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Abstract

Diamondsareformed at high pressure, temperature and low emyfggacity conditions ithe Eartls
deep mantle. Howeveduring their residence itihe mantle and transport to the surface by kimberlite
magma, they may be exposeddeformation oroxidising conditions outsidef their stability field,
causing diamond corrosion and resorption processde infiltration of silicaterich melts and
hydrothermal fluids are key processes that cause dhigosion ¢xidatior). Understanding the
processes involved in diamond transport and preservation is important for diarpboichtion and to
assess the potential diamond grade for economic geology of kimberlite ddgosgiever, ahorough
understanding oWariations indiamondgradeand survival or preservation conditioirs the Lunda
province (LP) has not yet been develegp Here adiamond preservationindex modelhas been
developedChemical analyseand petrographlyoth support the viewthat the observed variations in
diamond grade or abundance within Lunda Prov{hie Angola)are associatedith oxygen fugacity
(fO,), oxidation state, viscosity of kimberlite magnspeed of kimberlite emplacementariations in
temperature and pressuw@nimpose conditions that are sufficiently oxidising for diamond resorption
or toform CO,. Severakimberlite pipes weresampled and is known that theyransported different
amouns of diamond to thézarth'ssurface In this study, bottmantle xenoliths and kimberlite rocks
from five kimberlite pipes Catoca, Camatxia, Camagico, Caixepa and Camuitae) the Lucapa
graben(NE Angola)were investigatedwith the highest diamond concentratsmtcurringin LP

Alteration characteristicef kimberlite indicator minerals (KIMs) from the sampledieposits were
investigated by optical microscopEM, electron probe microanaly[EMPA), XRF, XRD and®’Fe
Mossbauer spectroscapyhe resuls of petrographyand geochemicadtudiesof peridotite, eclogite
and kimberlite rocksluring this projecthaverevealedthat thesampled kimberlitaliamond deposits
haveexperienced several alteratipnocesses andhe analysed diamond indicator minerals (olivine,
garnet, spinel, ilmenite anglyroxene)reflect these alteratiohredox reactions.The hydrothermal
metasomatic processes are associated with factors that controlled kimberlite emplddésshaer
spectroscopyand EMPA resultsrevealthat in the diamondiferous pipes 6hmatxia Caixepaand
Camutue, iron redox ratios inilmenites are considerably lowerjndicating lower |2, and
consequently better diamond preservation condittbas for Catoca éamond. The observed low
diamond quality from Catoca pipe arie higher measuredFe’* ™ )idtio of Catoca indicator
minerals agrees withraodelwhich suppow the use of ilmenite redoxti@s to measure diamorahd
estimate theresorption on diamondResults from Mdssbauerand EMPA suggest thatven with
higherFe”* ™ A¢**, and a lack of the original Mdch ilmeniteand complex ilmenite formatigthe

presence or mineralization of diamond within Lucapa graben kimberlites cannot be ruled out

KEYWORDS: NE Angola,tectonics,metasomatose, geochemistpgtrographydiamond indicator
minerals, diamond presvation, kimberlite mantle xenoliths (#ype andE-type), viscosity,iron

redox ratio,oxygen fugacity (O,), MossbauespectroscopyXRD, and EMPA
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Glossary of Abbreviations

, O P Imenite(FeTiG,)

Amp : Amphibole

+HP :+HP QRO H

5XW 5 XWO)0H

Grt/Gnt : * arnet Possible group ahineralsuse:

9 Almandine: F&Al(SiOy)s
9 Pyrope: MgsAI,(SiOy)s
9 Spessartine MnsAl,(SiOy)4]

3[ :PyroxenePossiblegroupof mineralsused

9 2S[:2UWKR S\(H.REnb@tie,: Mg,SibOs andFerrosilite :  F&Si,Og)
9 & S|[: dinopyroxene(e.g.diopside CaMgS0Ds and when diopsk is rich in Cr itbecoms
Chrome diopsid¢CaMg (Fe,Cr)SiOg) ]|

Olv : 2 livine group memberforsterite(Mg,SiO,) and fayalite (F£&SIO,)]
6 S Gepinel group membermostly used)

Mag: Magnetite(Fe;0,)
9 Chr: Chromite FeCrO,)
9 Mg and Al can substitute fdfe astheyform solid sdutions leading toother series such as

magnesium chromite (MggD,) and hercynite (FeAD,)
3 KW hidgyopite

& D E :&&bonate
Sep : Serpentine

Kpht : Kelyphite
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Chapter One. Introduction, aims, objectivesand research problems

1.1. Geographical area of interest

Thearea ofstudy isLunda provincgFigure 1.}, located in NE Angolait falls within the Archaean
Congo Kassai ctan (Stachel and Harris 2007) which houses substantial quantitiesineral
resources includingrimary (kimberite) and secondary (alluviatiamond depositShis prgect only
focuses on kimberlitdeposis. Kimberlites are C@rich ultramafic potassigneous rockgSparkset
al., 2006; Scott Smithet al, 2008 andKjarsgaard,2007 dominated by muiple complex mineral
phases or assemblage of olivine, magnesia, chromium, garnet (almpwdipe), chromium
diopside, phlogopitepyroxene, ilmenite spel and rutile as well as carbonatgnerals(Skinner,
2008;andMitchell, 1991).Kimberlitesexhibit a distinctive inequigranular textur€gset al, 2008)
caused by macrocrifs (large grains)materialssetin a fine to medium grained groundmass of
sergentine, carbonate and altered olivifMayer et al, 1994). In additionthe kimberlitebodies are
products of multiple intrusive and extrusive magmaents and these everdse recognisedsa
distinctive kimberlites facie@Pattersoret al, 2009 andPeavov et al, 2011)

