast 

contains many tiny platelets of what appears to be rutile 

and another has an inclusion of olivine. 

(c) Garnet 

The shapes, sizes and colours of garnets vary con

siderably, but all show alteration, of variable extent. 



79 

Some are relatively unaltered, but other.s have heen almost 
•'. 

completely destroyed. The colours range from yellow-

orange through red to mauve, and a few are alexandritic. 

Most garnets are rounded or oval and inclusion-free. 

The largest garnet visible measures 8 mm by 4 mm but the 

majority are much smaller. A small proportion of pink, 

yellow and mauve garnets have been disrupted, an• separate 

pieces have been identified up to 9 mm apart. Garnets are 

invariably cracked, and a few appear to have been 

"shatteredn into tiny pieces, although the overall shap• 

of the original garnet has been retained. Olivine is 

found as inclusions in mauve garnets and chromite in 

alexandritic ones. 

(d) Clinopyroxen~ 

•c1inopyroxene is very rare in this xenolith and occurs . ' 
~ 

in two different formsg 

(i) as unevenly distributed apple-green grains in 

a megacryst, which mainly consists of randomly- --

oriented orthopyroxene crystals associated with 

phlogopite and opaque minerals. The grain 

boundaries are diffuse and the grains vary in 

shape and size. 

(ii) as small (1 mm) bright-green, anhedral grains 

showing cleavage traces which have serrated 

crystal edges and are enclosed by fine grains 

of orthopyroxene, again with finely disseminated 

phlogopite and opaque minerals. 
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(e) Phlogopite 

Phlogopite occurs as small strained crystals in 

"stringers~ generally associated with ilmenite veinso The 

"stringers 1i are seldom more than JI. mm wide and are made up 

of crystals, which vary in size from 0 9 5 mm to 0 9 01 mm. 

These crystals are generally aligned parallel to edges of 

ilmenite veins and clast grain boundarieso The "stringers" 

fill gaps between mineral grains, and may partially, or 

rarely 9 completely enclose silicateso Phlogopite grains 

are often associated with serpentine veins and with the 

serpentinisation occurring along cracks in porphyroclasts. 

(f) Ilmenite, Rutile and Sulphides 

Ilmenite occurs as veins of varying lengths and widths 

showing a strong parallel lineatione These veins are 

often rimmed by rutile 9 fill gaps between silicate mineral 

grains and cracks in them 9 and sometimes completely enclose 

them .. Olivine and phlogopite are present as inclusions in 

some veinso Rutile may occur as discrete grains, thin 

veins, as inclusions and phlogopite, a~ tiny platelets in 

-0rthopyroxene or on edges of ilmenite veinso 

Sulphide mineral phases are associated with ilmenite 

veins or phlogopite stringersG The sulphides have been 

tentatively identified as pentlandite, pyrite, chalcopyrite 

and, possibly, pyrrhotite. These phases show similar 

characteristics to the ilmenite veins. 

(g) Chromite 

Chromite has only been found as a euhedral 'inclusion 

in an alexandritic garnet in BD2666. 
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(h) Serpentinisation 

Most of the olivine porphyroclasts and many of the· 

orthopyroxenes have been partially serpentinised. Yellow-

green amorphous serpentine is present along cracks in 

olivine grains around them, and in uncommon cases 

serpentinisation has completely separated parts of the same 

clast. Serpentinisation has also taken place along the 

edges of ilmenite veins and phlogopite "stringers". 

J. BD2J94 

The major constituent of this rock is olivine with 

lesser amounts of orthopyroxene, garnet, phlogopite, 

ilmenite, clinopyroxene, rutile and sulphide minerals~ 

Cl inopyroxene megac:r·ysts and very altered rock cl as ts make 

up minor, but volumetrically insignificant portions of the 

rocko 

(a) Olivine 

Olivine may pccur as large prophyroclasts (up to J'O mm 

x 10. mm) (Plate 7 ) but usually as smaller irregularly-

shaped clasts. Most olivines are partially serpentinised 

along cracks and grain boundaries; many have been partially 

recrystallised into tiny c<o,05 mm) neoblasts, or tabular 

crystals. Some porphyroclasts have been almost completely 

recrystallised. Ilmenite and both orthopyroxene and 

clinopyroxene are found as inclusions in olivine. 

(b) Orthopyroxene 

Orthopyroxe~e occurs as porphyroclasts up to 5 mm in 

the longest dimension and as an alteration product of 
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clinopyroxene megacrysts and smaller clinopyroxene grains. 

The porphyroclasts sometimes show c1eavage traces and 

often have curved grain boundaries. A few orthopyroxenes 

appear to have been recrystallised into tiny (0,01 mm) 

grains 9 and rare examples have been disrupted •.. Partial 

serpentinisation has taken place along grain boundaries, 

and occasionally along cracks in the crystal. Some 

orthopyroxenes are clear, but others appear cloudy and semi

translucent, occasionally containing finely-disseminated 

phlogopite and/or opaque minerals. 

Similar cloudy, semi-translucent, fine-grained 

orthopyroxene, with phlogopite and, sometimes, opaques, 

forms a "mantle" around large clinopyroxene megacrysts and 

smaller (2 mm) clinopyroxene grains. A few orthopyroxenes 

contair; phlogopit.e and exsolution lamell!'le of thin rutile 

J>latelets. _ 

One has rutile platelets and clinopyroxene. Garnet, 

ilmenite, clinopyroxene, olivine and rutile occur as 

inclusions in orthopyroxene. 

(c) Garnet 

The colours of the garnets range from yellow, through 

red to mauve, but no alexandritic garnets have been found 

in this rock. All garnets show a1±eration along the edges; 

the amount of alteration varies from garnet to garnet. 

Most garnets are rounded to oval in shape and not larger 

than 7mm. There is only one example of a disrupted 

garnet in this rock; the rest are relatively undeformed. 
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A yellow garnet "overgrowth" occurs around a slightly 

altered pink garnet, but does not completely enclose it. 

Similar yellow garnet overgrowths also appeqr around small 

rounded altered yellow garnets in one of the very altered 

rock clasts. One altered pink garnet is partially 

surrounded by orthopyroxene and clinopyroxene which, 

itself also appears to have been altered. The overgrowths 

of garnet on garnet appear to be similar to those described 

by Meyer et al., (1977). 

(d) Clinopyroxene 

Clinopyroxene occurs as rare, large, megac~ysts up to 

25 mm long, as small grains (5 mm), as inclusions in olivine 

and orthopyroxene, arid in suspected rock clasts. In 

megacrysts it is deep-green, shows cleavage traces, and has 

irregular ragged grain boundaries. 

' 
It is invariably 

.surrounded by cloudy orthopyroxene with finely disseminated 

phlogopite. The smaller grains show similar characteristics 

to the megacryst's, but have tiny opaque minerals in the 

orthopyroxene. The inclusions of clinopyroxene in olivine 

are o,44 mm long, bright-green, oval-shaped and situated 

along cracks in the crystals. One of these inclusions has, 

its~lf, inclusions of an opaque mineral. As mentioned 

earlier, one of the clinopyroxene-orthopyroxene associations 

occurs around a pink garnet; this is the only example of 

garnet in this type of assemblage in this rock. 

Clinopyroxene also occurs as inclusions in a rutile-

bearing orthopyroxene. Clinopyroxene, apart from the 
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megacrysts 9 is the least abundant silicate phase in BD2394. 

(e) Phlogopite 

Phlogopite occurs in a number of different associations 

in this rock., It is found around garnets, along grain 

boundaries 9 in association with the orthopyroxene, around 

clinopyroxene megacrysts 9 as inclusions in orthopyroxenes, 

and as blebs up to 8 mm long. Although not the most 

volumetrically abundant silicate phase, phlogopite is the 

most ~-ve11i}l'ldistributed and appears to "cement" many of the 

mineral so 

Phlogopite is also found as tiny crystals,as part of 

intimate mixtures with mill'llute ilmenite grains, in some 

cases ral!1ldomly 0>iriented, but aligned parallel in another to 

form a veino These mixtures are associated with cloudy 

altered orthopyr0>xene in which phlogopite and ilmenite occur 

along cracks in the crystals and between theme 

(f) Ilmenite, Rutile, Sulphides, Chromites 

Ilmenite forms irregularly shaped blebs up to 4 cm x 

3 cm, but also occurs as tiny crystals and intimately mixed 

with rutile., The edges of the large blebs are ragged and 

appear to fill spaces between minerals and, in two examples, 

partially surround garnets., Ilmenite is always associated 

with phlogopite as are the other opaque minerals. The 

occurrence of tiny elongated ilmenite crystals with 

phlogopite has been described earlier. The rutile~ 

ilmenite mixture in the blebs is unusual. Rutile forms 

veins and not only mantles the ilmenite rim, but also 

surrounds silicate inclusions in ilmeniteo 



Rutile occurs in phlogopite as inclusions and as tiny 

ex~solution platelets in orthopyroxenes and, possibly, in 

an olivine& 
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Sulphide minerals are found associated with serpentine 

veins as irregularly shaped blebs. 

Chromite occurs as an alteration product of chromiferous 

garnets as small grains in kelyphitic rims around some of 

these garnetse 

(g) Serpentinisation 

Serpentinisation 9 although common, is not extensive. 

It occurs mainly along grain boundaries and cracks in the 

crystals, but serpentine veins cut through porphyroclasts 

and/or neoblasts and ilmenite blebs. Phlogopite is always 

associated wi~h these serpentine veins in some way. 

(h) Rock Clasts 

Plate 7 shows an area which appears reddish-brown and 

is surrounded by olivine and other silicates. This area 

is composed of very altered garnet, orthopyroxene 9 

phlogopite and opaque mineralso 

Nearly all the garnets are yellow and overgrowths of 

garnet are discernible in some examplese The degree of 

alteration of the garnet cores and overgrowths varies 

across the clast. On one side, the garnets and overgrowth 

have been completely destroyed, leaving cloudy semi-opaque 

areas 9 whereas in another area the cores and overgrowths 

are partially alteredD A few are relatively unaltered, 

and the cores appear to have an almost hexagonal shape. 

The pink garnet with yellow garnet overgrowth appears to be 



part of the rock clastG 

Small grains of phlogopite and opaques make up the 

major part of this clast; some of the orthopyroxene is 

altered-, but clear crystals remain. 
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A large phlogopite grain (4 mm x 3 mm) also occurs in 

this clast. 

4. JJG1414 

Olivine is 9 by far, the most abundant phase in this 

rock. Orthopyroxene 9 garnet, clinopyroxene 9 clinopyroxene 

megacrysts 9 ilmenite, rutile and, extremely rare phlogopite 

and sulphides are the other components. 

(a) Olivine 

Olivine occurs in two forms, as porphyroclasts and tiny 

neoblasts 9 which make up the matrix of this rock. Few 

porphyroclasts have well-defined grain boundaries; most are 

partially serpentinised along cracks, and all show evidence 

of recrystallisation with the formation of neoblasts and/or 

tabular crystals not in optical continuity with the clasts. 

Completely recrystallised olivines show relict grain 

boundaries partially defined by thin stringers of minute 

opaque minerals. Some of these recrystallised porphyro-

clasts have crystals up to 0,5 mm diameter towards the 

original centre of the clasto The recrystallised grains 

of the remnant clast are slightly larger (O,l mm) than 

those of the matrix (0 9 05 mm). 

(b) Orthopyroxene 

Three very different occurrences of orthopyroxene are 
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seen in JJG1414 (i) as slightly elongated oval, or rounded, 

porphyroclasts 9 which may have been disrupted and/or 
; 

fractionally recrystallised, and/or partially serpentinised; 

(ii) as an aggregate of tiny grains in the matrix and (iii) 

partially, or completely, enclosing clinopyroxene grains. 

The porphyroclasts are usually "cloudy"; often they do 

not show cleavage traces and, generally, have undulose 

extinction. They vary in size from 0,5 mm to 10 mm x 7 mm 

although the large clasts are rare. The porphyroclasts, 

generally, have irregular though well-defined grain boundar-

ies which contrast strongly with the olivine matrix. 

The shapes of the larger porphyroelasts are more irr-

egular than the small ones, which are usually oval. The 

orthopyroxene crystals around the edges of clinopyroxene 

grains are small (O,J mm), randomly oriented and, generally, 

show little or no optical continuity. Some of these clasts 

have been disrupted and may also be slightly serpentinised. 

The boundaries of these clasts are usually well defined, 

but sections of them are sometimes obliterated by olivine 

neoblasts penetrating the clast. This occurrence of 

orthopyroxene is characteristised by the presence of small 

finely disseminated opaque minerals and, often, phlogopite. 

This assemblage also occurs where no clinopyroxene is 

present, and some of the orthopyroxene appearsto have been 

recrystallised. 

(c) Garnet 

Garnets appear in a number of different sizes, shapes, 

forms and colours. The largest, a reddish-brown almost-



spherical garnet is approximately 20 mm in diameter 

(Plate 8)e 
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Most of the smaller garnets are pink-mauve in colour 

and roundede All garnets show some alteration, the amount 

·varying considerably. Some yellb'w garnets (1 mm) appear 

to have almost hexagonal shapes, and 11 over.;.growths 11 of 

yellow garnet on both mauve and yellow garnets are an 

unusual featureo Some of these overgrowths seem to have 

almost hexagonal forms. Small (<l mm) pinkish garnets 

occur as individual grains in the neoblastic olivine matrix 

or associated with the orthopyroxene around clinopyroxene, 

or with recrystallised disrupted orthopyroxene. Many of 

these small garnets are, themselves, disrupted, and some are 

severely altered and have irregular shapes. 

Small cloudy reddish-brown rounded garnets (0,5 mm) 

appear near outside edges of the rock, usually associated 

with orthopyroxeneo Clinopyroxene, orthopyroxene and tiny 

opaque phases are found as inclusions in garnets. 

Phlogopite occurs in the large garnet along cracks. 

(d) Clinopyroxene 

Unaltered clinopyroxene is very rare. Clinopyroxene 

is found as small (<1 mm) rounded, deep green porphyroclasts, 

with well-defined grain boundaries, but the most common 

occurrence is bright green, with cleavage traces and 

partially, or completely, surrounded by orthopyroxene. The 

edges of these latter clinopyroxene crystals are irregular 

and often defined by finely disseminated opaque phases. 

There is no relationship apparent between the relative 
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amounts of clinopyroxene and orthopyroxene found in these 

clastse There are a few isolated examples of clinopyroxene 

crystals completely enclosed by ilmenite. 

In the clinopyroxene~orthopyroxene clasts, serpentinis

ation has taken place along cracks in both minerals. 

(e) Phlogopit,,! 

Apart from the phlogopite in orthopyroxene around 

clinopyroxene 9 around garnets, and in serpentine veins, 

there are only four examples of small (<0 9 5 mm) isolated 

phlogopite grainse These grains are surrounded by neo

blastic olivine, and have the undulose extinction charact

eristic of deformed phlogopites. 

Phlogopite has formed in cracks in the large garnet 

and is associated with the alteration of this garnet. 

(f) Ilmenite, Rutile, Chromite, Sulphides 

Ilmenite forms large veins up to 80 mm long and 16 mm 

wide (Plate 8) and irregularly shaped blebs (Plate 9). 

Edges of these veins and blebs are not smooth and partially 

surround other mineral phases, although some silicates are 

found as inclusions in the ilmenite. Rutile often occurs 

along the edges of the veins and blebs. The tiny opaque 

minerals associated with orthopyroxene around clinopyroxene 

are chromites. Sulphide minerals are extremely rare. 

(g) Serpentinisation 

Many of the olivine, orthopyroxene, clinopyroxene and 

clinopyroxene/orthopyroxene clasts have been partially 

serpentinised along cracks and often along grain 



boundaries. Veins of serpentine cut through porphyroclasts 

and ilmenite. Neoblastic olivines close to the edges of 

the ilmenite veins and blebs have been altered to yellow-

khaki~ amorphous serpophite. The amount of serpophite 

varies from vein to vein and can extend as much as 2,5 mm 

from the edge of the ilmenite. 
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D. Chemistry of the Mineral Components 

Presentation of Data 

The compositions of the various mineral phases in these 

rocks are listed in the order olivine, orthopyroxene, garnet, 

clinopyroxene, phlogopite, ilmenite, rutile and chromite. 

Olivine compositions are arranged in decreasing magnitude 

of Mg/(Mg + Fe) and where zoning or recrystallisation is 
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apparent, analyses of the zoned or recrystallised areas immediate-

ly follow those of the central portion. For tabulation purposes 

the olivine analyses have been arbitrarily divided into three 

broad groups (i} homogeneous porphyroclasts, (ii) inhomogeneous 

porphyroclasts, (iii) recrystallised neoblastic olivines. 

Porphyroclastic orthopyroxene compositions are presented 

in a similar way to the olivines, with the exception that when 

altered or recrystallised grains or porphyroclasts do not show 

clea~ variations in Mg/(Mg + Fe) the analyses are in order of 

increasing A1
2
o

3 
content. 

The garnets have been divided into three broad groups, 

based very roughly on the classification of Dawson· and Stephens 

(1975): (i) pyropic garnets similar to those found as inclus-

ions in diamond and having <J wt % CaO; (ii) eclogitic garnets 

having <l wt % Cr
2
o

3
; (iii) Harzburgite-lherzolite-websterite 

chromium garnets with >J wt % Cao. This group has been 

further sub-divided into two smaller groups, one with <0,2 wt % 

Ti0
2

, the other having >0,2 wt % Ti0
2

• 

Garnet analyses are arranged in order of increasing 

magnitude of CaO except where the garnet is markedly zoned with 

In these examples the unzoned portion is 



presented first, followed by the zoned areas in increasing 

magnitude of Ti0
2 

content. The analyses of the zoned low-

calcium garnet in JJG513 are arranged in order of increasing 

CaO content because the zoning with respect to Ti0
2 

is less 

clearly defined. 

Individual clinopyroxene-orthopyroxene clasts are dealt 

with as separate entities with regard to data presentation. 

Clinopyroxene compositions precede the orthopyroxenes, 

followed by phlogopite compositions where applicable.,, 

Analyses of clinopyroxene inclusions in garnets are listed 

separately. 

Only the phlogopites in JJG513 and BD2394 were examined 

and the analyses of the undeformed phlogopites are separated 

from those associated with serpentine and rutile and listed 

irf order of increasing Ti0
2 

content. 

Ilmenite analyses are presented such that the range of 

variation of Ti0
2

, A1
2
o

3
, Cr

2
o

3 
and MgO contents in a 

particular vein or bleb are illustrated. These analyses are 

arranged in order of increasing Cr
2
o

3 
content except where a 

particular vein has been examined from edge to edge directly 

across the vein. In these cases the analysis of the centre 

of the vein is presented first, followed by the edges of 

increasing magnitude of Cr
2
o

3
• 
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1. JJGSlJ 

(a) Olivine 
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The olivines have MgO, FeO and Si0
2 

as major constitu

ents, with MnO, A1
2

o
3

, Cao, Cr
2

o
3 

and Ti0
2 

as trace oxides 

which seldom, if ever, exceed 0,25 wt % in total. The 

amounts of CaO, A1
2
o

3 
and Cr

2
o

3 
individually are never 

larger than 0,06 wt % and are frequently below the detection 

limits for routine analysis. 

The olivines analysed in this rock, including those in 

rock clasts, recrystallised neoblasts, partially recrystall

ised or zoned porphyroclasts and homogeneous porphyroclasts 

show a range of Mg/(Mg + Fe) from 87,4 to 94,0 at_%. 

Figure J6shows the approximate distribution of all these 

olivine compositions. 

Compositions of homogeneous porphyroclasts and those 

on which only one or two analyses have been performed are 

presented in Table 85. 

Eight porphyroclasts, of varying size, have more iron

rich edges than centres.. The increase in FeO content is 

not always constant and, ln a few cases, only one edge of 

a particular porphyroclast may have the higher FeO value. 

These differences are shown in Table 86. 

The compositions of tiny, recrystallised olivine neo-

blasts are given in Table 87. 

(b) Orthopyroxene 

The orthopyroxenesin JJGSlJ are magnesian enstatites 

having a range of Mg/(Mg + Fe) values from 86,8 to 94,5 at. 

% (Figure 37). Not all these enstatites are homogeneous 



and a number are altered and/or partially recrystallised, 

and differ'ences in chemical composition between altered 

and unaltered centres and edges are, in some cases, largeo 

The compositions of porphyroclastic orthopyroxenes 

which do not appear to have been altered are given in 

Table 880 The A1
2
o

3 
contents of these porphyroclasts vary 

from <0,01 to 0,91 wt % although the majority lie within 

the range of o, 65 and o, 80 wt % (Figure .18 ) o The edges 

of the recrystallised/altered orthopyroxenes may, however, 

contain as much as 1,97 wt % Al
2
o

3 
(Table 89, Figure J8). 

An enstatite in a harzburgite rock cJast which has 0,71 wt 

% Al
2
o

3 
in the centre,has 2,97 wt % along one of the edges 

(Table 92) o 

CaO shows similar characteristics t-0 A1
2
o

3
• Altered 

edges may contain 1,33 wt % whereas most of the homogeneous 

porphyroclasts have between 0,20 and 0,62 wt % Cao. 

The most noticeable change in composition between 

centres and edges is shown by Ti0
2

• An examination of 

Tables 89 and 92 clearly shows that altered/recrystallised 

edges have increased Ti0
2 

values compared with the 

corresponding centreso The range of these values is from 

The bulk of the unaltered clasts 

hav£ <<0,02 wt ~ Ti0
2 
;;ith a few between 0,01=1: and 0,09 wt %. 

Na
2
o contents are variable from 0,01 to 0,39 wt % with 

edges generally having higher values than centres, with a 

maximum of 0;44 wt % Na
2

0o 

Thus, in the inhomogeneous orthopyroxenes A1
2
o

3
, CaO, 

Cr
2
o

3
, Na

2
o, Ti0

2 
and also FeO increase in the altered 
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portions of the clasts relative to the centres. 

The compositions of the orthopyroxenes, partially or 

completely, enclosing clinopyroxene megacrysts or grains 

will be considered separately. 

(c) Garnet 

Using the broad classification scheme, outlined pre

viously, one oj the garnets can be described as being of 

the low calcium variety, one is eclogitic, three are ri1ow 

Ti0
2 

lherzolite type" garnets and two are "high Ti0
2 

lherzolite type". 

(i) The low calcium garnet in JJG51J is unusual in 

that it is zoned with respect to calcium, chromium 

and titanium. There appears to be a direct 

correlation between calcium and titanium, and an 

inverse, but less marked, correlation between 

calcium and chromium. 

Figure ~lshows that the CaO and Ti0
2 

contents of 

the core are considerably lower than the edges. 

Table 90 gives the analyses performed on this 

garnet in order of increasing Cao. 

(ii) The 11 eclogite 11 garnet is not homogeneous, one edge 

(analysis 6 Edge, Table 91) has considerably less 

Cr
2
o

3 
than the bulk of the garnet and also 

slightly less Ti0
2

, CaO and FeO. (Analysis 6 

centre, Table 91). 

(iii) Two of the "low Ti0
2 

uierzolite type" garnets are 

very different in composition from the third. 

They are very similar to each other and were 



possibly derived from the same source. The third 

garnet in this group is 11 alexandritic 11 and has 

considerably more Cr
2

o
3 

- 11,35 wt%, and Cao -

7,06 wt% than either of the others (Table 91). 

(iv) The "high T'O 
1 2 lherzoliten garnets both have 0,53 

wt% T'O 
1 2 but very different chrome contents -

2,32 and 4:,4:2 wt % Cr
2

o
3 

respectively. 

All the garnets in JJG513 have been plotted on Ca-Mg-Cr 

and Ca-Mg-Fe triangular diagrams. (Figures 4:~ and 4:3 

respectively). 

Fewer garnets have been analysed from this, rock than 

from the other three. and, thus, the restricted range of 

compositions is largely due to sampling rather than inherent 

differences. 

(d) Clinopyroxene-Orthopyroxene Association 

Clinopyroxene is found in this rock as megacrysts 

( 10 mm) and as smaller clasts (<3 mm) always associated 

with orthopyroxene. The orthopyroxene partially or some-

times completely surrounds both the megacrysts and smaller 

clastso The relative amounts of clinopyroxene and 

orthopyroxene vary from two tiny crystals (0,3 mm) of 

clinopyroxene completely enclosed by orthopyroxene in a 

clas~ (4: mm) to a clinopyroxene grain (6 mm) which has a 

small (0,5 mm) rim of oriented orthopyroxene crystals. 

There is no obvious relationship between the relative 

amounts of clinopyroxene and orthopyroxene present in any 

one occurrence. Opaque oxide minerals are always associated 

with the orthopyroxene as tiny (<0,1 mm) grains and may be 
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ilmenite, rutile 9 chromite or combinations of all three 

minerals in any one clast. Phlogopite is also always 

present in these associations. 

(i) Clinopyroxene 

Eight of these clinopyroxene-orthopyroxene clasts have been 

examined in JJG513. In two of the megacrysts only clinopyroxenes 

have been analysed and the results are presented in Table 93. 

Analysis 1 is an average of three determinations on small fragments 

from the large megacryst visible in Plate 1. Analyses 2 and 3 are 

of two separated clinopyroxenes completely surrounded by tiny ortho-

pyroxene crystals. These clinopyroxenes are slightly out of 

optical continuity although they appear to be parts of an 

originally clast. No differences between centres and edges were 

ascertainableo 

(a) One of the best preserved. megacrysts (15 x 10 mm) was 

originally cemented on to the edge of the main bulk of the rock 

but broke off while thin sections were being prepared. This 

megacryst has two pieces of clinopyroxene visible in thin 

section (1 x J mm and 0,5 x o,8 mm} and analyses of them are 

shown in Table 94. The first analysis is a mean of Jl analyses 

of the larger piece with standard deviation and the range of 

variation of individual oxides. The subsequent 5 analyses are 

of single grains in this clinopyroxene which show a marked 

difference from the mean in Ti0
2

, A1
2

o
3

, Cr
2

o
3

, FeO, Cao, or 

MgO content or in Ca/(Ca +Mg). 

The mean composition and standard deviation for the smaller 

piece of clinopyroxene are also shown in this Table 94. 

(b) Table 95 analysis 1 indicates the mean composition of 



a small ( 1 mm) clinopyroxene grain and the standard deviations 

for thirteen analyses. Two further analyses near an edge and 

right on the edge of this grain which differed significantly from 

the mean especially with respect to Ti0
2

, A1
2

o
3

, Cr
2

o
3

, FeO, MgO, 

Cao and Na
2
o are also shown in this table. 

(c) The semi-circular remnant of another clinopyroxene 

megacryst (10 mm) was analysed extensively. The results of these 

determinations are presented in Table 96. As above, the mean 

composition, standard deviation and range of variation are 

shown, with nine analyses which were distinctly different from 

the mean of one or more elements. 

(d) Similarly Table 97 shows mean, standard deviation and 

range of variation of another clinopyroxene megacryst and one 

aberrant analysis which has very different amounts of A1
2
o

3 
and 

Na
2

o compared with the mean~ 

(e) A smaller similar clast (4 mm) which cannot be called a 

megacryst in terms of Harte's (1977) nomenclature, also has one 

grain which differs from the mean composition with respect to 

These differences 

plus standard deviation and range of variation are presented in 

Table 98. 

(f) Two analyses of tiny clinopyroxene grains (0,5 mm and 

0,2 mm} completely surrounded by orthopyroxene which contains 

numerous opaque minerals are presented in Table 99. Although 

these grains are only 0 9 4 mm apart and have similar Ca/Ca+Mg 

ratios the Ti0
2

, A1
2

o
3

, Cr
2
o

3
, FeO, MgO, CaO and Na

2
o contents 

are very different (e.g. Ti0
2

: 0,30 and 0,82 wt % respectively; 



A1
2
o

3
: 2,17 and 0 9 51 wt %; Cr

2
o

3
g 2,95 and 1,52 wt %; FeO: 

2,87 and 3 9 73 wt%; MgO: 16,51 and 18 9 32 wt %; CaO: 17,70 and 

19,29 wt %; and Na
2
0: 2 9 66 and 1 9 37 wt %). 
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Clinopyroxene occurs in a pyroxenite rock clast associated 

with orthopyroxene and although the grains in this clast seem to 

have similar compositions there are significant variations in 

Ca/(Ca+Mg), Cr
2
o

3 
and Na

2
o between various grains. 

performed on this clast are shown in Table 100. 

The analyses 

Although visible optically, clinopyroxene inclusions in 

olivines could not be analysed because they were found to be 

below the surface of the olivine crystals. 

(ii) Orthopyroxene 

In the megacrysts and small clast~ ~rthopyroxene composit-

ions were found to vary considerably, particularly with respect 

to A1
2

o
3

, Cr
2
o

3 
and Cao. 

(a) Compositions of the orthopyroxene grains in the well 

preserved megacryst are presented in Table IOI. There are 

small variations in Ti0
2 

from 0,14 to 0,27 wt % and in Na
2
o 

from 0 9 05 to 0,64 wt% and in Mg/(Mg+Fe) from 90,1 to 87,9 at.%. 

A1
2

o
3 

contents range from 0,48 to 2,68 wt %, Cr
2
o

3 
from 0,10 to 

1,18 wt % and Cao from 0,37 to 1,14 wt %. These differences 

in CaO content result in the Ca/(Ca+Mg) value varying from 0,75 

to 2,41 at.%. 

(b) The smaller ( l mm) clinopyroxene is surrounded by 

orthopyroxene crystals whose compositions(Table 102)appear to 

show progressive decreases in AI
2
o

3
, Cr

2
o

3 
and CaO away from the 

edge of the clinopyroxene grain in one direction (Analyses 1 to 

5). These decreases could not be duplicated on the other side 
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of this grain as analyses 6 to 11 indicate. Analyses 12, 13 

and 14 are of orthopyroxene grains on the extreme edges of this 

clast and are also inconsistent with the previously observed 

decreases in A1
2

o
3

, Cr
2

o
3 

and Cao. 

(c) Table !OJ lists the compositions of orthopyroxene 

around the edges of the semi-circular megacryst. There are 

small variations in T·o 
1 2 content from 0,19 to 0,31 wt % Na

2
o 

from 0,14 to o,44 wt %; and in Mg/(Mg+Fe) from 89,4 to 88,0 at. 

%. AI
2

o
3 

varies from 0,83 to 2,71 wt %. Cr
2

o
3 

from 0,62 to 

1,68 wt % and CaO from 0 9 79 to 1,61 wt %. 

(d) The compositions of orthopyroxenes around the largish 

megacryst may be found in Table 104. Ti0
2 

in these grains 

varies from <0,01 to 0 9 r~O wt % and Na
2

o from 0,06 to 0,47 wt % 

and Mg/(Mg+Fe) from 92,J to 89,9 at.%. Similar to the previous 

examples variations in A1
2

o
3

, Cr
2

o
3 

and CaO are large: 0,64 to 

2,85 wt %, 0,27 to 1,53 wt % and O,JJ to 1,56 wt % respectively. 

(e) In the small clast (4 mm) similar compositional var-

iations were found in the orthopyroxenes and the results of the 

analyses performed are presented in Table 105. 

(f) In the small clast which contains the many tiny opaque 

minerals the orthopyroxenes again show variations in Ti0
2

, 

other clinopyroxene-orthopyroxene clasts. (Table 106). 

Figures 44, 45 and 46 show approximate distributions of 

A1
2

o
3

, Cr
2

o
3 

and Cao in all these clasts. Table 108 

summaries the results for all these clasts showing minimum and 

maximum values for Ti0
2

, A1
2

o
3

, Cr
2

o
3

, FeO, MgO, CaO, Na
2

0 and 

also Mg/(Mg+Fe) and Ca/(Ca+Mg) for the clinopyroxenes and 
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orthopyroxenes in the six clasts examined. 

The compositions of the orthopyroxenes in the pyroxenite 

rock clast are presented in Table 107 and although there are 

variations in Ti0
2

, A1
2
o

3
, Cao, and Na

2
o these are not as large 

~ 

as those in the six clinopyroxene-orthopyroxene clasts. 

varies from <0,01 to 0,13 wt %, A1
2
o

3 
from 0,15 to 0,31 wt %, 

Cr
2

o
3 

from 0,42 to 1,15 wt %, Cao from 0 9 71 to 2,10 wt % and 

Na
2
o from 0,21 to 0 9 51 wt %0 

91,1 to 89,2 at.%. 

(e) Phlogopite 

Mg/(Mg+Fe) range is restricted to 

' . 

The three types of phlogopite described previously 

have distinct chemical differences particularly with respect 

to -~i02 and C_r 2o
3

• 

The fresh, relatively undeformed phlogopites in JJG513 

have ~l,J wt % Ti0
2 

and <0 1 7 wt % Cr
2
o

3 
and are not zoned, 

although there are differences between them .in A1
2
o

3
, FeO, 

and MgO. There is little variation in Na
2
o and K

2
0 con-

tents. Table 109 shows the compositions of four of these 

phenocrysts • The phlogopites associated with clino-. -
pyroxene-orthopyroxene clasts have_ variable compositions 

and may be zoned especially with regard to Ti0
2

, Cr
2
o

3 

and MgO also vary considerably. A phlogopite on the edge 

of the well preserved megacryst; termed clinopyroxene-

orthopyroxene clast (a) is erratically zoned having Ti0
2 

contents from 0,76 to J,81 wt % Cr
2

o 3 from 0,17 to l,JJ wt 

%, Al
2

o
3 

from 11,42 to 14,15 wt % and MgO from 22,39 to 

26,20 wt %. Ten analyses showing maximum and minimum 

values for each oxide arepresented in Table 110. 
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Compositions of phlogopites in other clinopyroxene-

orthopyroxene clasts and in the pyroxenite rock clast are 

shown in Tables Ill and 1120 Analysis 1 in Table 112 

occurs in the small clinopyroxene=orthopyroxene clast (b)o 

Analyses 2 and 3 are in the semi-circular clast (c), 4, 5, 

6 and 7 are of phlogopites in the small clast containing 

the many varied opaque minerals clast (f); and 8 and 9 were 

in the pyroxenite rock clasto 

Phlogopites associated with rutile and serpentine in 

grain boundaries are usually zoned with low Ti0
2 

values 

in the centres and high values along edgeso One example 

has 0,58 wt % TiO and 0,38 wt % Cr o
3 

in the central 
. 2 2 

section of the grain.and 4,33 wt% Ti0
2 

and 1,09 wt% Cr
2
o

3 

on the edgeso Selected analyses (nine out of nineteen) of 

this grain indicating the range of variation of each oxide 

are presented in Table 113 (Analyses 1 to 9)o Analyses 

10, 11 and 12; 13 9 14 and 15; 16 and 17; are of centres and 

edges of other phlogopites in this rock and analyses 20, 

21 and 22 are of very small grains in similar associations 

with rutile and/or serpentineo These very small grains 

were not zonedo 

( f) Ilmenite 

The ilmenites in JJG513 occur as blebs or as tiny 

inclusions in the orthopyroxenes associated with clino~ 

pyroxene-orthopyroxene clastse 

The compositions of the blebs are not constant and 

the edges of these blebs are higher in Cr
2
o

3 
than centreso 

A typical example has 1,99 wt % Cr
2
o

3 
in the centre and 



2 9 .39 and 2,54 wt % Cr
2
o

3 
on different edges, another has 

1 9 88 wt % in the centre and 2,12 wt % Cr
2
o

3 
on one edge. 

Other small blebs have 1 9 72, 2,87 and 3 9 22 wt% Cr
2
o

3 

10) 

respect:!. vely o Ti0
2 

contents of all the blebs are >52 wt % 

MgO is always> 13 wt % with some values as high as 14,55 wt 

%0 Iron contents vary from bleb to bleb 9 FeO from 22,01 

wt % to 23,0 wt % and Fe
2
o

3 
from 4,44 to 7,51 wt %, but 

total Fe expressed as FeO is always greater than 26 wt % 

ranging up to 29,5 wt %0 The minor oxides, A1
2
o

3 
and MnO 

in the blebs seldom exceed 0 9 20 and 0,25 wt % respectively. 