The petrogenesis of kimberlites is, however, controversial, with disagreements over the nature and
depth of its source regiomMitchell and Giardini, 1977 anleshavet al, 2005), whether they are
primary in origin, andhe cause of eiting, with some suggestirthat they derived at the core and
mantle boundary or mantle transition zosagchel,2003; Stachel.et al, 2009 and Heamanet al,

2003). Asdemonstrated ifrigure 1.2, the new discoveries of diamondiferous kimberlites, dizmho
xenocrysts containing syngenetic inclusions of garnet are indicative of a deeper and transition zone
origin for kimberlites (Ringwoockt al, 1992 see Chapter two for more deta)lsand consequently
kimberlites are considered bmnsporer agerd of diamond from deep source to tharface(Stachel,

2003 Ringwoodet al, 1992 and Cast al, 2008)

All diamordiferous kimberlite sampled and useéual this project arédrom Lundaprovince.This isthe
regionof highest diamond concentratiagm Angola The Lunda caton lithosphere underwent partial
melting in the late Archeamrg which produced crustal rocks thatere successivelytectonically
reworked over several geologicdProterozoic eras (Paleoproterozoic, Mesoproterozoic and
NeoproterozoicfBatumikeet al, 2009. These eventsaused system of deep faulid.ucapa gaben
- an extensional tectonic structure which crosses the country fromeastho southivest Boyd and
Danchin, 1980) and finally resulting the emplacement of Angolan kimberlitdaring breaking up
of Gondwanaland and the opening of the Atla(fiereiraet al.,2003).This tectonic belis associated
with magmatic activity related to rifting at the West African continental mafigeimstaedtand
Gurney, 1997 during the openingfahe Atlantic Oceann the early Cretaceous era (Penaival,
2011).
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Figurel.1. Main cratonic blocks in Southern AfricBasement fractures:- Damba structure; 2CuanzaKassai
structure 3 - Mwembeshi structure(Pereiraet al.,2003.

The kimberlite bodies from Lunda province are products of multiple intrusive and extrusive magmatic
events and thesventsare recognised idistinctive kimberlites facie{Skinner, 2008 and Cas al,
2008).For example, different rock textures, geochemistry, mineralogy, diamond grquiiy and
distribution are importandlata that characterisadividual kimberlite faciesuch as crater,iatreme

and hypabyssa{Kjarsgaard,2007; Boyd and Danchin, 1980)See Chpter Two. The examined
samples fothis research were collected fratifferent mantlexenoliths P- types and Hype)and fve
kimberlite pipes(Table 1.) from different diamond mining exploratioria Lunda provinceThese
include samples from theCatoca, Camagico Camatxia,Camutue and Caixepdiamondiferous

kimberlite pipes



Sampled kimberlite pipes Latitude Longitude
Camatxia 8°56'03"S 20°28'05"E
Camagico 8°58'05"S 20°29'00"E

Caixepa 8°30'09"S 21°41'09"E
Catoca 9°24'24"S 20°17'57"E
Camutue 8°78'M" S 21°59'00"E

Tablel.1. Sampledstudied kimberlitadeposits with their ktitude and longitudec-ordinaes

Althoughkimberlites have attracted interest mainly by a) being derived from depthergheat any

other igneous rockStachel, 2003and b)by transportingdiammds, garnet peridotite andctogite

PDQWOH [HQROLWKY WR WKH (DUWKYV VXUID FhainQ postyUW KHOH
understoodKeshavet al, 2005;Field et al, 2008; Dasgupta, 20137 his problemis probablydue to

several factors associated with its nature and forming processes such as diffeesnical

composition observettiroughout the pipe, mantle source, emplacement model facies and processes of
contamindion by crustaland mantle xenolithdayeret al, 1994)

Despite havinguffered several tectonic episodigingthe opening ofAtlantic Ocean the Angolan
lithosphereandin particularthe geology of Lunda province (NE Angolajovidesbetterconditiors

for the existence of the diamoncbmpared tahe neighbouing country Namibia The presence of

diamondis indicative that the Angolan cratonic block is refractive anelatively coo] with low

density peridotitic rootsbout 3.31 g/cf that protected ainst reheating and excessive tectonic
reworking and remained attached to tlatons during subsequent plate moti¢idsreiraet al, 2003)

The presence of diamondifekimberlites in Lunda provinckV YDOLGDWHG E\ &OLIIRUGT
states that drmondiferous kimberlites arund within the older Archean cratonic regiortdatton,

2009; Creightonet al., 2011). The amount ofliamond presenn Angolan kimberlitesjn particular

Lundaprovince, will depend on the followingiteriaor factors

x The quantity ofdiamond peridotite anelclogite mantleéhat hare sampled.

x Distributionor averagaliamond grade withithe peridotite and eclogite mantle.

X The degree of preservation of diamonds during transportation to the surface.

X Speed of kimberlite emplacemt and the efficiency with which the adnonds were
transported to the B U W K { V Redp{diiadbddpbit of diamond to the surface is always better
for preservatiorfWilson and Head, 2007).

Note that the amount of diamond peridotite or diamond eclogitehtdm been sampled should be
reflected in the quantity of disaggregated mineral grains or xenatittise kimberlite. The major
problem howeveris how to identify or forecast whether diamonds could be present or not, and the
amount present in kimberlite¥hat is why this research considers thears# acomprdensive study

of diamad indicator minerals such @smenite, chromites, garnets, and pyroxeagsmportant tools

for diamond indication.



1. 2. Aimsand objectives of the research

Most of our acadmic and scientific knowledge on the chemicablation and mineralogy of the
Earth’s mantle is derived from a number of different sources such as geophysical data, mantle
xenoliths, primary melts, and high pressure experiméntiffin and Ryan 1995; Powell andPowell

1977; Fedortchouket al., 2007 and Creightonet al., 2007). The most direct information, however,
comes from mantle xenoliths which originatethe lithospheric mantlat deptls of approximately

200km (Stachel, 2003) or even much deep@d 650 kmthan any other igneous rocRigwoodet

al., 1992. In this case, @omprehensive understanding of the mantle petrography, geochenfistry o
indicator mineralgperidotite, eclogite and kimberlite rock) and the deposit saarimdamental for
success in diamond exploration environmeaa®ss of the world, in particulahe entire regionof

Lundaprovinces.

Even thoughhe five sanpled kimberlite pipes in Lunda provireare allgrouped together ahgy a
loose line of less than 160n end toendtheyvary dramaticallyin diamond grade and qualityhe
principal ains of this research am® investigate the mantle conditions and geochemisttiiese five
diamondiferous kimberlitegFigure 1.1) and to understand tinediamond grade variation and
preservation conditiam This research is importanetause &lear understanding of diamond survival

and preservation conditions ME Angola has not yet been formed.



1. 3. Researchproblems

Diamondiferous kimberlites and the geology of Lunda provinde Axigola) have been studied by
several workers includinBereiraet al. (2003);Eugenio and Fernand2006); Castillo-Oliver (2011)
Gangaet al. (2003);Nixon (1995);Pervovet al.(2011); RoblesCruzet al. (2008 & 2009) andVhite
et al. (1995) Despitethis prior researchthereis no clearunderstandingpf diamond survival or
preservatia conditions within the Lucapar@pben.For example, theecentwork of RoblesCruz et
al. (2009) has placedCatoca kimberlitavithin a no-diamondpreservation zone, whicdmplies hat
the Catocapipe should not contaidiamond,in agreement withGurney andZweistra (1995) and
Nowicki et al.(2007).In reality theCatocapipe contais the highestlevel (volume)of diamondin NE
Angola and itranksas the world's fourth Igestdiamond ming(Gangaet al., 2003) In addtion
highly variablegrades ofdiamond qualityare observed in NE Angola kimberlite deposiEor the
abovereasos, this researcttoncerneda new study ofliamondindicator mineralgfrom peridotite,
eclagite and kimberlite host rockswhich was needed in order tprovide new informationon
preservation conditions and diamond grade variations (or diamond dealeme) within primary
kimberlite depositdrom Lunda provinceusingadvanced analytsd methodsn diamond research

1. 4. Researchquestions

This investigation has developed the following questions

9 Is thediamondgrade controlled primarily by variation giamondsurvival during kimberlite
ascent, in particular tH®, conditions in the kimberlitenagma?

9 Were diamonds absorbedthe mantlebefore kimberlite emplacement?

9 Were there any variations in mantle conditions and petrology within Lucapa Graben which
led to variations in diamond abundarmt®l gradeat different mantle depths and locations?

9 Based on myprior experience as a mineralsgat Catoca Diamond Company, 60% of all
Catoca diamondkave poor quality and are used as industrial diamadrtgs question isvhy
does the Catoca pipe contain such a high percentage of industrial diamondsrgend |
diamond crystals, compared with other kimberlites located in the same tectonic structure?

9 Was the lithosphere mantleenedh the Lunda kimberlite provincdhomogeneous or
heterogeneous, and did this haemsequenceder diamonddistributior?

9 How richwas the mantl@ this regionjn terms of diamond content?

Heat flow calculations Gastillo-Oliver et al, 2011 andStachelet al, 2003) for the lithospheric
mantle beneath the Lunda kimberlite provirstgportdiamond formationWhat othermethodsor
interpretatios can becarried outo further understandiamondpreservation conditions within Lunda

province?



1.5. Methodologies

In order to achieve the goals and test theypothesesoutlined in Chapter 1.4, the project

involved the following approaches:

Literaturesurveyof Angolan geology and its primary diamond deposits.

Detailedliterature review of kimberlitic diamond deposits.

Field work and sampling activities in diamond minihgxploration companies, Western
Africa (NE Angola).

Preparation ofamplesandlaboratory work.

3. A systematicpetrographic study of sampglémantle xenoliths, PE-types and kimberlite

10.

11.

rocks)using hand and microscopic technigues

Comprehensive characterisation of samples thr@ughlti-techniqueapproach.

Scanning electin microscopy{SEM)

Electron nicroprobeanalysisStEMPA) of major and tracelement geochemistry of kimberlite
indicator minerals such as garnets, chromite, ilmenite, pyroxeobviae (from peridotite,
eclogite and kimberlite rocks) and to assess detaib@apositions particularly CpOs/CaO,
Cr,0s/MgO, FeOs/MgO, TiO,/N&O ratios. In addition, the compositions of iimenite will be
used to give some measure of redox conditions in the mantle and miunaNpte that
variations in the oxygen fugacity maifext the extent of absorption in the diamonds.