Table 114 shows three representative analyses. 

The ilmenites in the clinopyroxene-orthopyroxene clasts 

however, have very different compositions especially with 

The ilmenites considered 

below are those associated with clinopyroxene-orthopyroxene 

clast (f) (Tables 99 and 106 give the clinopyroxene and 

orthopyroxene compositions)o The A1
2
o

3 
content of these 

il~enites is only just above the detection limit, the 

highest value being 0,04 wt %.MnO is usually less than 0,18 

wt %. The MgO values vary from 13,63 to 14,62 wt % and 

Ti0
2 

is always greater than 52,5 wt % up to 55,63 wt %. 

FeO varies from 21,87 to 24,0 wt % with Fe
2
o

3 
from nil to 

4,65 wt %. If the total Fe content is expressed as FeO 

this has a range from 24,0 to 26,34 wt %. 

content of these tiny ilmenites is very much higher than 

for the blebs, the lowest value found was 5,34 wt % Cr
2
o

3 

and the highest 7,00 wt %. These grains however are not 

constant in composition and one example has a variation in 



Representative analyses showing the ranges of compos-

ition mentioned may be found in Table 1150 

Rutile is usually associated with these tiny ilmenite 

inclusions and often it was not possible to obtain good 

enough resolution to get analyses of the separate phases$ 

An extraordinary grain which produced analyses very roughly 

resembling terrestrial armalcolite (Haggerty, 1975) had 

11 wt % Cr
2
o

3 
which could imply that the grain under 

examination was in fact a mixture of ilmenite, rutile and 

chromite. Ilmenite containing.:!:. 5,5 wt % Cr
2
o

3 
(Analyses 

'.~a~1i-~Table 115) was confirmed in this grain but no 

satisfactory analyses of rutile nor the chrome rich phase/ 

mixture were possible. The analyses of this high chrome 

mixture or phase are presented in Table 115 as analysis 4~ 

(g) Rutile 

Rutile grains, not associated with ilmenite within 

clinopyroxene-orthopyroxene clast (f) have between 3 and 4 

~ ( a a wt % Cr2o
3 

and 0,3 to o,6 wt ~ Fe2o
3 

Analyses 1 , 2 , 

Table 116). Other rutiles associated with serpentine 

and phlogopite may have similar compositions i.e. Cr
2
o3 

from 3 to 4 wt % and Fe
2
o

3 
up to 1,5 wt %. However, three 

grains near the zoned phlogopite grain, (Figure 47) the 

composition of which is shown in Table 113, analyses 1 to 

9 have <0,3 wt % Fe
2
o

3 
and Cr2o

3 
contents which vary from 

1,98 to 2,92, to 3,00 wt %. These three grains are analy-

c c c 
ses 6 , 7 , 8 in Table 116. Only one of the rutile 

grains analysed in JJG513 had >0,25 wt % MgO ahd this grain 
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also had the highest F~2o3 coITTtent of 1,54 wt %0 Analyses 

~b, ,b a-d 5b . T 6 J ~ .. in able 11 are representative of seven 

rutiles which have ?J 9 25 wt % Cr
2
o

3 
which are associated 

with serpentine araund clinopyroxene~orthopyroxene clast (c). 

(h} Chromite 

Analyses of tiny ((0 9 1 mm) chromite grains in the 

clinopyroxene~orthopyroxene clast (f} are shown in Table 117. 

The first five analyses indicate the maximum and minimum 

these grai~so These analyses are thus representative of 

the range of variation of specific oxides in the chromites in 

this clasto Analyses 6b, 6c, 6d 9 6e, show the maximum and 

minimum Ti0
2 

and A1
2
o

3 
contents found within one chromite 

graino 
b c d 9 e . 

Similarly, analyses 7 9 7 9 7 1ndicate the range 

of variation of Ti0
2

, A1
2
o

3
, Cr

2
o

3 
and MgO within another 

b d e c d 
graino Analyses 8 ' 9 8 ; 9 and 9 are presented to show 

further compositional differences within single grains, 

slightly lower MgO contents and that there is no obvious 

correlation between the various oxides, particularly the 

minor ones; for example, Ti0
2 

and A1
2
o

3 
with Cr

2
o

3 
or MgO. 

Chromites found as inclusions in garnet, olivine and in 

the pyroxenite rock clast are shown in Table 118. Three 

chromite grains were analysed in this clast and those 

illustrating the highest and lowest Ti0
2

, A1
2
o

3
, Cr

2
o

3 
and 

MgO values are presented. These grains have Cr
2
o

3 
contents 

remarkably similar to chromites found as inclusions in 

diamond but considerably less A1
2
o

3 
and more Ti0

2
• 
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J. BD2666 

(a) Olivine 

The olivines in BD2666 are magnesium-rich forsterites 

which are essentially MgO, FeO and Si0
2 

with MnO, Cao, 

A1
2

o
3 

and Cr
2

o
3 

and Ti0
2 

as trace constituents. Of these 

MnO seldom exceeds 0,15 wt % and the others are rarely 

greater than 0,05 wt % and usually very close to the 
q 

detection limit for routine analysis. 

The range of Mg/(Mg + Fe) for all the olivine analysed, 

i.e. porphyroclasts, partially recrystallised clasts and the 

recrystallised neoblasts is 86,2 to 94,4 at.% and the 

distribution of these values is shown in Figure J6 

Compositions of homogeneous porphyroclasts and 

porphyroclasts, on which only one or two analyses have been 

performed, are given in Table 119. These analyses are 

arranged in decreasing magnitude of the Mg/(Mg + Fe) ratio. 

Some of the porphyroclasts are zoned with respect to FeO 

and MgO. FeO invariably increases towards one or more 

edges, but this increase is not necessarily uniform. The 

differences in composition between centres and edges of 

these porphyroclasts are presented in Table 120. One 

zoned porphyroclast, between two ilmenite "flows" has been 

partially recrystallised to e~hedral, tabular crystals 

which are considerably more iron-rich than the original 

clast (Analyses 1-6, in Table 120). 

Small, euhedral, clear, unstrained neoblasts occasi~n-

ally penetrate large porphyroclasts and have very different 

compositions compared with the parent clast. In one 
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example (Table 120) the host crystal has 6,6) wt % FeO and 

the FeO content of the penetrating neoblasts increases out

wards, towards the edge of the host, from 8,16 to 9,6) wt %. 

The compositions of tiny recrystallised neoblasts are 

presented in Table 121 and have considerably more FeO than 

the majority of the porphyroclasts. The least magnesian 

olivine. in BD2666 (Analysis )1 Table 119) is a small (0,2 mm) 

homogeneous, clear, unstrained, grain completely enclosed by 

phlogopite. The Mg/(Mg + Fe) value of 86,2 at.% is, by far, 

the lowest for any olivine in this rock. 

(b) Orthopyroxene 

The orthopyroxenes in BD2666 show a larger range of 

Mg/(Mg + Fe) values than JJG513 or BD2)94o This range, 

shown in Figure 37from 85 9 0 to 95,4 at.% includes homogen

eous porphyroclasts, altered and/or partially recrystallised 

porphyroclasts, disrupted orthopyroxenes and what appear to 

'be neoblastic orthopyroxenes. 

Tables 122 and 12) show the composition of the unaltered 

and altered porphyroclasts respectively. Table 124 gives 

the compositions of disrupted orthopyroxenes which, although 

chemically similar, do not always appear to be part of the 

same original clast. Compositions of the neoblastic or tiny 

possibly recrystallised orthopyroxenes are presented in 

Table 125. 

The homogeneous porphyroclasts have a range of A1
2
o

3 
contents from <0,0l to 0,80 wt % but edges of the altered 

clasts may contain up to 1,52 wt% A1
2
o

3 
(Figure 38). 

clear grain of orthopyroxene completely surrounded by 

A tiny 
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phlogopite has 1,54 wt % A1
2
o

3 
(Analysis ) Table 125). 

Cr
2
o

3 
and CaO have similar characteristics to A1

2
o

3 
in 

the orthopyroxenes, i.e., the higher values are found along 

the edges of altered clasts or in the tiny recrystallised 

neoblastso The ranges are: Cr
2
o

3 
- 0,05 to 0,67 and CaO -

0,25 to l,OO wt %0 

Na
2
o contents are variable between 0 1 0) and 0,26 wt %, 

again the edges being slightly more Na
2
0-rich than the 

centres. 

Ti0
2 

values in the homogeneous porphyroclasts, dis

rupted clasts and in centres of altered clasts are generally 

<0,10 wt % the majority having <0,05 wt %. However, in th.a 

recrystallised neoblasts and on altered edges Ti0
2 

may vary 

from 0,12 to 0 1 27 wt %. 

FeO increases on edges compared with centres in 'the 

recrystallised/altered clasts from ).,15 to 6,23 wt " in one 

particular example (Analyses:porphyroclast l; Table 12)). 

(c) Garnet 

The four categories of the broad classification scheme 

outlined previously are w~ll represented by the garnets in 

BD2666. A limited number have been analysed and show a 

wide range of compositional di fferen.ces within the four 

groups. 

(i) There are five "low calcium" garnets, three of 

which have remarkably simi.lar compositions but 

are from different sections of this nodule 

(Table 126). 

(ii) The four "eclogitic" garnets have very different 



compositions (Table 127). The first analysis 

presented in this table is an average of four 

analyses of two pieces of a disrupted garnet 

which are 10 mm apart. 
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(iii) The "low Ti0
2 

lherzolite-harzburgite" garnets show 

wide compositional differences, particularly with 

regard to Cr
2
o

3 
(Table 128). One of these 

garnets is very llale:x:andritic 11 and appears dark 

green in natural light. It has considerably more 

CaO 109 8 wt % and Cr
2
o

3 
14,7 wt % than any others 

in this group. 

(iv) Compositional differences for garnets in the "high 

Ti0
2 

lherzolite-harzburgite" group are particularly 

noticeable when looking at the FeO and Ti0
2 

con

tents (Table 129). The range of Cr
2
o

3 
in this 

group is not as large as in the previous category 

although one of these garnets in alexandritico 

Figures 48and 49are Ca-Mg~Cr and Ca-Mg-Fe triangular diagrams 

illustrating the compositional range of the garnets in this 

nodule. 

The garnets are considerably more disrupted than in any 

of the other nodules in this study. The extreme example of 

disruption is a 11high Ti0
2 

lherzolite-harzburgite11 garnet, 

four fragments of which have been analysed (Analysis 5, 

Table 129). The fragments of this garnet are connected by 

a dark train of phlogopite and tiny opaque minerals which 

appears to have been 'deflected' around olivine grains. 



(d) Clinopyroxene~orthopyroxene Association 

(i) Clinopyroxene 

llO 

The very rare clinopyroxene in BD2666 occurs associated 

with orthopyroxene in the two forms described in 

section 2 ( eL 

(a) In a megacryst twenty two determinations of the clino-

pyroxene compositions were made and although very slight 

variations in chemistry were found between individual 

grains, the composition was remarkably constant .. Table 

lJO shows the mean composition, standard deviation from 

the mean and the range of variation for specific oxides. 

There are virtually no differences between centres of 

the clinopyroxene grains and their edges .. 

(b) The compositions of three small clinopyroxenes which are 

completely surrounded by optically continuous ortho-

pyroxene are given in Table 1J2o Two of these clino-

pyroxenes (analyses 2 and J) are very close together 

and, although not in optical continuity, are likely to 

be separate pieces of an origin~lly larger grain .. 

Analysis l (Table 132.) of the third grain is similar to 

the others but the differences in A1
2
o

3
, Ti0

2 
and 

Ca/(Ca+Mg) make it unlikely to be part of the same 

original crystal, although the three grains are less 

than 3 ems apart. 

There are small but significant differences in the A1
2

o
3

, 

Cr
2

o
3 

and FeO contents of these three small grains com

pared with the megacryst, and the Mg/(Mg+Fe) and Ca/(Ca+Mg) 

values clearly show that the two types of clinopyroxene 



are chemically different. 

(ii) Orthopyroxene 

111 

In the megacryst the orthopyroxene grains are randomly 

oriented and the analyses presented in Table 131 show 

wide variations in1 Mg/(Mg+Fe) from 94,2 to 86,5 at.%; 

Ca/Ca+Mg from 0 9 52 to 5,04 at.%; Ti0
2 

from <O,Ol to 0,36 

wt %; A1
2
o

3 
from 0,37 to 2 9 01 wt %; Cr

2
o

3 
from 0,08 to 

1,15 wt %; CaO from 0,27 to 2 9 49 wt % and Na
2
o from 0,06 

to 0,81 wt %. Approximate distributions from A1
2
o

3
, 

Cr
2

o
3 

and CaO have been plotted in Figures 50, 51 and 52 

respectivelyo 

No analyses of the orthopyroxene surrounding the small 

clinopyroxene grains could be performed because of the 

poor polish on these very small grains. 

(e) Ilmenite and Rutile 

Ilmenite veins and elongated blebs occur throughout this 

rock, and have of varying thicknesses and lengths. As may 

be seen in Plate 5 there are as many as 13 or more separate 

veins within an area of 40 mm x 20 mm, and hence it was almost 

impossible to determine the composition of each and every vein 

throughout the rock. After preliminary analyses had in-

dicated that the veins were very variable in composition 

particularly between centres and edges and also from vein to 

vein as many veins as possible in three thin sections were 

comprehensivelj analysed to determine the extent of composit-

ional variationo One of these thin sections is that 

depicted in Plate. 5. Approximately 250 analyses were per-

formed on the veins in this section. In the other two 



112 

selected for detailed analysis roughly 120 and 90 analyses 

were carried out respectively. A further 45 analyses, 

on veins chosen at random in two other thin sections were 

completed to confirm that an adequate sampling of the 

compositional range had been achieved. 

The Cr
2
o

3 
content of the ilmenite veins and blebs was 

found to be the most useful indicator of chemical inhomo-

geneity. There were also distinct variations in the 

amounts of Ti029 A1
2
o

3
, MgO andFeOpresent but these were 

The not as clearly defined as those shown in Cr
2
o

3
• 

centres of different veins had Cr
2
o

3 
contents which 

varied from 1 903 wt % to 3,90 wt %, and the edges of 

almost all veins, with very rare exceptions had consider-

ably more Cr
2
o

3 
than the centres and further, opposite 

edges of the same vein did not necessarily have similar 

For example the vein with 1,03 wt % in 

the centre has corresponding edges with 1,27 and 1,38 wt 

a b c) % respectively (Table 151 analyses 1 9 3 , 4 ; and 

similarly the vein with 3,90 wt % Cr
2
o

3 
at the centre has 

edges with 4,42 and 4,63 wt % Cr
2
o

3
• 

It is not possible to present all the analyses per-

formed on ilmenites in BD2666. Tables 133 to 15,4 show 

representative analyses which include the highest and 

particular vein or blebo Most of these analyses 

(Tables 133 to 147) show the compositional variations of 

the veins identified in Plate 6. Tables 148 to 150 list 

analyses performed on veins in the thin section which fits 
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directly below the bottom edge of the one illustrated 

in Plates 5 and 60 Table 151 shows the compositional 

variations of a vein in a thin section which is not 

illustrated but are presented because the centre of this 

vein has the lowest Cr
2
o

3 
value (1,03 wt %) found in any 

vein or bleb in this rocke 

Although some veins such as (n) and (i), (Plate 6) 

appear to be continuous, microscopic examination showed 

that they were in fact two separate veins and that vein 

(h) extended around one olivine grain but stopped at 

secondo Vein (i) also illustrates that the ilmenite 

often fills the spaces between the separate fragments of 

disrupted porphyroclasts; in this case, orthopyroxene. 

The analyses in Tables 133 to 154 are arranged in 

order of increasing Cr
2
o

3 
content wherever possible~ 

However, when an ilmenite vein has been examined from 

edge to edge, the analysis of the central portion is 

presented first, followed by the compositions of the 

grains on the edgeso Thus in Table 138 for example, 

the first two analyses of vein (f) (Plate 6) are of 

grains in the centre of the vein followed by three sets 

( a b c a b c a b c) of analyses 3 , J 9 3 i 4 , 4 , 4 ; 5 , 5 , 5 where 

the vein has been examined from edge to edge at three 

different positions. The final three analyses are of two 

different edges of the vein and a point at the extreme end 

of the veino 

Tables 152 to 154 show the compositions of ilmenite 

blebs two of which, (a) and (b) are identified in Plate 6. 



Table 154 presents the ilmenite analyses of a tiny bleb 

(c), (not illustrated) which consists of an intimate 

mixture of ilmenite and rutile. The rutile analyses are 

presented in Table 156. Two further rutile analyses, one 

of a rutile in ilmenite vein (b), and the other of a bleb 

(d) (both illustrated in Plate 6) are presented in Table 

1550 
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J. BD2394 

(a) Olivine 

The olivines in BD2394 are similar to those in JJG51J 

and BD2666 in that they are all magnesium-rich fosterites 

with only small amounts of MnO, Cr
2
o

3
, Cao and A1

2
o

3
• 

The distribution of Mg/(Mg + Fe) values which range from 

86,0 to 95,7 at.% is shown in Figure J6. This figure 

includes all the analyses performed on homogeneous por-

phyroclasts, zoned and partially or completely recrystall-

ised porphyroclasts and neoblasts. The different 

ornamentation in this figure indicates the spread of 

Mg/(Mg + Fe) values in atomic per cent in one small 

completely recrystallised clast. Twenty-two analyses 

were performed on the anhedral, tabular crystals within the 

original clast boundaries. FeO in these crystals varies 

from 11,6 to lJ,5 wt %. 

The compositions of the homogeneous olivine porphyroclasts 

are presented in Table 157. 

Some porphyroclasts have been partially recrystallised 

or are zoned. The chemical differences between the 

original crystals are recrystallised neoblasts, and between 

centres and edges are given in Table 158. 

The results of analyses performed on the tiny (0,02 mm) 

recrystallised neoblasts are shown in Table 159. 

The most magnesium-rich olivine in the four polymict 

peridotites is to be found in BD2J94 (Analysis 1, Table 

157>• This porphyroclast is slightly serpentinised along 
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cracks, but appears to be homogeneous chemically and no 

optical discontinuities could be discovered. 

(b} Orthopyroxene 

The orthopyroxenes in BD2J94 have a more restricted 

range of Mg/(Mg + Fe) than either JJG513 or BD2666, this 

range being 94,0 to 88,0 at.% (Figure J7). The com-

positions of homogeneous porphyrocla.s·ts are presented in 

Table 160 and those of altered and/or recrystallised ones 

in Table 161. 

The A1
2
o

3 
contents of the homogeneous porphyroclasts 

vary from 0,02 to o, 79 wt % but an ai.tered edge of one 

clast has J,21 wt % A1
2
o

3
• 

Edges in inhomogeneous clasts ma;y have up to 1,21 wt 

% CaO whereas the unaltered orthopyr°'oxenes have CaO con

tents between 0,22 and 0,65 wt %. 

Cr
2
o

3 
contents vary from 0,06 to 0,36 wt% in the 

unaltered clasts but on edges of rec,eystallised grains 

they may have up to 1,24 wt % Cr
2
o

3
o 

Na
2
o is low in most of the orthcpyroxenes (0,04 to 

0,20 wt %) but again on altered edges it is very much 

higher, an extreme example being Anai.ysis 4 Table 161 

which shows 1,15 wt%. 

The amounts of Ti0
2 

are generalI:y <0,12 wt % in the 

unaltered porphyroclasts, but increase with alteration to 

0,36 wt %. 

The FeO values along altered edges are generally 

higher than the corresponding centres, one example being 

an increase from 4,22 to 7,30 wt% (Table 161). 
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(c) Garnet 

In contrast to JJG513 and BD2666 no "low calcium" 

garnets have been found in BD2J94, but two very unusual 

garnets with 11 corona 11-like overgrowths are present. 

(i) The 11 eclogitic" garnets have a considerably 

larger compositional range than the other 

nodules, particularly with regard to FeO and 

CaO (Table 162); 

(ii) The "low TiO lherzolite-harzburgite" garnets 
2 

have a f•irly restricted range of Cao contents, 

but there is considerable variation in FeO and 

Cr
2

o
3 

values (Table 16J). 

(iii) Analyses of three garnets of the "high Ti0
2 

lherzolite-harzburgite 11 type are shown in Table 

164. The first two analyses are of a centre 

and edge of a garnet zoned with respect to Cr
2

o
3

• 

All these garnets have been plotted on Ca-Mg-Cr and 

Ca-Mg-Fe triangular diagrams (Figures 53 and 54 ) showing 

the large range of eclogitic type garnets and a slightly 

restricted range of lherzolite-harzburgite garnets com-

pared to BD2666 and JJG513. 

(iv) Three very unusual garnets have been found in 

BD2J94. 

(a) One is complexly zoned with respect to Ti0
2 

and 

Cr
2
o

3 
and Fe0 0 Figure 55 shows the exact positions 

of the analyses presented in Table 165. 

Analyses I and 2 in this table are of the central 

section of the garnet, 3 and 4 are of grain on two 



ll8 

different edges. Analysis 5 is of a grain close to 

another edge. Analyses 6 and 7 are of adjacent grains 

on the extreme edge of this garnet, although near 

analysis 5. There is a remarkable change in Cr
2

o
3

, 

Ti0
2 

and FeO contents of this edge compared with the 

central section. The other edges (J 9 4) are not mark-

edly different in Cao, Ti0
2 

or Cr
2

o
3 

with respect to 

the centre, but MgO and FeO vary quite considerably. 

(b) A pink-mauve garnet, which could be called a 11 low Ti0
2 

lherzolite-harzburgite" garnet displays a yellow 

11 corona-like 11 overgrowth. However, the composition 

of the pink core and overgrowth are very different. 

(Figure 56 indicates positions of analyses presented 

in Table 166). 

Analysis 1 is an average of five separate determinat-

ions of the composition of the core. Analysis 2 is 

a small grain off the edge of the 11 corona 11 • Analyses 

J, 4, 5 and 6 are of the "corona" itself and 7 is the 

extreme edge of this "corona". Compared with the core, 

the corona has lower Cao, much lower 

and much higher Ti0
2 

contents. The 

Cr
2

o
3

, higher 

2,81 wt % Ti0
2 

FeO 

value in analysis 7 is considerably higher than any of 

the garnets from kimberlites or their associated 

xenoliths discussed by Dawson and Stephens (1975). 

Figures 57 and 58 are ternary diagrams illustrating these 

compositional variations. 

(c) A small (2 mm) garnet on the boundary of a very altered 

rock clast has three distinct parts and is euhedral 
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which is unusual for an upper mantle xenolithic garnetG 

This yellow garnet has a core and two yellow "corona-

like" overgrowths. The cracks in both coronae are 

radial and only extend to the edges of the particular 

coronao Under a high-powered microscope, crystallo-

graphic zoning is clearly visible with octagonal crystal 

form apparent. This crystal form is present in both 

coronae. Due to the extreme zoning, satisfactory 

representative compositions could not be obtained of 

either the core or the two coronae. Garnets with 

similar overgrowths have been seen in the altered 

clasts, but could not be analysedo 

( d) Cl inopyroxene-orthopyroxene As.~~£!.C:l.:!:_i_o,!! 

(i) Clinopyroxene 

One of these megacrysts (20 mm) was extensively 

analysed to determine whether there were any compositional 

differences between the centres of the clinopyroxene grains 

and the edges especially where the clinopyroxene was in 

contact with orthopyroxene and with neoblastic olivine out-

side the boundaries of the megacryst. Table 167 shows the 

mean composition of twenty analyses, the standard deviation 

from this mean and the minimum and maximum values for each 

oxide. From this table it can be seen that the variation 

in composition is minimal and within analytical error 

limits. No differences were found between centres and 

edges of individual clinopyroxene crystals, nor between 

separate crystals within the megacryst. 

< 
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(ii) Orthonvroxene 

The composition of orthopyroxenes in the above 

~egacryst are presented in Table 168 Mg/(Mg + Fe) varies 

from 90,6 to 86,9 at.%; TiO.., 
&.. 

from 0,13 to o,4o wt %; Al 20J 

from 0,33 to 3,35 wt %; Cr
2

o
3 

from 0,18 to 0,71 wt %; 

CaO from 0,57 to 1,76.wt %; Na 0 
2 

from 0,11 to 0,63 wt %; 

Ca/(Ca + Mg) values lie between 1,18 and J,72 at.%. The 

approximate distributions of A1
2
o

3
, Cr20J and CaO in these 

grains are shown in Figures 50, 51 and 52. 

(iii) A small phlogopite ~rain near the boundary between 

a large clinopyroxene crystal and the small orthopyroxenes 

within this rnegacryst is not zoned but has high (for these 

rocks) Ti0
2 

(J,7 wt%). Analyses of the centre and edge 

of this phlogopite app~ar in Table 169 analyses 2 and J. 

This megacryst has very .few opaque minerals within the 

orthopyroxene, which are widely scattered and too small to 

analyse successfully. 

(e) Phloqopites 

Phlogopite in BD2J94 generally occurs in similar 

situations to those in JJG51J. There are few, relatively 

undeformed; unzoned phenoci;ysts and the composition of one 

of these is given in· Table 169, Analysis I • 

. The subsequent two analyses are a centre and an edge of 

a s~all phlogopite grain in the clinopyroxene-orthopyroxene 

megacryst described previously (Tables 167, 168). 

Extreme compositions of a zoned phlogopite along the 

boundary between two inhomogeneous orthopyroxenes and recry-

stallized, neoblastic olivines are presented in Table 169 

as analyses J (centre) and 3 (edge). 
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(f) Ilmenite and Rutile 

In BD239~ most of the ilmenite blebs have not been as 

thoroughly examined as the veins in BD26660 However, four 

of these blebs, two large ones (20 x 10 mm and 12 x 4 mm) 

and two small ones (1,5 x 0,5 mm and J x 1 mm) were analysed 

in detail to determine the extent of any compositional 

variation, utilising Cr
2
o

3 
values as the main indicator of 

inhomogeneity .. 

Surprisingly, especially in view of the heterogeneity of 

the ilmenite veins in BD2666 and of the blebs in both 

JJG513 and BD2666 9 one large bleb and one small bleb were 

found to chemically homogeneous. Twenty five analyses were 

performed on this bleb (20 x 10 mm); the mean and standard 

devi~tion from the mean are presented in Table 170. The 

composition of the very small bleb (1,5 x 0,5 mm) on which 

three analyses were completed is also shqwn in this Table 

(Analysis 2)0 

The other two blebs examined were found to be inhomo-

geneous., The larger one (12 x 3 mm) is similar to those 

found in BD2666 and JJG51J in that the central portions of 

the· "bl·eb have considerably lower Cr 
2
o

3 
contents than most 

of the edges. This particular bleb, however, had one or two 

edges whose compositions were not markedly different from 

the centre., Similarly, the smaller bleb (J x 1 mm) had less 
.. 

Cr
2
o

3 
in the centre than the majority of the edges analysed., 

Analyses illustrating the range of maximum variation of 

Cr
2
o

3 
are presented in Table 171. The analyses entitled 

c d d J , 3 etc., are of the larger bleb and 4c, 4 are of the 
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smaller oneo 

In BD2394 an unusual ilmenite bleb, part of which can 

be seen in the top right corner of Plate 7 was extensively 

analysedo This bleb (25 x 10 mm) which is mantled by a 

rutile rim up to 4 mm wide contains a few silicate inclus-

ions which are enveloped by rutile. Many of the ilmenite 

veins and blebs in the other three polymict peridotites 

examined in this study have very thin rutile rims but these 

very seldom exceed 5-10 microns in width and could not be 

analysed successfully. This particular bleb has by far 

the largest rutile rim around any ilmenite bleb or vein in 

these rocks .. Five representative analyses out of fifty 

of the ilmenite in this bleb, including maximum and 

minimum values of Ti0
2

, A1
2
o

3
, Cr

2
o

3 
and MgO, are presented 

in Table 172.. In general, grains with the higher Cr
2
o

3 

values (5-6 9 75 wt %) were those next to rutile, either 

around the silicate inclusions or on the rutile rim. 

This was not, however, always true and many ilmenite grains 

bordering on the rutile mantle had Cr
2
o

3 
contents of 

between 4 and 5 wt %0 The majority of the analyses per-

formed on this bleb showed Cr
2
o

3 
values within this range. 

Nine rutile analyses out of eighteen are presented in 

Table 173 indicating highest and lowest A1
2
o

3
, Cr

2
o

3
, 

Fe
2
o

3 
and MgO contents and representing the range of values 

found in the rutile rim and surrounding the inclusions in 

In an analysis resembling terrestrial armalcolite 
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(Haggerty, 1975) 6,96 wt % Cr
2
o

3 
was recorded. This is 

the highest Cr
2
o

3 
value found in this bleb but it is 

evident that the analysis is of a mixture of both ilmenite 

and rutile because no armalcolite could be found when 

examined microscopically (Haggerty, pers. comm.). 

No rutiles associated with phlogopite and serpentine 

were analysed in this rock. 
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4. JJG1414 

(a) Olivine 

Only seven analyses have been completed on olivines 

in JJG1414. The analyses are of remnant porphyroclasts 

and tiny neoblastic grains and show a very restricted 

range of Mg/(Mg +Fe) values from 91,J to 93,1 at.%. 

The tiny mosaic neoblasts have approximately 8,7 wt % 

FeO (Table 174) which is considerably lower than the 

neoblastic olivines in the other three polymict peridot-

ites. 

make up less than 0,2 wt % of the total composition. 

(b) Orthopyroxene 

The orthopyroxenes in JJG1414 differ from those in 

the other three polymict peridotites in that they are 

more deformed, and tiny grains or aggregates of grains 

are present in the neoblastic mosaic olivine matrix. 

The range of Mg/(Mg + Fe) for the orthopyroxenes in 

JJG1414 is 96,0 to 88,J at.% (Figure 37). 

The compositions of the homogeneous orthopyroxenes 

are presented in Table 175, heterogeneous grains in 

Table 176 and aggregates in Table 177. 

The homogeneous orthopyroxenes have a range of 

A1
2
o

3 
content from 0,50 to 1 9 00 wt %, with the 

majority between 0,69 and 0,83 wt%, (Figure 38). 

The altered edges of some clasts have 2,45 wt % com-

pared with centres with 0,70 wt %. The grains in an 

orthopyroxene aggregate, however, show a range of 

values from 1,78 to 5,94 wt %. 
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CaO contents vary from o,42 to 0,58 wt % in unaltered 

areas but on edges are as high as 1,69 wt %"(Figure 40). 

The edges of some grains have 1,46 wt % Cr
2
o

3 
but 

most of the homogeneous clasts have between 0,17 and 0,61 

wt~ Cr 0 ,(Figure 39). 
"1U 2 ~ 

Na
2
o has a restricted range from 0,09 to O,J9·wt % 

with the slightly higher values again occurring on the 

altered edges. 

Ti0
2 

is generally low (<0,10 wt %) in the unaltered 

grains and centres of altered grains, but increases to 

0,32 wt % along some edges. The orthopyroxene grains 

forming aggregates all have high Ti0
2 

values .(0,24 to 

0,30 wt %). 

FeO contents of altered portions of clasts are 

usually higher than the corresponding unaltered section. 

(c) Garnet 

The classification scheme used for the garnets in 

the other polymict peridotites is not really applicable 

to the garnets in JJG1414 because some of them are 

strongly zoned with respect to Ti0
2 

particularly. No 

11 low calcium" or "eclogitic 11 garnets have been found 

in this nodule, and there are four distinctly different 

groups of 11 lherzolite-harzburgite 11 type garnets. 

(i) The large garnet megacryst (20 mm} can be 

described as a "high Ti0
2 

lherzolite-

harzburgite 11 garnet. Analyses of various 

sections of this garnet show that, for the 
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most part, it is compositionally constant 

except on one edge and close to a large 

crack in the garnet. Table 181 gives the 

average composition standard deviation, and 

the two differing analyses. This garnet 

has clinopyroxene inclusions, compositions 

of which are given in Table 180. 

(ii) Five "low Ti0
2 

lherzolite-harzburgite" 

garnets show no evidence of zoning and their 

compositions are presented in Table 182. 

There are variations in the Cr
2

o
3

, FeO and 

CaO contents particularly, but very little 

variation in Ti0
2

• Some of these garnets 

have inclusions of orthopyroxene or clino-

pyroxene. The composition of an ortho-

pyroxene inclusion is given in Table 179. 

(iii) Three "lherzolite-harzburgite" garnets are 

strongly but complexly zoned with respect 

to Ti0
2

, Cao, FeO and Cr
2

o
3

• The only 

common factor in the zoning of these 

garnets is the greatly-increased Ti0
2 

con

tent of one or more edges compared with the 

centres of the garnets. Table 183, Analyses 

a a a 
1 etc., 2 etc., 3 etc.; show the composit-

ions of the major part of the garnet and the 

specific analyses of zoned edges in order of 

increasing Ti0
2 

content. 
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(iv) The garnets occurring as small disrupted grains 

or clasts in the neoblastic olivine matrix and 

those associated with the orthopyroxene

clinopyroxene clasts can be termed "high Ti0
2 

lherzolite-harzburgite" garnets. The composit-

ions of these garnets, however, are very variable 

with large differences in the relative amounts of 

Table 184 presents 

six representative analyses out of 14 for one 

particular garnet clast showing the range of 

variation of Cao, FeO, Cr
2

o
3 

and Ti0
2 

possible 

in these garnets. The garnets associated with 

orthopyroxene-clinopyroxene clasts show similar 

ranges in composition with those just described. 

Six representative analyses out of 26 may be 

found in Table 185 which shows the minimum and 

maximum values of Cao, FeO, Cr
2

o
3 

and Ti0
2 

in 

these garnets. 

It must be emphasised that adjacent grains in 

these garnet areas may have very different com-

positions and that there is no obvious relation-

ship between the various garnets. 

Ca-Mg-Cr and Ca-Mg-Fe triangular diagrams, Figures 59, 

60, 61, and62 illustrate the garnet compositional 

variations. 

(d) Clinopyroxene-orthopyroxene Association 

(i) Clinopyroxene 
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The occurrence of these megacrysts and clasts 

in JJG1414 is similar in some ways to that in the other 

polymict peridotites. Chemically however, the composit-

ion of grains within individual clasts are not as variable 

as those in JJG51J. 

(a) Table 186 shows fifteen analyses of clinopyroxene 

grains in one clast, which, although apparently similar, 

show distinct differences in A1
2
o

3 
content particularly. 

This varies from 1,64 to 2,63 wt % and Ca/(Ca + Mg) varies 

from 45,4 to 43,6 at.%. 

(b} Although there appeared to be very pale clinopyroxene 

grains in an unusually shaped clast; when analysed, none 

of these grains were found to be clinopyroxene, all were 

orthopyroxene. 

(c) There is less variation in the analyses performed on 

another clast and these are presented in Table 187. 

shows slight differences having a range of 1,91 to 2,36 

wt %. However, these differences compared with the mean 

of 2,15 wt % and standard deviation of (0,153) appear to 

be real. 

(d) In another small clast only two very small grains of 

clinopyroxene could be found and have dif'ferent Ca/(Ca + Mg) 

ratios and again slightly different A1
2
o

3 
contents (Table 

188). 

(e) A small clast which has clinopyroxene on one side and 

orthopyroxene on the other, seems to have more A1
2
o

3 

around the edges of the clinopyroxene and also near the 

\ 
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boundary with the orthopyroxene compared with the 

central portion of the clast (Table 189). The actual 

differences; 1,85; .:!:. 2,25 and 2,0 wt% Ai
2
o

3 
are not 

however large. The Na
2
o9 content of the edges appears 

to be slightly higher than in the centre (2,26 as 

opposed to .:!:. 2,4 wt %) but may not be particularly 

significant. 