*’Fe Méssbauespectroscopyo measure or determirike ratio of Fe®* ™ Ytém kimberlite
indicator mineralggarnet, ilmenitepyroxeng and amphibole

Determinatiorof oxygenfugacity (fO,) andFe oxidationstates for sampled kimberlites pipes.
X-ray fluoresence (XRF) spectroscopfpr chemical analysesf major and trace elements of
sampled peridotite, eclogite and kimberlite host sock

X-ray diffraction XRD), this analytical techniquerasdeployed to idntify the phasepresent
in crystalline materiabr mineras.

Modelling of high temperatureviscosity of sampledkimberlite rocks Note that a rapid

transport of diamond to the surface is always better for preservation



1. 6. Why has this research focused onmantle xenoliths and kimkerlite
host rockssamples?

The geochemistrpf indicator minerals (garnet, spinels, pyroxene, ilmenite and olivine) from both
mantle xenaths and kimberlites host rock have beesedfor many yearsn exploraion to locde
deposits that may contaiiamonds through assessment of their compos{Bnatteret al., 2004).

Their detailed compositions can be used to assess mantle conditions, through which kimberlites
passed and sampled both diamonds and the assbaietgarystic mineral suitevhich helps us to
understanchow these relate to diamond stability field$ie occurrence of high numbers of G10
garnets(see sectior2.6) from the stability field is validated by the presence of diamonds in Lunda

province(Correira &ad Laiginas,2006)

Apart from providing an indicationf potential diamond sourcesome ofthe observednclusionsin
diamond(Figure 1.2 are also of interest because they crystallized in the upper mantle and formed at
the same time as diamonds (Taydrd., 2003). For this reason, this projeeas based othe study

of diamonds, Heir mineral inclusions (Figusel.2 and 3.12 and tkeir kimberlites host rocks, to
provide newinformation onthe mineralogyand how the metasomatose processdfected Lunda
lithosphere margl where diamonglwere formed andthe change# mineralogy geochemistryand
thediamondpreservation conditi@and the geological processes, whisbkplace within it.

Figure 1.2. lllustration of minerals included in diamondi) P-type diamond showing theubooctrahedrh
morphology ofharzburgitic garneinclusions (Tayloret al, 2003; b) a purple peridotitic garngtand c)
colourless olivine inclusions in a diamond from DamésiBotswana (Stachel and Harri2007).



This project considerand further develops aimenite compositionamodel,to give ameasureof
oxygen fugacity fO,) and hence redox conditiomghich influenced diamond absorption, qualitydan
shape characteristiga kimberlitic magmaand where available diamond size distribution data. In
addition the analysisf morphologyandshape €.g deformation of indicator minerals such as garnet
and ilmenitecan provideinformation about thenetasomatic processthat occured in the Lunda
kimberlites. The resuls of chemical analyseof eclogitegarnet fromthis project(seeChapter Four)
showlow Ti contentandan increase@acontent is observe@ able 4.17 The higher Cacontentmay
have been derived from carbonate actiuity. unda mantleThe carbonate activities in the mantle are
linked with oxygen fugacity in mantlé&MicCammonet al., 2001) and oxygen fugacity is diamond
destroyer(Fedortchouket al. 2007; Robinsonet al. 1989; Arima and Kozai, 2008)Therefore the
elevateCa content in samplesouldbeindicativeof resorption process of diamoimdthehost magma
before kimberlite emplacemer&(iffin and Ryan, 1995)This resultis alsoconsistenwith the work

of (Nowicki et al, 2007) who explainethatwhenmantle xentith (peridotitéeclogite)was subjected

to significant metasomatisrit, normally increasethe Ca content aneéduce the proportion of G10
peridotitegarnet Such composition of peridotitic garnein certain instances appear to be associated
with significant increasesni oxygen fugacity increasing the potential for diamond resorption
(McCammoret al, 2001)

1.7. Outline of thesis This thesis consists oifxschaptersas follows

Chapter One providesthe introduction, background theories and nogtbiogy; aims,objectives and
researchproblem Chapter Two provides theliterature review the regional settingpf Lunda
province origin of tectonic structureand how hey are relatedo diamondiferous kimberlitegn
Angola, and how this information can asst geologiss andmineralogiss to identify and interpret
different types oprimaryeconomicabiamond depositi Africaandglobally.

Chapter Three Field work and advanced analyticatechniques in diamond researdbr a
comprehensive study and charais&tion of mantle xenolith and kimberlite rocks and how these
methods can assist the geologists and mineralogist to analyse and better understand the effects of
changes in the sampled mantle / kimbesliteck during and after cooling.

Chapter Four presers the new findingd resuls linked to thegeological problenmassociatedvith
presevation conditioss of diamond diamondgrade variation, quality, and size distributions observed
among kimberlite gies studiedand how this information can be used tsuppat future diamond
exploration Chapter Five containsdiscussion othe project resuli and theircritical evaluation

for greaterunderstandin@f mantleand kimberlite emplacement conditions and their implication
diamond preservatioandquality.

Chapter Six the oveall conclusion of the thesis, andggestionsand recommendation for

further researchiChapter Sevencontains the referee list



Chapter Two . Background and literature review: regional settirg,
geochemistryof kimberlites, indicator minerals and agpplication of

advanced techniques in diamond research

2. 1. The geodynamic setting andgeochemistry of the Lundakimberlite pipes

This Chapter describethe fundamental aspecRl $QJROD TV JH Rabdrthd Fripl@atios W WL QJ
for economicaddiamond eploration,focussing principally on Lundaprovince (LP) within the Congo

craton The study of this Cratonic lithosphere mantle is crucial, since it sasigtundestandingthe

physical behaviour of old continenend Angolan minerals eposits (kimberlites and Huvial).
Kimberlites contain diamondiferous xenolithstipe - peridotitic and Bype Eclogite) which are
representative of various mantle levelsachelet al.,2003)and provide important information about

mantle petrology and conditions ofachond formation $petsiuset al., 2008; and Stachekt al.,

2003).

Angola has a complex geological history resulting from a complex series of past tectonic events
(Guiraudet al.,2005; and Batumiket al.,2009).The most prominent geological featureAingola is

a structural zone of weakreg¢corridor faults, see Figurel that crosses the entire countfsom
Lundaprovince in theNE) to the SW (Roble€ruzet al, 2008,Pervovet al, 2011) Several hundred
kimberlites are known in Angola and mosttbém are aligne@dlong thezone of weakness hese
kimberlites area result ofthe breakup of Godwanaland(Helmstaedt and Gurne$997)during the

Jurassic to Cretaceopsriodapproximately 66190 Maago(Jelsmeet al,, 2004)

The tectonic events thatcured inthe region of Lundanpvincehave been deribedby Pereiraet

al. (2003 asan important diastrophisndéformation of the Earthsrus), with severalfractures that
created the Lucapa Graben. Ttastonicstructureis understood to be an important tectonic indicator
in the search foithe kimberlitesn Angola(Gangaet al., 2003. Deepreaching fracture zones in the
crystalline basement othe @ngo craton played a crucial rolein controlling the mineralization
process inAngola (de Boorder, 1982). fiese deformation events weralso accompanied by

metasomatic processwithin the Angolan lithosphere mantle

2.1. 1. Objective

The main objective ofhis Chapteiis to elucidate and understand how tectonic evemislaced and
controlled diamondiferous kimberlites in Angola, in particular Lunda province, and also how these
episodesffected part of the Congo cratdn.addition,this Chapteihasthe objectiveof providing an
understandingf how the Gondwana episesl are related to thgenesis otthe Angolan kimberlite

pipesandthe consequeces of the opening dfie Atlantic Ocearnto the Congacraton.


http://en.wikipedia.org/wiki/Crust_(geology)

2. 1. 2. Geological settingof Lunda province

The area under 4y lies in NE Angolaand underwentseveralorogeniesor complex series of
tectonic eventsvhich havecontributedto the geology of Lunda provindeavinga complexformation
history (Boyd and Danchin 198@Guiraudet al, 2005 and Batumikeet al, 2009) These orogan
evens, significantly affectedthe Angolanshield, leading to the formation of tihecapa grabemand

emplacement of diamondiferous kimberli{f@obertset al., 2004)

Figure 2.1 shows a map of Angola and the researchlavadaprovince (P), whichis located irthe
northeast of the country. It is located within the old lithosph€@n@o Kassai cratgrwith several
mineral resources including diamond depodit:nda provincds theregion of the highest diamond
concentration in Angola arid consequently heavily mined.

The Appendix 6showsthe ages of African crustal basementhgreasTable 2.1 summarises the main
orogenic episodes that took place in Angdlae same events occurred in other parts of Afiiieké

et al.,2003, whichhave ben grouped in several seriég@dnerandStern2004;Robertset al.,2004;
Pereiraet al, 2003;Guiraudet al. 2005 and Batumikeet al.,2009).The Eburnean orogeny the one
that most affectedthe Archean of the Angolan blodkcluding several locatianin Lunda province
(Dirks et al, 2003 RobleCruz et al, 2009) This is depictedri Figure 2.1. During field workand
sampling activitiedy the authoin Lunda province, it was observéiaat Lunda province shields are
composedof different crystallinerocks including granulite, granitgabbro, nate and charnockitic
complexes (quartzites, gneisses, amphibolites and rgetaE U R {Péreira et al, 2003). The
charnockitic complexocks from the Archean time hae beenshownby Batumikeet al. (2009 and

Dirks et al.(2003), toconstitutethe Precambrian crystalline basement of Angola.
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Modified and reproduced after Toret al. (2012) with the permission of the Mineralogical Society of Great

Britain & Ireland
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The presence of charnockitic kscin Angola are clear evidence of the occurrence of intensive
metamorphic events. This is because charnockitic rocks form extensive orthogneiss plutons in many
granulite terranes. Pereigd al. (2003) used isotopic data (Rb/Sr and U/Pb) that indicatemgan
between 2.9 2.85 Ga for the chamoitlsation of the mafic complex such as nofgecoarsegrained
intrusive igneous rock similar to gabbra@inalites(a plutonic igneous rock conposed mainly by
Quartz, and Nglagioclase) and amphibolites (a metephic roch composed mainly of amphiboles,
plagioclase and mnor quarin) Angola. The implications of these metamorphic episodes on diamond
exploration is that they may have affected the primary mantle forming minerals by causing alterations,
as it obsergd on several thin sections investigated (see Chaptey. Fou

Geological scale Orogeny Ages Main outcome
time Era types

1- Extensive deformation of foulation of Africa
(cratonic nulei) including CongBKasai craton,
Volcanosedimentary, magmatic (e.g. granite
metamorphic (e.g. gmes) and metasediment acrd
Western Africa and Chela Group rocks in SW Angd

; 2- Angola block is more complicated tharepiously
Palaeoproterozoic known (Dirkset al, 2003), due to post events (hig

2.2-1.8Ga i
(The oldest era (age) BRI grade of metamorphism).

of Proterozoic Eon 3- The syn and postEburnean crustal evolution ar
recycling processes have generated econd
resources in SW Angol&@éreiraet al, 2011). 4- The
Archean orogeny At with a high gradetectone
metamorphicevent , aconpanied by gabbro, gneis
norite granulite and charnockite compleassociationd
are recognized in emtral and NE Angola (Lund
province)

1- Very long extensional / belt tectometamorphic]

trending NE over 1300 km across the Cenifrican

Congo craton, fromAngola ZambiaD.R.Congo

Mesoproterozoic through Rwanda,Burundi, Uganda and NWNE
Tanzania Tacket al.,2010)

(The second era of Kibaran 1.40.85 Ga | 2- The extensionalKibaran event occurred dporder

Proterozoic) of the Congo @aton and caused théormation of
sequence stratigraphy of clasticarbonate in SW
Angola.