(ii) Orthopyroxene 

(a) Fifty six compositions of orthopyroxenes 

around a largish megacryst were determined but only 

fourteen of these have been shown in Table 190. These 

fourteen analyses indicate the maximum and minimum 

values found for Ti0
2

, A1
2
o

3
, Cr

2
o

3
, FeO, MgO, CaO and 

Na
2
o are regarded as representative of the complete 

range of orthopyroxene compositions. However, all 

fifty six analyses are plotted in the histograms showing 

the distribution of A1
2
o

3
, Cr

2
o

3 
and CaO in this mega

cryst. (Figures 63,64,65 ). AI
2
o

3 
varies from 1,33 to 

4,01 wt %, Cr
2
o

3 
from 0,55 to 1,47 wt % and CaO from 

0 9 81 to 1 9 22 wt %. Ti0
2 

varies from 0,15 to 0,37 wt %, 

Na
2

o from 0,21 to o,46 wt % and Mg/Mg + Fe from 92,3 to 

90, a 'a,t. %. 

(b) In the clast with no clinopyroxene similar 

variations in Ti0
2

, Na
2

o and Mg/(Mg+Fe) were found in the 

orthopyroxenes Ti0
2

: 0,12 to 0,32 wt %; Na
2
0: 0,16 to 

o,43 wt%; and Mg/(Mg+Fe) 92,6 to 90,1 at.%. There is 

one orthopyroxene grain in this clast which is distinctly 
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This grain 

has 0,71 wt %, A1
2

o
3 

whereas the remainder range from 

1,24 to 3,06 wt % and a Cr
2

o
3 

content of o,44 for the 

majority. Analyses are presented in Table 191. 

(c) The orthopyroxene associated with the clino-

pyroxenes in Table 187,_have a range in composition 

similar to those in the previous examples i.e. Ti0
2 

from 0,12 to 0,23 wt %;Al
2

0
3 

from 1,36 to 3 1 12 wt %; 

Cr
2

o
3 

from 0,79 to 1 9 33 wt %; CaO from 0,87 to 1,22 

wt %; Na
2

o from 0,22 to o,42 wt % and Mg/(Mg+Fe) from 

91,8 to 90,6 at.%. These analyses are shown in Table 

192. 

(d) The orthopyroxenes in the clast with the 

two tiny clinopyroxene grains have ranges of Ti0
2 

con

tent from 0,15 to 0,36 wt %; A1
2

o
3 

from 1,75 to 4,23 

wt %; Cr
2

o
3 

from 0,85 to 1,69 wt %; CaO from 0,80 to 

1,54 wt %; Na
2

o from 0,20 to 0 9 43 wt % and (Mg/(Mg+Fe) 

from 92,0 to 91,l at.%0 

Analysis 10 9 Table 193 is the highest A1
2

o
3 

value found 

in any of the orthopyroxenes associated with these 

clasts. 

(e) The orthopyroxenes in the clast in which the 

clinopyroxene and orthopyroxene are clearly separated 

and not intermixed are similar to those in the other 

clasts and have a restricted range of Mg/(Mg+Fe) from 

91,8 to 91,2 at.%; Ti0
2

: 0,12 to 0,28 wt%: and Na
2
0: 

0,23 to 0 9 44 wt %. The full range of analyses is shown 

in Table 194. 

I 
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Table 195 summaries these results showing the maximum 

and minimum values for Ti0
2

, A1
2
o

3
, Cr

2
o

3
, FeO, MgO, CaO 

and Na
2
o and also Mg/(Mg+Fe) and Ca/(Ca+Mg) for the clino

pyroxenes and orthopyroxenes in each of the five clino-

pyroxene-orthopyroxene clasts analysed in this rock. 

(e) Ilmenite and Rutile 

Three large (>5 mm width} ilmenite veins and one tiny 

one (8 x 0,5 mm} in JJG1414 were thoroughly examined to 

determine the extent of chemical inhomogeneity. As for 

the ilmenites in the other polymict peridotites Cr
2
o

3 
content was found to be the best indicator of composit-

ional variation .. 

One of these veins (35 x 8 mms}, called vein (a), was 

found to have Cr
2
o values which varied from 2,20 wt% to 

7,08 wt %. Ten out of thirty-three analyses of this 

vein are presented in Table 1960 These analyses show the 

The 

higher Cr
2
o

3 
contents (>J,5 wt %) are found on the edges 

of the vein but some edges contain similar amounts of 

Cr
2
o

3 
to the central portions. Most of these central 

areas have <2 9 5 wt % Cr
2
o

3
, analyses 2 and J, Table 196 

are typical of these areas and the greater part of the 

vein. 

The largest vein examined (70 x 10 mm, vein (b)) did 

not show as large a variation in Cr
2
o

3 
as the previous 

one. The central portions of this vein and some edges 

had from 2,19 to 2,55 wt % Cr
2
o

3 
as shown in Analyses 1 9 2, 

J, 4; Table 197. The last four analyses in this Table 
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are representative of edges which have Cr
2
o

3 
contents 

from 3 wt % to 4,67 wt %0 These seven analyses out 

of thirty-seven include the maximum and minimum values 

of Ti0
2

, A1
2
o

3
, Cr

2
o

3 
and MgO found in this vein. 

A third vein (c) (15 x 8 mm) close to the other two 

was mantled by a rutile rim (O,J mm thick in parts) and 

also contained rutile which appeared to be an integral 

part of the vein Cr
2
o

3 
contents of the central areas of 

this vein varied from 1,99 wt % to 2,45 wt %, but on 

certain edges were as high as 5,77 wt %. The ten 

analyses presented in Table 198 are representative of the 

thirty performed on this vein indicating the highest 

Analyses 

4 to 10 in this table are of various edges of the vein. 

One analysis of the rutile bleb and one of the rutile 

rim around this vein are shown in Table 200 as analyses 

1 and 2 respectively. 

The tiny vein which occurs between veins (b} and 

(c) contained very high amounts of Cr
2
o

3
• As may be 

seen in Table 199 these vary from 4,67 to 6,62 wt % 

The previously observed correlation of higher 

Cr
2
o

3 
content towards edges of veins does not apply 

in this example, possibly due to fine lamellae of 

rutile which were seen to be present under a high 

powered microscope. Attempted analyses of this rutile 

were unsuccessful producing results resembling terrest-

rial armalcolite as for BD2J94. Again however, no 

armalcolite was found in this rock (Haggerty, pers. 

comm.}. 
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E. Discussion of the mineral chemistry of the polymict peridotit~ 

(a) Olivine 

The porphyroclastic olivines in the polymict peridotites 

show a variation of Mg/Mg + Fe which indicates that they must have 

been derived from a variety of mantle assemblages. As can be seen 

in Figure 36 the olivine porphyroclasts in JJG51J, BD2666 and 

BD2J94 cover a range of Mg/(Mg + Fe) from 89 to 90,4 at.%; 90 to 

95,4 at.% and 86 to 95,7 at.% respectively. From results previous-

ly recorded in this study (Figure 9 ) olivines in Bultfontein 

peridotite xenoliths have a minimum value of Mg/(Mg + Fe) of 85 at. 

% for JJG1417 9 a garnet websterite and a maximum of 94,6 at.% for 

BD2419 a chromite-bearing lherzolite. Boyd and Nixon (1978,in 

press) found a more restricted range of these values for Bultfontein 

peridotites from 91 to 94 at.% but their data was from a smaller 

range of samples which did not include the garnet websterites. 

Thus, apart from the one porphyroclast in BD2J94 which has 

95,7 at.% Mg/(Mg +Fe); (Tablel57, Analysis 1) the olivine porphy-

roclasts in the polymict peridotites show a range very similar to 

that found for the xenolith suite as a whole. Hence it is 

conceivable that these porphyroclasts originally could have been 

derived from disaggregated xenoliths in this suite. 

The histograms in Figure 36 also show that the tiny neo-

blastic olivines and edges of recrystallised or inhomogeneous 

porphyroclasts are more Fe-rich than their centres or the 

original olivines from which they were formed. Some 

porphyroclasts which are neither optically zoned nor have 

tabular, euhedral recrystallised grains within clast boundaries 
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may be slightly chemically zoned howevero These porphyroclasts 

generally show extinction patterns similar to those observed by 

(i~TtI;~EJ (1970) and Carter (1971) which imply 

that deformation of the crystal lattice has jtist started and 

that the onset of recrystallisation has not yet occurred, 

although imminento 

There are however, clasts such as the one in BD2J94, which 

consist entirely of tabular 9 recrystallised grains whose 

Mg/(Mg + Fe) values range from 86,5 to 88 9 5 at.%e From the 

clear outline of the clast boundary it is possible that this may 

have originally been a homogeneous porphyroclasto 

(b) Orthopyroxene 

Homogeneous orthopyroxene porphyroclasts in three of 

the four polymict peridotites have rather similar ranges of 

Mg/(Mg +Fe) values from 86 to 95 at.% (Figure 37 )o JJG1414 

has a more restricted range from 90 to 96 at.%0 The single 

very high value (Analysis l,Table 175) was found in a small 

(2 mm) homogeneous porphyroclast completely surrounded by neo

blastic olivine close to the large, spherical garnet illustrated 

in Plate Bo This value is, as far as is known, the highest 

found in any orthopyroxene derived from peridotitic xenoliths 

from a kimberlitic sourceo 

The range of Mg/(Mg + Fe) in homogeneous orthopyroxenes in 

the polymict peridotites (Figure 37) is similar to that found in 

this study for orthopyroxenes from the other Bultfontein 

xenolithso Thus the enstatites in the polymict peridotites 

could have been ~erived from disaggregated nodules in the xenolith 
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suite as a wholeo 

The major difference between orthopyroxenes in the polymict 

peridotites and most other peridotitic xenoliths js that many of 

the porphyroclasts and rock clasts seem to have been altered and/or 

recrystallised with very marked changes in chemical composition 

between the centres and edges of the mineralse The porphyro-

clasts showing these inhomogeneities generally have undulose 

extinction and/or kink-banding and often show the formation of 

tiny neoblasts giving the orthopyroxenes a "cloudy" appearance. 

These features which have been observed by Coe and Kirby (1975), 

are indicative of stress. Boyd (1975) has noted that when such 

stressed orthopyroxene po~phyroclasts recrystallised there were 

distinct chemical differences between the porphyroclast and the 

recrystallised neoblastse Most of the findings of Boyd (1975) 

can be seen in the enstatites of the polymict peridotites but 

Boyd did not find the increases in: FeO content which are common 

along the edges of these altered/recrystallised porphyroclasts. 

In addition the increases in A1
2

o
3

, Cr
2

o
3

, Cao, Na
2

0 and Ti0
2 

along edges of the polymict peridotite orthopyroxenes are much 

greater than observed by Boyd (ibid.). The very marked in-

creases in Ti0
2 

are consistent with the appearance of ilmenite 

and rutile. 

The chemical variations in the altered enstatites of these 

rocks are very erratic. Different edges of the same grain 

may have very dissimilar compositions. The increases in CaO 

and A1
2

o
3 

suggest an attempt to re-equilibration during some 

heating event and/or decrease in pressure. It is not possible 

to apply quant~tative ~eobarometry to a disequilibrium assemblage 
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such as a polymict peridotite clearly isf added to which there are 

the uncertainties in the calibration of the v&rious orthopyroxene 

geothermometers and geobarometerss However, using the fact that 

the Ca/(Ca + Mg) of orthopyroxene increases with temperature when 

coexisting with garnet and clinopyroxene (Akella, 1974) and making 

several assumptions, it is possible that if the effect is thermal, 

the edges of the polymict, inhomogeneous, orthopyroxene porphyro-

0 
clasts may have become heated by as much as 200 C. An estimate 

of the equivalent pressure decrease for an equivalent pressure 

·effect is even more subject to error due to the uncertainties in 

the stability of A1
2
o

3 
in enstatite but a decrease of.:!: 15 kbars 

(45 km) seems reasonable in some cases. It is not suggested 

that these magnitudes are real, but it is considered that they 

reflect the effects of a pressure decrease, a temperature increase 

or a combination of both. 

(c) Garnet 

The garnets from the polymict peridotites, especially 

JJG513, BD2666 and BD2394 are representative of most of the 

garnet types in the heavy mineral concentrates and in peridotitic 

and eclogitic xenoliths in any one kimberlite pipe. Composite 

ternary diagrams, Ca-Mg-Cr and ·ca-Mg-Fe (Figures 66 and 67 ) 

showing most of the garnets, clearly illustrate the large range 

of garnet compositions in these rocks. 

Especially noteworthy is the presence of "low-calcium" 

garnets (<3 wt % CaO) which have only been reported in a few 

peridotitic xenoliths (Sobolev et al~,1969; Boyd and Dawson, 1972; 

Danchin and Boyd, 1976; Danchin, 1977; Pokhilenko, Sobolev and 
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in FeO content from 8,48 wt % to 19~08 wt % and a range of CaO 

values from 2,83 to Br.83 wt % and Ti0
2 

contents always less than 

0,5 wt %. 

Hatton (1978} and Shee (1978) have classified the eclogites 

from Roberts Victor and Orapa respectively, into Type I and Type 

II eclogites. This classification takes into account the 

texture of the rocks and the chemical characteristics of the 

mineral components and is based on MacGregor and Carter's (1970) 

division of Roberts Victor eclogites into two main groups. The 

major chemical criterion for distinguishing between Type I and 

Type II eclogites is the amount of Na
2
o in the garnets. Type I 

eclogite garnets generally have between 0,05 and 0,25 wt % Na
2
o 

whereas the Type II eclogite garnets usually have Na
2
o contents 

below the analytical detection limits for routine microprobe 

analysis. Hatton (1978) has noted that some eclogites which 

have been classified as Type II eclogites, primarily on textural 

grounds, do, however, contain detectable amounts of Na
2
o in the 

garnets. Both Hatton, and Shee (op. cit.) have found that 

there appears to be a 11 calciu!11-enrichment trend", 11 a calcium

iron-enrichment trend" and what is termed 11 a garnet websterite 

trend". This latter trend shows a small decrease in calcium 

content with an increase in iron and decrease in magnesium. 

It is difficult'to judge which trend garnets containing more 

than 18,5 wt % MgO belong to; because, when plotted on a Ca-Mg-Fe 

ternary diagram the three trends are almost indistinguishable 

in the high magnesium rangee 

One of the garnets in BD2666 (Analysis 1, Table 127) has a 
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composition similar to the Type I garnets defining Hatton's (1978) 

"garnet websterite trend" at Roberts Victor. The low calcium 

content of 2,83 wt % CaO is insufficient to assign this garnet 

to the "calcium-iron-enrichment trend". Garnets l, 2 and 6 

(Table 162) in BD2394 also appear to show this."garnet websterite 

trend" (Figure 54). 

Garnet 4 (Table 127) falls into the "calcium-iron-enrichment 

trend" of Type I eclogite garnets and although the other two 

eclogitic garnets in BD2666 have high magnesium contents these 

garnets are also considered to belong to part of this trend 

(Figure 49 ). Garnets 7, 8 and 9 and possibly 5 and 6 (Table 162) 

in BD2J94 also seem to belong to this trend. 

Garnet 3 (Table 162) contains 0,28 wt % Na
2
o which is higher 

than usually found in Type I eclogite garnets and is equivalent 

to the amounts of Na
2
o common in some eclogitic garnets included 

in diamond (Sobolev and Lavrent'yev, 1971; Hatton, 1978). The 

Ti0
2 

content of 0,5J wt % is similar to the diamond inclusion 

garnets. The presence of Na
2
o in this garnet ensures it would 

be classified as a Type I eclogite garnet but because of the 

high MgO content (19,38 wt%) it is diff~cult to assign it to any 

particular trend although the diamond inclusion garnets form part 

of the "calcium-iron-enrichment trend". 

The only eclogite garnet found in JJ~51J is inhomogeneous and 

one edge of this garnet is depleted in Ti0
2

, Cr
2
o

3
, CaO and FeO 

relative to the major portion of the garnet. It is an interesting 

observation that this depleted edge is adjacent to the corner of 

an orthopyroxene.crystal which is considerably enriched in A1
2

o
3

, 

Cr 
2
o

3 
and Na

2
0 relative to the bulk of .th·e orthopyroxene clast. 
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The compositions of the edge and centre of this garnet are 

analyses 6 edge, 6 centre, Table 91)@ The amount of T·o in the 1 2 

altered edge is not significantly higher however. This garnet 

has a similar composition to the garnets in some Roberts Victor 

eclogites which Hatton (1978) has classified as Type II, chrome-

rich eclogiteso It is also noted by Hatton (op. cit.) that the 

garnets in these eclogites are frequently inhomogeneous with 

c~rome contents varying from 0,2 to 1,5 wt % Cr
2

o
3 

in most samples 

but may be as high as 7,4 wt % Cr
2
o

3 
in very rare cases. 

The presence of eclogite-type garnets along with those of 

peridotitic affinities in the same rock indicates that a mechanical 

mixing of diverse, mantle-derived minerals has taken place prior 

to the consolidation of these rocks. 

The sub-division of the harzburgite-lherzolite-websterite 

garnets into two groups of ~0,2 wt % Ti0
2 

and ~0,2 wt % Ti0
2 

has 

been noted by others and is arbitrary,and based on the Dawson and 

Stephens (1975) classification of xenolith and kimberlite derived 

garnets. The garnets in the polymict peridotites have not been 

classified according to this scheme because the extr~ordinary 

zoning of some of the garnets would cause different parts of the 

same garnet to be placed into very different groups. In one 

example in BD2J94 one edge of a garnet has 2,81 wt % Ti0
2 

(Analysis 7 , Table 166) which is 1 wt% higher than the Ti0
2 

content of any of the garnets mentioned by Dawson and Stephens. 

Most of these harzburgite lherzolite-websterite garnets fall into 

Dawson and Stephens' clusters or groups 1, 2, 9, 10 and 11, which 

are respectively titanian pyrope, high-titanian pyrope, chrome-

pyrope, low-calcium chrome-pyrope and titanian uvarovite-pyrope 
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(Dawson and Stephens, 1975)~ 

The ranges of composition ill'l4strated in the Ca-Mg-Cr and 

Ca-Mg-Fe ternary diagrams (Figures 66 and 67 ) are similar when 

compared with those garnets from the non-polymict, peridotitic 

xenoliths (Figures J,4,5 and 6). The high-calcium high-chrome, 

1 alexandritic' garnets in the polymict peridotites have, however, 

not been found in the other xenoliths although garnets with 

similar compositions are known to exist in the heavy mineral 

concentrates from Bultfontein (Lawless, unpublished data). 

Hence the garnets in the polymict peridotites could have been 

derived from disaggregated xenoliths, both peridotitic and 

eclogitic. 

(d) Clinopyroxene-orthopyroxene association 

The clasts making up this association vary in size 

from J cm down to 2 mm but most are large enough (>l cm) to be 

called 11megacrysts 11 in terms of Harte's (1977) terminology. 

The megacrysts and small clasts are very similar texturally and 

chemically and are thus treated as a group and for convenience 

have been ascribed to a "clinopyroxene-orthopyroxene megacryst 

association". The clinopyrox~mes in the 'megacrysts' in the 

polymict peridotites have been plotted in part of the pyroxene 

quadrilateral and it can be seen that they are not subcalcic and 

contain approximately 5% of the ferrosil~te (FeSiOJ) component 

(Figures 68 and 69 ). These diagrams also show that the 

clinopyroxenes in the 1megacrysts' in JJG1414 have a restricted 

range of compositions compared with those in JJG51J although 

they are not grossly different. The 'megacryst' diopsides in 

BD2666 and BD2J94 also have similar characteristics on this 
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(Table 100, figure 68 ) ~learly do not form part of this 

'megacryst association', because they have lower Ca/(Ca +Mg) 

values and contain more iron. 

The orthopyroxenes, surrounding or enclosed within these 

clinopyroxene megacrysts have large variations in A1
2

o
3
,.cr

2
o

3 

an~ Cao contents. Some of the values for these oxides are consid-

erably higher than those found in other upper mantle-derived 

orthopyroxenes from Lesotho (Cox, Gurney and Harte, 1973; .Gurney, 

Harte and Cox,·1975; Boyd, 197Jb;Nixon and Boyd, 197Ja, b, c; 

~ 

Boyd and Nixon, 1972, 197Ja) or Kimberley {this study; Boyd and 

Nixon, 1978 in press) or any where else. Comparisons of the 

A1
2

o
3

, Cr
2
0j and CaO distributions in the orthopyroxenes of 

each 'megacryst' in JJG51J and JJG1414 are shown" in Figures 44 , 

45 , 46 and 6J , 64 , and 65; and for BD2666 -and BD2J94 in 

Figures 50 , 51 and 52. It is evident Irom these figures that 

the orthopyroxenes in the 'megacrysts' in BD2666 and BD2J94 have 

less A1
2
o

3 
an~, apart from one exception ~n ~D2394, a smaller 

range of A1
2
o

3 
values. The orthopyroxenes in the JJG1414 

'megacrysts' overall have more A1
2
o

3 
and a larger range of values 

than those in JJG51J. There are .no ortbopyroxeries in the JJG513 
' 

'megacrysts' with more than 2;8 wt % Al
2
0J whereas all those in 

JJG1414 have two or more examples with more than .J,O wt% A1
2

0
3

; 

and some have more than 4.wt % A1
2

o
3

• Similar patterns exist 

for Cr
2
o

3
: i.e. BD2666 and BD2394 'megacrystic' orfhopyroxenes 

have less Cr
2

o
3 

than those in JJG51J which in turn have less than 

those in JJG1414. The range of Cr
2

o
3 

values follows similar 

This is not the case with regard to CaO 
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however, BD2666 and BD2J94 have orthopyroxenes in these 

'megacrysts' which contain more CaO than any in JJG51J or JJG1414~ 

The distribution of these values in the examples in JJG51J and 

JJG1414 is similar, with the majority of the clinopyroxenes 

having ,:t 1 wt %· Cao. 

The range and size of these values for the clinopyroxenes 

and orthopyroxenes suggests that the 'megacrysts 1 had not 

attained equilibrium after incorporation into the polymict 

peridotites or that they reflect original large variations in 

temperature and pressure. 'Using gross and probably invalid 

extrapolations of the data of Akella (1974) for the Ca/(Ca + Mg) 

differences in the orthopyroxenes and the Di-en solvus of Davis 

and Boyd (1966) for Ca/(Ca + Mg) in the clinopyroxenes, with all 

the attendant uncertainties, it can be surmised that temperature 

differences may have been as much as 250°C in some of the 

megacrysts in JJG1414. 

This 11 clinopyroxene-orthopyroxene 1megacryst' association" 

is unique to the polymict peridotites. These 'megacrysts' do 

not belong to what Nixon and Boyd (197J'.¢)and Boyd and Nixon 

(1975) described as the "Lesotho discrete nodule association". 

The discrete clinopyroxenes in this association (apart from a 

few containing ilmenite) are invariably subcalcic i.e. they 

have Ca/(Ca + Mg) less than 40 at.% with the majority less than 

35 at.% (Boyd and Nixon, 1975). Similarly, in the Kimberley 

pipes (as a group) Boyd and Nixon (1978, in press) have describ

ed a 11discrete nodule association" in which the diopside dis

crete nodules all have less than 35 at,% Ca/(Ca +Mg) and some 

have less than JO at.% Ca/(Ca + Mg). One of these nodules from 



Bultfontein has 28,0 at.% Ca/(Ca + Mg) vhich is more subcalcic 

than any diopside previously discovered .Cop. cit.). These 

authors also mention that if the diopside discrete nodules from 

Lesotho are compared with those from Kimberley, "the ~ore calcic 

and relatively Fe-rich diopside discrete nodules, especially 

' those intergrown with ilmenite, are missing at Kimberley "(ibid.). 

The diopside discrete nodules in the "Lesotho discrete nodule 

association" also contain considerably more iron than the 'mega-

crysts' in the polymict perirlotites (Figures 68 ~nd 69). 

On a purely volu~e basis, the polymict peridotites contain 

far more of these 'rnegacrysts' than might be expectce in rocks 

derived from tectonised peridotites, and the presence of high-

chrome ilmenite, chromite and phlogopite within such 1 megacrysts' 

, has not oeen previously recorcle1!. A possible explanation for 

the presence and formation.of these clinopyroxene megacrysts 

and their ubiquitous association with orthopyroxene in that 

originally subcaleic megacrysts were iransported from a region 

I .. 

of hioh temperature and pressure by a magmatic event in the upper 

mantle. During this event they were cooled and the clino-

pyroxenes exsolved orthopyroxene. The accompanying changes in 

composition re:flect the attempt of the megacrysts to readjust to 

changes in ~quilibrium conditions and the c~arseness of the 

clinopyroxene-orthopyroxene association (compared with the more 

usual fine lamellae) requires a period o:f extended heating·to 

permit aggregation of·ttie..,.-exsel:ved ·orthopyroxer1e~. 

(e) Phloqopite 

The variations in titaniu~ and chromium contents o:f 
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the phlogopites in the polymict paridot.ites in?icate the varied 

nature of these phlogopites~ Carsweil (1975) showed that 

phlogopites around garnets in a garnet lharzolite xenolith had 

different chemic.'al compositions to phlogopi te phenocrysts in the 

same nodule. The phlogopites around the garnets, which were 

associated with chromian spinels were regarded as secondary. 

The phlogopites around garnets in the polymict peridotites occur 

in very similar textural settings.to Carswell's example (P.419, 

1975) and thus may be considered to be of secondary growth. 

There are, however, very distinct chemical differences 

between the undeformed fresh phlogopite "blades" in JJG51J and 

BD2.394 compared with Carswell's "primary phlogopites 11 and a 

primary phlogopite in a garnet lherzolite from Lashaine (Dawson, 

Powell and Reid, 1970). The major difference is the amount of 

Ti0
2 

in the phlogopites. Carswell's primary ~xamples have a 

mean value of 0,32 wt % Ti0
2 

while the Lashaine mica has 9,1.3 

wt % TiO • Dawson and Powell (1969) and Carswell and Dawson 
2 

(1970) have described a primary phlogopite containing 0,51 wt % 

Ti0
2 

in a garnet lherzolite xenolith. 

On a Ti0
2 

basis the fresh phlogopites in JJG51.3 with 

less than 1 wt % Ti0
2 

are likely to be primary but the other 

two phlogopites in Table 109 are also considered to be primary 

because they show no apparent textural evidence of being either 

chemically altered or deformed or both. These phlogopites 

appear to be similar to those in the 11 groundmass" or "megacryst" 

groups of micas described by Smith and Dawson (1978, in pre-

paration) but because. NiO has not been determined in the 

phlogopites in this study, a direct, valid comparison cannot be 
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made. The fresh, undeformed phlogopites in the polymict peridotites 

have been compared with those quoted by Smith and Dawson (ibid.) only 

on the basis of Ti02 and Cr2o
3 

contents. The fresh phlogopite in 

BD2394 (ar:alysis 1, Table 169) shows little deformation and is also 

probably prir::ary using the above criteria. 

The phlogopites in most of the "clinopyroxene-orthopyroxene 

megacrysts 11 , that is apart from those in T&bles 110 and 111 have 

considerably more Cr2o
3 

than any of the phlogopites mentioned by 

Carswell (1975); Carswell and Dawson (1970); Dawson, Powell and Reid 

(1970); Harte and Gurney (1975); or Smith and Dawson (1978, in prep.). 

fhe high Cr2o3 contents (;>1,75 wt % Cr20
3

) of these phlogopites with 

! 4 wt % Ti02 are only matched by a secondary phlogopite in a coarse 

garnet lherzolite from Thaba Putsoa, Lesotho (Nixon and Boyd, 1973). 

Thus the combination of very high Cr2o
3 

with moderate amounts of 

Ti0
2 

seems to indicate an unusual paragenesis for these particular 

phlogopites and their enclosing megacrysts. 

The zoned phlo_gopites associated with rutile and serpentine 

. between grain boundaries in JJG513 and BD2394 (Tables 113 and 169) 

are likely to be the results of metasomatism by titanii,im and chromium-

rich fluids during a stage associai;e'd with a kimberlite-type event 

prior·to the final eruption of the polymict peridotites to the surface. 

(f) Ilmenites 

The ubiquitous presence of ilmenite, either as veins or blebs, 

in the polymict peridotites is one of the characteristic 

features of these rocks. The actual amount of ilmenite 
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present varies from rock to rock,., The ilmenites in BD2666 have 

been examined in more detail than the other and the ranges of 

compositional variation for JJG51J, BD2J94 and JJG1414 are as 

yet incompletely investigated~ It is also possible that the 

full range of ilmenite compositions in BD2666 has not yet been 

finalised eithere 

All the ilmenites in these rocks have MgO contents which 

exceed 12 wt %; the lowest being 12,08 wt % (Analysis 5, Table 

172) in the ilmenite bleb mantled by rutile in BD2394, and 

the highest 16,67 wt% in Analysis 1, Table 196 in vein (a), 

JJG1414. In terms of the six paragenetic types of ilmenite 

recognized by Haggerty (1975) those in the polymict peridotites 

could either be (i) xenocrystic or (ii) ilmenite-rutile and 

ilmenite-rutile~armalcolite intergrowths. Non-magnetic 

xenocrystic ilmenites contain.!, 15 wt % MgO, have <10 mole % 

Fe o
3 

and Cr o
3 

contents of + 1,5 wt%. 
2 2 -

Those associated 

with either rutile or armalcolite may contain up to 4 wt % 

Cr
2
o

3 
and 9-12 wt % MgO (op. cit.). Most of the ilmenites in 

the polymict peridotites fall between these criteria but only 

the two homogeneous blebs in BD2J94 (Table 170, Analyses l and 2) 

could be considered to be even possibly xenocrystic ilmenites 

and only by virtue of their unusual homogeneity. 

As previously stated, the compositional differences 

between individual blebs and veins in the polymict peridotites 

are most evident in their Cr
2
o

3 
contents, but to facilitate 

comparison with ilmenites from other kimberlitic sources the 

ilmenites in these rocks have been plotted on Fe
2
o

3 
- FeTi0

3 
-

MgTiOJ ternary diagrams. The compositional fields for each 
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polymict peridotite are outlined in Figur~ 70 @ The variations 

in composition of lamellar and discrete ilmenites from the 

Monastery Mine are shown in Figure 71 using the data of Mitchell 

(1973, 1977b) and Jakob (1977)~Mitchell's (1977b) compositional 

fields for the same types of ilmenite from Kao, Sekameng and the 

Frank Smith Mine are shown in Figure 72 • Haggerty (1975, 1976) 

has plotted another compositional field for kimberlitic ilmenites 

using the data of Mitchell (1973) and Boyd and Nixon (197Ja) and 

has included many additional analyses. Frick (1973) has also 

illustrated ilmenite compositional variations from various 

Russian and Southern African sources. These compositional 

fields are shown in Figure 73 along with ilmenites from the 

MARID suite of rocks (Dawson and Smith, 1977) and from upper 

mantle metasomatic veins from peridotitic xenoliths in the 

Matsoku Kimberlite (Harte and Gurney, 1975). 

Inspection of these diagrams shows that the ilmenites in the 

polymict peridotites (including those found in the clinopyroxene

orthopyroxene megacrysts), although not unique, are unusual and 

are not commonly found in the suites of kimberlitic ilmenites 

studied previously. The major difference appears to be the 

lower Fe
2

o
3 

component combined with slightly higher geikielite 

components, purely on the Fe
2
o

3 
- FeTiOJ - MgTi0

3 
basis; although 

this may possibly be a function of the methods used by different 

authors in calculating Fe
2
o

3
• The method of Finger. (1972) has 

been used throughout this study wherevei-· possible. 

Although Cr
2
o

3 
may reach S,6 wt % (with 8 wt % MgO) in some 

ilmenites as noted by Haggerty (1975, 1976) not many kimberlitic 

ilmenites have both the high MgO·and high Cr
2
o

3 
contents which 
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are found in the polymict peridotites~ ecge 10 out of tpe 14 

ilmenite veins examined in BD2666 have mo~e than 2 wt % Cr
2
o

3 
with 

a minimum of IJ,7 wt% MgOc Haggerty~s (1975Y 1976) plots of 

Cr
2
o

3 
versus MgO show only J ilmenites with more than I wt % Cr

2
o

3 

and more than IJ,5 wt % MgOe Thjs range includes all the 

ilmenites analysed in BD26660 If the Cr
2
o

3 
limit is taken as 

I wt % and MgO as 12 wt % which includes all the ilmenites in 

the polymict peridotites there are only IO within this range in 

Haggerty's plots (op. cit.). 

A further method used to distinguish the various species of 

kimberlitic ilmenites is the plotting of atomic Cr/(Cr + Al) 

against Fe2+/(Fe 2+ + Mg) as shown by Harte and Gurney (1975). 

In this diagram (Fig. 81, P.5J4; op. cit.) these authors have 

demonstrated that the primary metasomatic ilmenites in some 

Matsoku peridotite xenoliths plus two primary ilmenites in garnet 

lherzolites from northern Lesotho analysed by Boyd and Nixon 

(I97Ja) "plot in a moderately small compositional field" 

(P.529; op. cit.). The limits of this field lie between 

approximately 0,58 and 0,90 for Cr/(Cr + Al) and 0,4 and 0,58 

2+/( 2+ ) for Fe Fe + Mg ~ This plot also clearly shows that the 

ilmenites in lamellar intergrowths and those in ''discrete" 

nodules occupy closely defined and distinct compositional fields 

because of their low Cr
2
o

3 
contents (usually <0 9 5 wt %) and 

It is beyond the scope and objectives 

of this study to attempt to distinguish between all the 

ilmenites mentioned in the published literature on this basis, 

even if all the analyses were available. 
0 

However, it is 

apparent that these 'primary metasomatic ilmenites' are not quite 
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the same as those of the MARYD suite of xen.oli ths (Dawson and 

Smith, 1977) although both are regarded as being of metasomatic 

origin (op. cit.). The latter ilmenites generally contain less 

A1
2
o

3
, Cr

2
o

3 
and MgO compared with the former, but more FeO when 

total Fe is expressed as FeO and consequently when Fe
2
o

3 
is 

calculated to satisfy stoichiometry will have lower Fe
2
o

3 
values. 

This may be seen in Figure 74 a similar plot to that of Harte 

and Gurney (1975) illustrating the compositional fields for 

lamellar ilmenites (data from Nixon, 1973); the MARID suite 

ilmenites (Dawson and Smith, 1977); Harte and Gurney's (1975) 

primary metasomatic ilmenites, the polymict peridotites and 

various discrete ilmenite nodules (Nixon, 1973). 

It is apparent from this figure ( 74) that the ilmenites 

in the polymict peridotites occupy an even more restricted 

compositional field than Harte and Gurney's (1975) Matsoku 

primary metasomatic ilmenites and also that they are not the 

same as those of the MARID suite. Apart from one analysis 

which has an unusually low Fe2+/(Fe2+ + Mg) of 0,365 (Analysis 

1, Table 196) due to the high MgO content of 16,67 wt % (the 

highest for any ilmenite in these rocks) the rest of these 

ilmenites fall within the range of Fe2+/(Fe2
+ + Mg) observed 

at Matsoku by Harte and Gurney (1975). The range of Cr/(Cr + Al) 

values for polymict peridotite ilmenites is not the same as for 

the Matsoku ones, the former having generally much more Cr
2
o

3 

and considerably less A1
2
o

3
, which often may only just be above 

the detection limit. 

From these considerations the ilmenites in the polymict 

peridotites are most similar to the primary metasomatic ilmenites 



151 

described by Harte and Gurney (1975)~although not identicali and 

are not the same as those of the MARIO suite, having considerably 

lower Fe 2+/(Fe 2 + + Mg) ratios~ It is also clear that the 

ilmenites in the polymict peridotites have not had the same 

paragenesis as the discrete ilmenite nodules and those found in 

lamellar intergrowths. The paragenesis proposed by Harte and 

Gurney (1975) for the primary metasomatic ilmenites in the 

Matsoku peridotitic xenoliths is similar to that postulated by 

Dawson and Smith (19iJ> for the MARID suite xenoliths which 

necessitates the infiltration of previously crystallised 

xenoliths by a metasomatic fluid. The ~lmenites in the polymict 

peridotites are interpreted as having crystallised from a hydrous 

fluid, rich in titanium and potassium, which also contained 

sulphur, iron and probably such,minor elements as nickel, copper 

and cobalt. The low Fe3+/Fe 2+ ratio of the ilmenites indicates 

that this crystallisation took place under conditions of low 

oxygen fugacity. 