3- Merging of he Southern Africa and Centrattons
as part of Rodinia supercontinerEdrtis landmass)

1- Multi- orogenic cyclesiesulting in the opening an
closing of large oceanic arddetamorphic serieand
Neoproterozoic accretion and final suturing of continental fragment
to formthe supercontinent Gondwana
(The last era of PanAfrican 0.850.5 Ga | 2- peep fractures, faults aridrmation of Lucapa
Proterozoic) graben and emplacement of diamondiferous
kimberlites in NE Angola3- Separation between
Brazilian and African cratons

Table2.1. Timeline of mainAngolan agogenic episodes
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The breakup of Gondwanaland and the opening of the Atlantic caused several fractures in the African
continent(Helmstaedt and Gurney, 199cluding Angola. The geological episodes that took place

in Angola are related to the opening of the Atlan¢ipisodes(Pereiraet al, 2003) According to
several researcher&rpner and Stern 2004; Batumike et al, 2009 and Dirks et al, 2003, the
Atlantic opening processes may have induced intensive tensile finaesaused the division of
major Archean Cratonic nuclei that form the foundation of Africa sasiCongo, Kaapvaal,
Zimbabwe and Tanzan{gee section 2)4

During the Cretaceous period, prior to and after the separation of South America from Africa,
betveen 132and 125 Ma, (Whiteet al, 2012), the southern African continent underwent extensive
uplift and erosion. fie oceanic rifting event may have important tectonic consequences in the African
plate, reactivating structures from previous orogenic cy¢Rsreiraet al, 2003). The major
implications for this tectonic structure is that they have exerted a key control on kimberlite
emplacemenand mineralizatior{de Boorder, 1982)particularly in the region of Lunda, during the
Cretaceousime (Castillo-Oliver et al, 2011; Pervovet al, 2011, and RoblesCruz et al, 2008. In

Angola, the most famous tectonic structure generated by the oceanic rift event is the Lucapa graben.

Figure 2.2 shows similar tectonic structures that control the kimberlitesgol@nn particular those

from Lunda province (NE Angola)lhe basement structures are the results of connection between
regional structures (major mobile zones or faults, fracture corridors) and local structures (linear
grabenyift valleys, internal fractures and deep faults within the Lucapa cojrithore produced deep
structures that cut thugh thecrust into the upper mantle and have consequeatiyrolled kimberlite
emplacemenin NE Angola (Whiteet al., 1995; andldsmaet al, 2009). $milar tectonic structures

have been described byearncombeand Vearncombe(2002) to be thekey controlling the
emplacement of kimberlites located in the Kaapvaal Craton such as Orapa and Jwaneng kimberlites
from Botswana and Premier, KimberleyagersfonteinKoffiefontein andFinsch kimberlies from

South Africa and somarkberlites from Lesotho

The ideal modebf tectonic structures that control kimberlites from Lunda province (NE Angola) is
illustrated in Figure 2.2, this is because many researchers (Helmstaedt and, GLg9@y
Vearncombe and Vearncomi®902; Jelsmat al, 2009; Pereiragt al. 2003;White et al, 1995 have
proven thadiamondiferous kimberlites occur in environments where there is anassooevith deep
faults inthe old Archean crust within thick lithosphereStachel 2003; Nixon, 1995;and Janneyet

al., 2010)
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Fault braids associated with flower structure above a majo:
_-=="" basement transfer fault. They may become more widely
dispersed and less pronounced as sediment thickness

_.-=" Fractures and joints above basement faults.

. Buried basement faults.
o Joins within the flower structure

_— 0ld basement fault reactivated during basin formation.
® Diamondiferous kimberlites.

©  Barren kimberlites.

Figure2.2. Diagram of the possible relationships between basement faults, basin structures and kimberlites in a
grabenThe same relationship will hold for lamproites. This shows that as the depth of sediment infill increases,
the basement faults or shears become less distinct and more dispetsazhsequently the kimberlitdustes

also becomevider and more dispersgiiVhite et al, 1995.