(g) Rutile 

The rutiles analysed in the polymict peridotites are 

unusual, but not unique, because of their high Cr
2
o

3 
contents 

and the variable but occasionally high Fe
2
o

3 
values. Although 

the rutiles in these rocks occur in different textural settings 

it is sometimes difficult to distinguish between them on 

purely chemical grounds. Following Smith and Dawson (1975) and 

Dawson and Smith (1977) all the Fe in these rutiles has been 

calculated as Fe
2
o

3 
and plotted against Cr

2
o

3 
in Figure 75 • 

Included in this figure are the data from the above authors and 

also the rutiles regarded as primary metasomatic in the Matsoku 
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peridotites analysed by Harte and Gu~ney (1975)~ 

Most rutiles contain little c~2o3 &s.inrlicated by a composit

ional field plotted from the data in the published literature by 

Dawson and Smith (1977) and Smith and Dawson (1975). However, 

there are some unusually high Cr
2
o

3 
rutiles found as inclusions 

in garnets in the Moses Rock dyke (McGetchin and Silver, 1970) and 

also in kyanite eclogites from the Zagadochnaya kimberlite in 

Yakutia (Sobolev et a1~1972). The rutiles in the primary meta-

somatic veins in the Matsoku peridotites of Harte and Gurney (1975) 

have neither particularly high Fe
2
o

3 
or Cr

2
o

3 
contents, although 

they contain >l wt % Cr
2
o

3
• Rutiles in peridotite xenoliths 

analysed by Smith and Dawson (1975) all contain >l wt % Cr
2
6

3 
with 

some having as much as 7 wt % Cr
2
o

3
• The rutiles in the MARID 

suite of rocks are also highly variable in both Cr
2
o

3 
and Fe

2
o

3 

contents and some are complexly zoned (Dawson and Smith, 1977). 

The rutiles mantling the ilmenite bleb in BD2J94 have a 

range of Fe
2
o

3 
values from 0,3 to 2,5 wt % and from 4,4 to 6,3 wt 

These are the highest Cr
2
o

3 
values found in the rutiles 

in the polymict peridotites. Rutile grains associated with il~en-

ite blebs in BD2666 have less Fe
2

o
3 

than the analysis performed 

on a small rutile within a vein in this rock. Although they have 

similar amounts of Cr
2
o

3 
this correlation must be regarded as 

fortuitous until further analyses have been completed. As only 

two rutiles were analysed in JJG1414 little can be said about 

them except that they both contain >2;5 wt % Cr
2
o

3
• In JJG51J 

the rutiles associated with serpentine contain more Cr
2
o

3 
and 

Fe
2
o

3 
than those occurring next to the zoned phlogopite. The 

rutile grains in the clinopyroxene-orthopyroxene megacrysts 
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(analyses 1 and 2, Table 116) both contain > .3 wt «JG Cr 
2
o

3 
and < l wt 

% Fe
2
o

3
• 

Unfortunately, little experimental wor'k has been done on 

rutiles synthesized under conditions comparable with those ex-

pected for xenoliths in kimberlites hence the factors controlling 

the substitution of Cr and Fe into the rutile structure are as 

yet unknown (Smith and Dawson, 1975; Dawson and Smith, 1977). In 

view of the sometimes marked changes in Cr
2
o

3 
and Fe

2
o

3 
contents 

over distances of only a few millimetres these differences must 

be interpreted with considerable caution until such information 

becomes available. 

It is thus difficult to make any statement on the paragenesis 

of the r.utiles associated with the serpenti:ne or phlogopi tes in 

the polymict peridotites except that they are possibly of secondary 

orig_ in-. The rutiles occurring with the ilmenite veins and blebs 

are likely to have been formed during the crystallisation of the 

ilmenites from the postulated Ti-rich metasomatic fluid or by 

exsolution from these ilmeniteso 

(h) Chromite 

• Chromite grains have only been analysed in JJG51J but 

there is some crystallographic evidence to suggest that chromite 

may occur as an inclusion in an alexandritic garnet in BD2666.• 

The chromites in the clinopyroxene-orthopyroxene clast (f) 

in JJG51J have been plotted in the "flattened prism" type diagram 

of .the system (Fe2+, Mg) (Fe3+Al, Cr)
2
o

4 
similar to those of Smith 

and Dawson (1975). Included in this diagram (Figure 76) are the 

other chromites analysed in JJG51J. (Table 118). From this figure 

• The inclusion shows good octahedral form and a semi-quantitative 
analysis indicated a chrome content of approximately 55%. 
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it is likely that the inclusion in the pyropic garnet (analysis 1, 

Table 118) is of secondary origin which probably formed during 

alteration of the garnet. This chromite inclusion in garnet 

plots at a point away from the bulk of the chromites in the 

clinopyroxene-orthopyroxene clast, and is low in Fe2+/(Fe2+ + Mg). 

The two chromites in the pyroxenite rock clast although contain-

ing >61,5 wt ~ Cr
2
o

3
, levels common to chromites found as 

inclusions in diamond, have extraordiriary low A1
2
o

3 
contents 

and rather more Ti0
2 

than found in most diamond inclusion chromites. 

(Meyer and Boyd, 1972; Prinz et al, 1975; Sobolev et al~ 1971; 

Gurney and Rickard, unpublished data). Hence these two chromites 

cannot be regarded as being similar to those found as inclusions 

in diamondso The chromites in the clinopyroxene-orthopyroxene 

clast (f) have variable compositions but are similar to many of 

the chromites from various kimberlitic sources-plotted by Smith 

and Dawson (Figure 1, P.)12; 1975). In view of the nature of 

the clinopyroxene-orthopyroxene "megacryst" association and the 

variation in composition shown by the orthopyroxenes in which 

these chromites are included it is, perhaps, not surprising that 
• 

the chromites themselves show compositional differences. In a 

few examples the chromites occur close t9 the remnants of clino-

pyroxene grains within these 11megacrysts"~ and occasionally 

tiny (.:!:. 0,001 mm) opaque minerals seem to form part of a 

reaction rim around the clinopyroxene. These tiny opaques 

were however, too small to analyse successfully but were found 

to be Cr rich. Thus the chromites in the clinopyroxene-

orthopyroxene 11megacrysts" may have been formed while the 

11megacrysts 11 were being transported from depth and 1unmixing' 



in the attempt to maintain equilibrium. 

(i) Zircon 
) 

Three anhedral zircons were found in separate pieces of 

BD2666. These were dissolved and analysed by Davis (1977) who 

found that they contained + 6 ppm uranium and gave uranium-lead 

ages of 8J,8 and 81,7 million years. These ages are considerably 

younger than those found by the same author for other zircons in 

the Bultfontein kimberlite itself (91,2 million years; op. cit.). 

According to Davis (ibid.) "zircons are radioactive clocks, 

recording the time that has elapsed since ·the onset of accumulat-

ion of lead isotopes that are the products of the radioactive 

decay of uranium". "T~ey are considered to belong to the deep-

seated suite of discrete nodules (Kresten, Fels and Berggren, 

1975) and are believed to have originated in magmas which may have 

come from the low-velocity zone (Boyd and Nixon, 1973a) 11
• Davis 

continues 11 No matter how long ago the zircons crystallised at the 

0 temperatures of 1100 C or more estimated for the pyroxene dis-

crete nodules Pb would be lost by diffusion and could not 

accumulate to start the clock. The age's of the zircons mark 

the times of sudden lowering of•temperature at eruption". (op. 

cit.). The errors in these age determinations are regarded by 

Davis as being.!. 1,5 %, and even if the maximum errors are 

considered there is still an age difference of 5 million years 

between the zircons in BD2666 and those in the kimberlite 

itself. This implies that the 'volcanic a~tivity' of the 

actual kimberlite eruptive process may have continued over a 

period of'at least 5 million years or there were two, and maybe 
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more, separate periods of volcanic activity. The younger age for 

the polymict zircon is consistent with the proposed model because 

an earlier period of kimberlitic activity is the most likely 

mechanism for the introduction of (1) the potassium-rich, 

titanium rich fluid from which the phlogopites and ilmenites in 

the polymict peridotites crystallised and (2) the clinopyroxene

orthopyroxene megacrysts from regions of higher temperature and 

pressure. 

I 
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F. Summary and formation of the polymict peridotites 

The polymict perid~ties consist of metasomatic 

minerals {phlogopite, ilmenite, rutile, sulphides) which cement 

together a wide variety of mantle derived xenocrysts and 

xenolithso These include harzburgites, lherzolites and eclogites. 

The xenocrysts have compositions which suggest they have been 

derived from the peridotite, eclogite and megacryst suites. The 

clinopyroxene 'megacrysts' are ubiquitously associated with 

orthopyroxene which is interpreted as an unmixing phenomenon, 

indicating the megacrysts have been transport~d in stages from 

higher temperatures and pressures within the upper mantle. 

Many of the mineral grains and rock clasts show evidence of 

the effects of the event which introduced the ilmenite, phlogopite 

and sulphideo This is interpreted as being a metasomatic event 

·because the minerals and rock clasts are chemically altered 

around their margins particularly with respect -to titanium, 

In the case of clinopyroxenes a_nd orthopyroxenes there is some 

evidence that the recrystallisation of these grains has been 

accompanied by a rise in temperature. These grains and rock 

fragments are thought to have been incorporated into a magma in 

the mantle which came from below and transported the megacrysts 

with ito 

The ilmenite, phlogopite, rutile and sulphides crystallised 

from this melt whilst causing some of the xenolithic material 

to partially re-equilibrate with it. 

The polymict rocks, therefore, are int·erpreted as having at 

least a two stage origin: (1) the migration of a mantle fluid 

from depth to another location at shallower depths in the mantle; 
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this melt trarnsported the megacrysts, incorporated xenoliths of 

surrounding mantle, partially re-equilibrated with both mega-

crysts and xenoliths 9 crystallised the ilmenite, phlogopite, 

rutile and sulphides with the residual fraction migrating away 

and upwardse Such a liquid would be similar to that proposed 

by Gurney, Jakob and Dawson (1977) for the Monastery megacryst 

suite and the polymict peridotites constitute the remnant con-. 

duit filling left behind after the volatiles, presumably 

including the carbonates,have passed on and upwards; (2) The 

polymict rocks were subsequently sampled by one of the 

Bultfontein kimberlite events. It is quite possible they may 

have originally formed ~uring an earlier kimberlite event. 

Although not essential to the hypothesis, this earlier event is 

likely in view of the chemistry of the ilmenites and phlogopites. 

The deformational event which appears to be a late feature was 

probably related to the closing of the conduit and squeezing 

out of the last remnants of volatile material during the first 

igneous event mentioned in.this model. 
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VI FURTHER DISCUSSION OF THE BULTFONTEIN XENOLITH SUITE. 

Although some of the Bultfontein peridotite xenoliths and the 

polymict peridotites contain minerals which are co~positionally simiJar 

to those found as inclusions in diamond, no diamond-bearing peridotite 

xenoliths have been found at Bultfontein. :. Prior to 1975 diamond-bearing 

peridotites had only been reported by Williams (1932) and V.S.Sobolev 

et al., (1969). Williams' report, however, could not be substantiated 

and the diamondiferous .peridotites examined by V.S. Sobolev et al. (ibid) 

were serpentinised and the compositions of the constitutent minerals 

could not be determined. Dawson and Smith (1975) described a diamond-

bearing peridotite xenolith from the Mothae kimberlite, Northern Lesotho. 

A diamondiferous peridotite has been reported from a kimberlite in 

southern Wyoming, U.S.A. by Eggler and McCallum (1975) and Mccallum and 

Eggler (1976). Pokhilenko et al., (1976, 1977) also found diamonds in 

xenoliths containing peridotitic assemblages in various Yakutian 

kimberlites. If diamond-bearing peridotites do. exist at Bultfontein 

they have not yet been found, and it is considered .unlikely that they will 

be related to the xenoliths examined in this study. The latter are thought 

to have equilibrated under conditions of temperature and pressure at 

which diamond is not a stable phase, 

The diamond-graphite stability curve determined by Bundy et al., 

• (1961, 1973) and confirmed by Kennedy and Kennedy (1976) intersects the 

wet peridotite solidus at a temperature of 1 ooo0c and a presuure of 

approximately 42 kilobars as indicated by Gurney, Harris and Rickard. 

(1978, in press). If the temperature and pressure estimates are 

calculated from the Di (en) solvus of Davis and Boyd (1966) and the 

isopleths of Al
2

o
3 

in enstatite (MacGregor,1974) as done by Boyd 

(1973a) most of the Bultfontein xenoliths (Tables 201, 202) would plot 

on the diamond side of the graphite-diamond stability curve in 

temperature-pressure space. 

11 

j 
' 'i 
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These pressure estimates are not favoured fo.r the reasons discussed 

in Chapter IV,D. If the pressures are calculated using the method of 

Wood (1974) from the Davis and Boyd (1966) temperatures (Tables 203,204) 

very few of the Bultfontein xenoliths plot on the diamond side of the 

graphite-diamond stability curve. If the Davis and Boyd (1966) 

temperatures are used to determine pressure estimates in the way indicated 

by Wood {197~) and are then also substituted .into Wood:'s (1974) pressure 

' 
equation after the site allocation proceduret for the orthopyroxene 

devised by Fraser (1977) as shown in Appendix I, Volume 2. has been 

completed, two pressure estimates are obtained (Tables 203, 204). The 

result obtained is that most of the Bultfontein xenoliths again plot 

in the graphite stability field. 

If the temperatures estimated by the Wood and Banno (1973) method 

are used in an analogous manner, as described above for the Davis and 

Boyd (1966) temperatures, the sar.:e is true. As mentioned in Chapter 

IV,D, the methods of estimating pressure are entirely temperature 

dependent and vary directly ri th the magnitude of the calculated 

temperature. For instance, for a particular xenolith the temperature 

estirr.ates decrease in the order: Woods and Banno (1973) > Davis and 

Bo;yd (1966)>Wells (1977); and hence the pressures calculated by either 

Wood's (1974) or Fraser~ (1977) procedure using these temperatures will 

decrease proportionately. If the Wells' (1977) temperatures are used 

all of the Bultfontein xenoliths plot insid:e the graphite stability field. 

This evidence and the fact th.at no diamond-bearing peridotite xenoliths 

have been found at Bultfontein is in accord with the preferred 

equilibration conditions reported here. 
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It can be argued that the mineral phases in the diamondiferous 

garnet lherzolite found at Mothae by Dawson and Smith (1975) are similar 

to those in several o! the Bultfontein xenoliths and that if the 

temperature and pressure of equilibration of this 1 xenolith. are calculated 

using the Wells' (1977) geothermometer and Fraser's (1977) pressure 

estimation procedure, then this Mothae xenolith will also plot outside 

the diamond stability field. It is not clear whether the diamond 

in this xenolith equilibrated with the peridotitic minerals making up 

the bulk of the nodule. Hence it is possible that these minerals 

will produce temperature and pressure estimates indicating equilibration 

conditions outside the diamond stability field. 

The other examples of diamond-bearing peridotitic xenoliths 

cannot be compared directly with the Bultfontein xenoliths because the 

nodule found by Eggler and McCallum (1975) and McCallum and Eggler (1976) 

is Tery altered and reliable mineral compositions for all the phases 

could not be determined. There __ isc: also no direct evidence of diopside 

in this particular xenolith. The Yakutian diamondiferous peridotitic 

xenoliths (Pokhilenko et al., 1976,1977) vary in modal mineralogy and 

~re not garnet lherzolites per se, i.e., olivine, enstatite, diopside 

and garnet ~earing assemblages. The only xenolith· which does contain 

all these phases also contains ilmenite and, as such, cannot be equated 

with the Bultfontein garnet lherzolites examined in this study none of 

which contained ilmenite. The majority of the Yakutian diamondiferous 

peridotitic nodules are dunites some of which contain olivines up to 

10 cm in diameter (Pokhilenko et al., 1977) and therefore cannot be 

directly equated with the garnet lherzolites from Bultfontein. 
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Hence, the known examples of xenoliths which contain peridotitic 

assemblages and diamond are all significantly different when compared with 

Bultfontein garnet lherzolites and there are f'ew confirmed reports of 

diamonds being found in four-phase garnet lherzblites anywhere. 

Xenoliths from all the major South African diamond mines have been examined 

by various members of the De Beers Consolidated Mines ~mited and University 

of Cape Town geological departments, and in spite of the enormous tonnages 

of rock processed at the various mines no diamonds have been found in 

garnet lherzolites even at mines where diamonds containing peridotitic 

mineral inclusions have been reported (Gurney, Harris and Rickard, 1979). 

The absence of diamond in garnet lherzolite xenoliths from many 

kimberlites indicates that these rocks are unlikely to have equilibrated 

inside the diamond stability field. The results obtained by the 

temperature and pressure estimation procedures of Wells (1977) and 

Fraser (1977) also indicate that most garnet lherzolites ha.ye formed 

in pressure-temperature environments outside the diamond stability field. 

Thus these pressure-temperature estimates are preferred to other 

calculation procedures in the light of the evidence presented. 

Pertinent to the same problem, attention is directed to the fact that 

there seems to be a large gap between the pressures and temperatures 

calculated !or the "mantle xenoliths" and the "crustal xenoliths". 
f 

Crustal xenoliths have not been examined i:i this study but tµey do exist. 

The occurrence of plagioclase, amphibole and/or quartz in granulite 

facies rocks such as those described by Jackson and Harte (1977) from 

Matsoku severely limits the temperature and pressure ranges at which they 

equilibrate. These xenoliths are considered to have equilibrated at 

temperatures ranging from 729-915°C and 17-32 kbars (ibid). The apparent 

gap in this lithospheric stratigraphy between the "crustal xenoliths" 

and the shallowest depths recorded by garnet lherzolite nodules would 
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be considerely reduced if the temperatures and pressures calculated by 

the r::ore sophisticated methods, such as Wells· (1977) and Fra$er (1977) 

were adopted. There is, however, some controversy over which temperatures 

and pressures should be adopted for the "crustal xenoliths" i.e. the 

granulite facies rocks, because Griffin, Carswell and Nixon (1977), 

using various estimation procedures on rocks similar to those of Jackson 

and Harte (op.cit •. , con~iuded that the granuli te facies xenoli ths were 

samples of the lower crust from the Moho and that they lay closer to 

Clark's and Ringwood's (1964) "oceanic geotherm" than the "shield 

geotherm11 • It was also suggested by Griffin, Carswell and Nixon 

that the "shield geotherm" was only valid for the deeper :parts of the 

11pper mantle beneath Lesotho (op· cit~) 

The "apparent lithospheric gap" between the granulite facies 

xenoliths and the shallowest garnet lherzolite nodules has not been 

satisfactorily explained and various hypotheses have been advanced. 