The ages of known kimberlites vary from early Proterozoic to early tertiary (Spiaaks2006), but
the Angola kimberlites, including the pipes from Lunda provinbave been confirmed to be from
the earlier Cretaceous age (Nixat995, seealso Table 2.2). Angolan kimberlitesare from the

Mesozoic Era, andare frequently associated with continental structures that gave rise to the

transfornationof the Mid-Oceanic ridg€White et al, 1995)

Timee Ma Kimberlite volcanism Lampraoite
Quaternary Igwisi, Tanzania Gaussberg; Leucite Hills; ( W Uganda):
{ Sulawesi}
Miccene 5-25 SE Spain; Algeria; Tunisia; Ellendale *, W
Australia; Francis, Utah; { Moroto, Uganda)
Oligocene 26-38 Smoky Bute, Montana; { Copeton, NSW)
Eacens 45-53 Tanzania
Eocene-Paleocens 5064 Namibia; Tanzania; NWT, Canada Yellow Water Butie, Montana
U. Cretaceous 6579 SW Cape; Mamibia;, Mbuji-Mayi, Zaire
M. Cretaccous BO-114 Kimberley; Kundelungu, Zaire; Lesotho; Orapa; Hills Pond, Kansas; Praine Creek *, Arkansas;

Brazil; Sask, Canada; Huangjizcun, China; Siema Coromandel *, Brazil
Leone-Guinea-Mali

L. Cretaceous 115-144 5. Africa Gp [I; Angola; Kuoika, Siberia; Liberia  Muran, Irkutia

L. Jurassic 145-174 New York; Swartrugpgens, 5. Africa; Pri-Lena, Swartruggens, 5. Africa; ( Wandagee, Western
L.Olenek, Yakutia; SE Lesotho; E. Grigualand; SE  Australia)
Australia

L. Jurassic 175-204 Pennsylvania; Jwaneng; E. Grigualand;
Dokolwayo, Swaziland

Triassic 205-239 Kimberlites, W, G land Kapamba *, Zambia

Permian 240=-290 Kentucky: Cross, Canada

Pennsylvanian 305 { Bulljah Pool, Western Australia)

Devonian 340409 Alakit-Daldyn, Malo Botuobinsk, Y akutia;

Colorado=Wyoming Somerset Island, Canada
Silurian—Ordovician 410499 Muna, Yakutiz; Shandong and Liaoning, China; M. Bayliss, Antarctica
Arkhangelsk, Russian Plarform

Cambrian SO0—600 Zimbabwe; Venctia, §. Africa: West Greenland

U. Proterozoic B00-1250  Morth Western Australia; India: Premier, 5. Afnica;  Holsteinsborg, W. Greenland; Majhgawan *, India;
Bubiki, Tanzania Argyle ®, W Aust; (Ngualla, Tanzania)

M. Proterozoic 13001500  Gabon; Liberia Bobi *, Ivory Coast; Chelima, India

L. Proterozoic 1600-1800  Kuruman, 5. Africa; Venezoela Disko Bugt, W. Greenland

L. Proterozoic ca. 2000 { Burkina Faso)

Table2.2. Episodes of kimberlite and lamproites volcanigdixpn, 1995).* Diamondiferous(Othervolcanic
rocks with reported diamorareshownin brackets).
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The presence of diamondifemkimberlites in Lunda provincées validated by CliffolG TV 5XOH
(Hatton,2009 which states that diamondiferous kimbidi are almost exclusively encounteiethe
Archaean Cratdn regions(continental crust oler than 2.5 billion yearditchell, 1991 or 3.5 to 3.2

billion years Helmstaecet al, 2010;Creightonet al.2011 Helmstaedand Gurney, 1997

Boyd andGurney (1986}ktudied diamonds othe African lithosphereandconcluded that, in &ithern
Africa, kimberlites with diamonds are ontjroseerupted within the boundaries of the craton that
contan significant quantities of diamonds (Figaré.1 and2.3), this includesthe pipes from NE
Angola (Lunda Province)

Figure2.3. Global distribution of tatons, age provinces (Archons, .2.5 Ga; Protolst®1.6 Ga; and Tectons,
1.6 to 0.8 Gg)andmajor diamond deposits (red colasrdiamond}y (Haggerty1999)

2. 2. Kimberlites: a review and discovery history

Prior to 1720 when the world did nobf know the existencend explorationof kimberlite, all
diamonds knowriheywere fromalluvial deposits in the Krishna River of Madhya Pradesimdia,
where had been mined since ancient tim@seld et al, 2008) Following the development of
scientific research and exploration of the New Wodidgmonds wee discovered elsewhere, and the
first of these new discoveries wasll diamondsof alluvial origin, in 17251726, in rivers in the
Minas Gerais district near the town of Tijyda Brazil (Field et al, 2008 Harlow and Levinson,
2008.
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The name of kirberlite only came after the firsdiamondsdiscovered in southern Africhetween
1866 and 186q{Harlow and Levinson2008 by a 15year old boy named Erasmudscobs who
discovered dransparent stone€2{.25 carat diamond)n his father's farm, on the sbupank of the
Orangeriver. Thesediscoveriesgnited a major rush of European and Ameriganlogistdo prospect
for diamond in South Africa The term kimberlite was originally proposed in 1887 by Professor,
Henry Carvil Lewis (Americangeologistand mineralogis}, in Manchester, UK (Fielét al, 2008),
who described the rock as a volcanic breccia and porphyititiwvas named after the town of
Kimberley in South Africa followed #nnomenclatures rules during its discovered peribtelargest
ever diamond was discoveredin Premier kimberlitein South Africain 1905 It was a rough and
unpolished originathat weighed3,106.75carats(621.3509), this diamond was named @slllinan
diamond In addition,the largest ever octahedral (Kimbgrl®ctahedrondiamond, weighed16

caratswas recoverechi1974 within Kaapvaal Craton, at Dutoitspan mirtésl@ et al, 2008.