Boyd and Nixon (1975) have suggested that the section of the upper mantle 

beneath Lesotho which underlies the Moho and overlies the undeformed 

garnet lherzolites, which must be of the order of 60 km in thickness, is 

possibly composed of spinel lherzolites and/or harzburgites. The critical 

factor in this proposal is the role of the chromite-spinel phase in 

lherzolites and harzburgites. ' MacG~egor· (1970) developed the concept 

that the reversible spinel peridotite to garnet peridotite phase transition 

in the upper man~le showing the presence of Cr as well as Al should cause 

a depth interval in which garnet and Cr-Al spinel co-exist. According 

to Boyd and Nixon (1975) chromite-spinel commonly occurs in association 

with garnet in the undeformed lherzolites but had never been found in the 

more deep-seated deformed lherzolites -- an observation consistent with 

the "phase-change !lypothesis!l. A_ further consequer:ce of the phase-change 
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concept is that if this transition does take place then the spinels 

in the garnet-free peridotites ought to be consistently more aluminous 

than those in the garnetiferous peridotites (Boyd and Nixon (op.cit.). 

The results of this study, however, cannot be used to support their 

concept unequivocably. Six garnet-free peridotites which contain spinels 

were analysed; three are coarse harzburgites (BD 2328; BD 2329, 

BD 2377); two are coarse lherzolites (BD 2321, BD 2326) and one is a 

deformed lherzolite (BD 2348). The chrome spinels in the coarse 

harzburgites (Tables 27,28 and 44) are rich in Mg with Mg/(Mg+Fe) in the 

range 0,59-0,63 and have Cr/(Cr+Al) ratios of o,47 and 0,56 for 

BD 2328 and BD 2329 respectively and 0,75 for BD 2377. The coarse 

lherzolites have Mg/(Vig+Fe) values of o,44 for BD 2321 and 0,59 for 

BD 2326 and Cr/(Cr+Al) ratios of 0,91 and 0,97 respecti~ely. The deformed 

lherzolite has 0,57 Mg/(Mg+Fe) and o,88 for Cr/(Cr+Al). From these data 

the spinels in the garnet-free coarse harzburgites are more aluminous than 

those in the lherzolites. 

Eight garnet-bearing peridotites which also contain chrome-spinel 

have been analysed in this study; two were coarse garnet lherzolites 

(JJG 62, BD 2379); three deformed garnet lherzolites (BD 2313, BD2439,. 

BD 2453), and three deformed garnet harzburgites (BD 2371, BD 2442, 

BD 2450). Mg/(Mg+Fe) values for these three groups respectively range 

from' o,44 to o,64 for the coarse lherzolites; o,44 to o,64 for the deformed 

lherzolites and o,63 to 0,76 for the deformed harzburgites. The two 

coarse lherzolites have Cr/(Cr+Al) values of 0,75 and 0,76; and the 

deformed lherzolites vary from 0,74 to 0,81. Two of the deformed 

harzburgites have Cr/(Cr+Al) values of 0,78 and o,?9 (Tables 41,81), 

but BD 2442 (Table 73) has a value of o,49. 
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These data are thus not consistent with the "phase-change 

hypothesis" because deformed lherzolites have been found to contain 

chrome-spinel, and the spinels in the non-garnet-be~ring peridotites 

are not consistently more aluminous than the garnetiferous peridotites • 

. ,Boyd and Nixon (1978) have confirmed that chrome-spinel has been found 

in association with garnet in intensely deformed garnet lherzolites. It 

must be noted, however, that the presence or absence of chrome-spinel 

in deformed peridotites is no longer regarded as a criterion for the 

"phase-change hypothesis". The results of Goetze (1975) and Green 

and Guegen (1974) have indicated that the deformation of the peridotites 

is unlikely to ha.ve occurred at the depths in the mantle at which the 

spinel-peridotite/garnet-peridotite phase boundary is thought to exist. 

The exact position of this phase boundary in temperature-pressure space 

and hence the depth in the upper mantle at which such·. changes are 

possible is also uncertain. Some of the problems encountered in 

determining these unknowns have been outlined in Chapter IV,D. One of the 

most crucial factors is that the role of Cr2o
3 

in experimental systems 

is, as yet, relatively unknown. What is clear, however, is that until the 

experimental data h§,s been improved so that geothermometers and 

geobarometers for the "mantle" and "crustal" xenoliths can be applied 

more· confidently there will be doubt as to whether the "apparent 
• 

lithospheric gap" does or does not exist. 

JJG 155. 

As mentioned in Chap~er IV,B, the mineral chemistry characteristics 

of JJG 155 were not included in the general discussion of the constituents 

of the deformed garnet lherzolites because, often, the date for JJG 155 

fell outside the general distribution pattern. JJG 155 is an unusual 

rock in that the overall._ grain· size··is small (approximately 0,5 mm) and 
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has the a.ppearance of many coloured sugar crystals cemented together. 

Due to its extremely deformed orthopyroxenes and garnets it is classified 

as a disrupted mosaic porphyroclastic garnet lherzolite. The olivine 

composition~is more iron-rich than all except one of the Bultfontein 

deformed garnet lherzolites having an Mg/(Mg+Fe) value of o,89 (Figure 9). 

The orthopyroxenes are the most iron-rich with Mg/(Mg+Fe) = 0,92. Some 

of the coarse garnet lherzolites have similar Y,alues and one has a lower 

Mg/(Mg+Fe) value (Figure 10}. JJG 155 has more Ti02 , more Al2o
3

, and 

more Na2o in its orthopyroxenes than any other deformed Bultfontein 

garnet lherzolite and has one of the. higher Cr2o3 contents for similar 

orthopyroxenes (Figures 11, 12, 13, 14, 15). The garnets in J JG 155 · 

have the most Ti02 (1,55 wt %) although the Cr2o
3 

contents are normal 

for such rocks (Figures 16, 17). The Al
2
o

3
, Cr2o3 

and Na2o contents 

of the clinopyroxenes are not unusuaL and do not fall outside the overall 

distribution pattern (Figures 21, 22, 23). However, the Ti02 content of 

the diopsides is the highest of all the deformed garnet lherzolites and 

the ca/Ca+Mg) and Mg/(Mg+Fe) values are the lowest. The Ca/(Ca+Mg) value 

of o,415 is particularly significant as it implies a considerably higher 

temperature of equilibration than has been found previously for 

Buitfontein garnet lherzolites if the Davis and Boyd i(:n.966)Di (en) solvus 

as applied by Boyd (1973a) is invok~d~ The high Al2o3 content 

(6 997 wt%) of the orthopyroxenes•also implies a higher pressure of 

formation than usual for Bultfontein garnet lherzolites if MacGregor's 

(1974) data is used in the manner of Boyd (1973a). Thus in FigJJ.re 29 

JJG 155 plots away fr.om the mass of data in temperature-pressure space 

and well above the "Lesotho geotherm~' 

The small grain size, overall texture and unusual mineral 

compositions make, JJG 155 an interesting deviant from the deformed 
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Bultfontein garnet lherzolite suite. The fu11 import of the high Ti02 ' 

contents, low Mg/(Mg+Fe) and low Ca/(Ca+Mg) values·is not yet clear 

because although unusual for Bultfontein it is similar in some 

aspects to deformed garnet lherzolites from Lesotho (Boyd and Nixon, 

1975) and from Premier Mine (Danchin and Boyd, 1976) • 

• 
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VII CONCLUSIONS 

This study has shown that the Bultfontein peridotitic suite 

is made up of a series of rocks displaying a wide variety of 

textures. These range from coarse undeformed xenoliths to~de-

formed xenoliths whose textures vary from porphyroclastic to 

fluidal mosaic and laminated and disrupted. Sometimes textures 

vary within the same rock over distances of the order of 

centimetres. 

The minerals identified in these rocks are: olivine, 

orthopyroxene, garnet, clinopyroxene, phlogopite, chromite, 

potassic richterite, rutile and ilmenite in combinations which 

give rise to lherzolites, garnet lherzolites, harzburgites, 

garnet harzburgites, wehrlites, garnet wehrlites, garnet olivine 

websterites and richterite-bearing lherzolites. 

The metasomatic minerals phlogopite; ilmenite, rutile and 

sulphides are found in xenoliths regarded as part of the MARID 

suite, in the potassic-richterite bearing lherzolites and in 

the hitherto unreported polymict peridotites. 

The metasomatised rocks at Bultfontein are always coarse 

grained. Phlogopite is found in most of the Bultfontein 

xenoliths and is considered to be of metasomatic origin. 

Potassic-richterite bearing nodules are thought to have been 

formed during a metasomatic event in the upper mantle (Erlank 

and Rickard, 1977). 

The unmetasomatised common peridotites at Bultfontein 

have been shown to have restricted ranges of mineral chemistry 

irrespective of texture. There are only minor differences in 

mineral chemistry between the coarse and deformed garnet 
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lherzolites. This result is in contrast to that described for 

Thaba Putsoa and Mothae garnet lherzolites. 

The minerals which have the highest Mg/(Mg + Fe) ratios 

are found in the common peridotjtes and those with the lowest 

Mg/(Mg + Fe) ratios are in the garnet olivine websterites. 

Not all the olivine-poor rocks in the Bultfontein suite have 

minerals with high Fe/(Mg + Fe) ratios. No sub-calcic diopsides 

have been found in the Bultfontein peridotites. 

The estimated temperatures and pressures of formation of 

the unmetasomatised common peridotites have been calculated 

using various geothermometers and geobarometers. Some of the 

deformed xenoliths have higher calculated equilibration temper

atures and hence pressures than the undeformed nodules but there 

is no clear distinction between them on this basis. The 

Bultfontein peridotite suite does not define a "perturbed 

geotherm 11 similar to that proposed for Thaba Putsoa, Elwin Bay, 

or elsewhere. 

There is thus no correlation between the mineral chemistry 

of the Bultfontein unmetasomatised peridotite xenoliths, their 

temperatures and pressures of equilibration and their texture. 

The bulk chemistry of the Bultfontein peridotite suite 

shows that there is no clear distinction between the deformed 

and undeformed lherzolites and harzburgites. The metasomatic 

rocks at Bultfontein as a group have lower Mg/(Mg + Fe) ratios 

than the unmetasomatised rocks. The coarse garnet peridotites 

have lower Mg/(Mg + Fe) ratios than their equivalents at Thaba 

Putsoa and are not as depleted in Ca, Al, Cr, Na and Ti. Some 

of the garnet olivine websterites have lower Mg/(Mg + Fe) ratios 



164 

and are more enriched in basaltic components than PHN1611, a 

Thaba Putsoa garnet lherzolite, which is widely believed to re-

present a "fertile mantle 11 composition. The common peridotites 

at Bultfontein are not equivalent to "fertile mantle'' composit

ions and are regarded as "depleted mantle" with respect to their 

major and trace element abundances. 

The polymict peridotites are disequilibrium assemblages 

characterised by the presence of (a) metasomatic minerals in

cluding ilmenite, phlogopite, rutile and sulphides and (b) by 

a wide variety of olivines, orthopyroxenes, garnets and clino

pyroxenes sometimes as rock clasts. 

The mineral chemistry of the silicate minerals in the 

polymictsindicate that they are all of upper mantle origin and 

the wide ranges of Mg/(Mg + Fe) for the olivines and ortho

pyroxenes suggest that fragments of a wide variety of mantle 

rocks have been incorporated into these nodules. The presence 

of both eclogitic and peridotitic type garnets, garnets with 

less than 3 wt % CaO and high-calcium/high-chrome alexandritic 

garnets further testify to the gross disequilibrium features 

exhibited. 

Many of the peridotitic minerals are zoned and are also often 

enriched along edges in Ti0
2

• Some orthopyroxenes have higher 

CaO and A1
2
o

3 
on edges than in the centre of grains. This 

zoning suggests that the minerals have partially re-equilibrated 

to a new temperature and pressure regime and to changes in 

chemical potential prior to sampling. 

Clinopyroxene 11megacrysts 11 occur in the polymict peridotites 
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always associated with orthopyroxene and often with chromite, 

ilmenite and phlogopite. The clinopyroxene megacrysts appear 

to have unmixed on cooling. They are considered to have been 

transported after formation to a lower pressure and temperature 

environment by a magmatic event in the upper mantle, and to 

have substantially re-equilibrated prior to sampling. 

The metasomatic minerals ilmenite, rutile and phlogopite 

have variable compositions with ilmenite displaying unusually 

large ranges of Cr
2
o

3 
contents. Ilmenite occurs as veins or 

blebs, very few of which are compositionally homogeneous. 

Phlogopite blades may be constant in composition or may vary 

considerably with respect to Ti0
2 

and Cr
2
o

3
• Rutile may be 

associated with ilmenites, phlogopites, orthopyroxenes or in 

the clinopyroxene-orthopyroxene megacrysts. Rutiles also 

vary considerably in composition. Zircon is a rare constit-

uent of one of these polymict peridotites. 

The presence and composition of the metasomatic minerals in 

the polymicts together with mantle rocks of very diverse origin 

suggests that the event in which the polymict peridotites were 

formed was a magmatic event in the upper mantle in which a melt 

transported the clinopyroxene megacrysts, incorporated xenoliths 

of surrounding mantle, partially re-equilibrated with xenoliths 

and megacrysts and crystallised the ilmenite, phlogopite, 

rutile and sulphides. The polymict peridotites are considered 

to constitute the remnant conduit filling in the mantle left on 

termination of a phase of magmatic activity. 

The Bultfontein peridotite suite as a whole represents 

random samples of the upper mantle and hence the xenoliths are 
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not cognate with the kimberlite. No rocks have been found at 

Bultfontein which indicate the presence of liquids formed during 

partial melting nor were any nodules found to contain diamond. 

Most of the peridotite xenoliths have temperatures and pressures 

of equilibration outside the diamond stability field and no 

minerals with compositions equivalent to those found as inclus

ions in diamond were found, except in the polymict peridotites 

which are not equilibrium assemblages. Diamond is common in 

kimberlites and hence the Bultfontein peridotitic suite must 

have been formed at higher levels in the upper mantle than the 

kimberlite itself. 

The textures found in the deformed xenoliths represent the 

results of mantle creep and processes associated with the 

env•lope surrounding the kimberlitic diapir as it ascends 

through the upper mantle. The more deformed textures and the 

changes of texture over small distances are considered to have 

been caused by the action of the kimberlitic envelope rather 

than mantle creep. 

The potassic-richterite bearing nodules are considered to 

be the products of a metasomatic process or processes acting 

upon a predominantly garnet lherzolite mantle prior to the 

eruption and emplacement of the kimberlite. There is much 

evidence of upper mantle metasomatic activity in the Bultfontein 

xenolith suite both from the above rocks, from the xenoliths 

making up the MARID suite and from the polymict peridotites. 

Of the common peridotites only JJG1417 has a bulk rock 

composition which could be interpreted as being possible 

"fertile mantle", or as a cumulate. The latter is favoured. 
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The Bultfontein peridotite suite has thus been shown to be 

very different to the xenoliths found at Thaba Putsoa and Mothae 

but there are a number of similarities to the Matsoku xenolith 

suite. These are (1) no sub-calcic diopsides have been found; 

(2) There is no correlation between mineral chemistry and texture; 

(3) Tne highest Mg/(Mg + Fe) ratios are found in the common 

peridotites, the lowest in the garnet olivine websterites; (4) 

Most of the metasomatic rocks at Bultfontein are more iron-rich 

than the common peridotites and the garnets in the metasomatised 

rocks are enriched in titanium; (5) The metasomatic processes 

which occurred at Bultfontein probably introduced ilmenite, 

phlogopite, rutile, sulphides and enriched the metasomatised 

rocks in iron. 

The differences between the Bultfontein and Matsoku nodule 

suites are: (1) The range of textural variation is greater at 

Bultfontein; (2) The deformed rocks have a different and slightly 

higher range of equilibration temperatures and pressures than the 

undeformed rocks; (J) The range of temperatures and pressures 

estimated for the Bultfontein rocks is larger than Matsoku; (4) 

The bulk chemical compositions of the Bultfontein rocks do not 

sbow as large a range of MgO/(Mg + FeO) ratios; (6) The mineral 

compositions of the Bultfontein rocks do not always change with 

modal abundance; (7) The metasomatised rocks are ~oarse grained 

at Bultfontein; (8) Potassic-richterite bearing nodules have not 

been found at Matsoku; (9) The garnet and clinopyroxene-rich 

sheets or bands in the Bultfontein xenoliths are coarse grained; 

at Matsoku they are fine-grained; (10) Xenoliths belonging to 

the MARID suite have not been found at Matsoku; (11) The polymict 
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peridotites have not been found at Matsoku. 

More complete chemical and textural re-equilibration at 

Bultfontein than at Matsoku is regarded as being a probable reason 

for some of the differences between the two xenolith suites, in 

particular the coarse grained textures of the metasomatised rocks 

and the equivalents of the pyroxene rich sheets and the chemical 

composition of the minerals in the garnet olivine websterites. 

The more deformed textures are due to the effects of the kimber

litic envelope. in non-steady state situations. 

The polymict peridotites are regarded as b~ing an extremely 

small fraction of the total xenolith population at Bultfontein 

and may not be present at other localities. The unusual 

features exhibited by the polymict peridotites are possibly 

related to several of the intrusive events known to have occurred 

at Bultfontein. 

The xenolith suite at Bultfontein has its own unique features 

and the results of this study indicate and emphasise the value of 

concentrating on localities as individual separate entities. 
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