Skinner and Clement (1979efined lkmberlite as a volatilerich, potassic ultrabasic igneous rock
which occurs as small volcanic struasrsuch as pipes, dykes and sills, that ekHlstinctive
inequiganular texture. This texture resuftem the presence of macrocrysts or megacrysts set in a
fine grained matriXMitchell, 1995) The macrocrys{0.4-12mm) or megacryst assemblages consis
of rounded anhedral, manttierived, ferromagnesian minerals which include olivine, phlogopite,
picroilmenite, chromian spinel, magnesian garnet, clinopyroxene, ahdpgroxene (commonly
enstatite).This matrixwherén megacrysts are placed, are gromads (Francis and Petterson, 2009)
composed by altered olivine, phlogopite, carbonate (commonly calcite), serpentine, clinopyroxene
(commonly diopside), monticellise(are silicate minerals of the olivine group, with chemical
composition CaMgSi@Qand grayin colour) apatiteand minorgrained oxides (perovskitdmenite
andspinel3, Masun and Scott Smitl2006)

2. 2.1. Classification of kimberlites

Different classification schemdsr the host kimberlite magma hae been proposedver time For

exampe, the first classificationf group 1 and 2f kimberlite rocks was proposed by Wagner (1914)

who recognize that there were at least two varieties of diasfmeadng kimberlites in South Africa,
ZKLFK KH UHIHUUHG WR DV 3ED Vizre4 (Frelddd §.R0088).D. &8 OihBK\UL F’
major difference classification wascognised anduantifiedgeochemically by Smith (1983Based

on an isotope geochemistry stu@mith, (1983) proposed that Grotpkimberlites have a smaller
amount of radiogaic SrNd signatures relative to present day bulk earth whereas Qraup
significantly enrichedwith radiogenic SiNd relative to bulk earth (Donnellgt al, 2010). Anothe

key difference is that the Group containsradiogenic Pb isotopic signatureghereas Group 2 ka
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nonradiogenicPb isotopic signatures. Latehis classification has been supported by Fedldl.

(2008) whodemonstratethat Groupl kimberlites are basaltic

In addition the geochemistries of the two groups (1 & 2) are alsodigBkinner, 1989Skinner and

Marsh, 2004). For example Group 1 are composed of diverse minerals of olivine, monticellite, calcite,
phlogopite, spinel, perovskite, apatite and ilmenite whereas Group 2 are micacéamprophyric
(Francis and Petternso2009; Mitchell, 1991) and contain minerals such as rounded olivine,
diopside, spinel, perovskite, apatite and lesser amounts of melilite due to alteration processes, but
phlogopite is a dominant groundmass mineral (Fietdal, 2008). In terms of geogrhjzal
distribution and age, there is also a difference. For example, Group 2 kimberlites have been found
only in South Africa (Helmstaedt and Gurney, 1997; Donnelly, 20dl@ere they form in older
regions with ages ranging from 13200 Ma (Smithet al, 1985 whereas groupl kimberlite rocks

with ages less than 100 Ma occur throughout the world (Mitchell, 1988)kimberlites fronL.unda
provincesand South Africa are classified as Group | kimberlitear(gaet al, 2003 Skinner, 2008;
andMitchell, 1991)).

2.2.2. The Origin of kimberlite magma anddiamond in the Earth.

As explained inChapter Twg Angolan kmberlites are related tie breakup of Gondwanalarehd

the opening ofthe Atlantic Ocean(Jelsmaet al, 2004).The petrogenesis of worldwide Kierlites is,
however, controversial with disagreements over the nature and depth of the sourcekiesfiandt

al., 2005), whether they are primary in origin, and the cause of melting (Shaitahu2005), with
some suggesting that they derived atabee and mantle boundary or mantle transition zone (Heaman
et al, 2003).

But the most plausible finding fromany researchers (Ringwoetlal, 1992 andSparkset al, 2009

is that kimberlites magma aréormed by small degrees of partial melting otabonated garnet
Iherzolitic minerals assemblageader hydrous conditions at depth 1300 km, butn contrastto the

new discoveries, based on diamond xenocrysts containing syngenetic inclusions of garnet, are crucial
indicabbrsof a deeper and transitialzoral origin for kimberlites (Ringwooet al, 1992)

Figure 2.4 shows model for the genesis of kimberlite magmahis involves a rising convection
current process from the lower mantlgh adynamic uplift of the garnetite layer forming a struatur
domeatthe 650 km discontinuityHigh temperaturgarising from convection currentause parial
melting of the earlier hardburgite boundary layefRingwood et al., 1992 and this produced
kimberlites(Keshavet al, 2005.

The hypothesis of derivatioof kimberlites from depths of 48850 km(Figure 2.4), deepdghan any
other igneous rockRingwoodet al.,1992) makes it important to understand kimberlite petrogenesis

and constraint of the melting processes and composition of the mantle near dahi dithbsphere
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and asthenospheric boundadso another key aspect from kimberlieagma is linked to low
contents ofsilicon oxide (Si0,) and high volatile and trace element contents (Field and Scott Smith,
1998). These factorkelped diamondo be trasported at higher speeft®em deep sources to the
surface due to the lower viscosities of the liquids present, which will have aided transportation,

according to the Figures 2.4 and.2.5

UPPER MANTLE (Pyrolite)
Olivine + 2 pyroxenes + garnet

400 km discontinuity

TRANSITION ZONE
B,Y M;SIO, + majorite

. Partial melting of refertilized

o e Y '-" s e ullnbcclc lithology
e '....‘-.. L ..t.. e Oy 2% :.-'p' .'gL P
B R LS PR R DR, ity e - == I’ o, 350"‘1. s 1 l g

GARNETITE o
Former basaltic crust

| LOWERMANTLE /

(Pyrolite) :
MgSIO; (Pv) + CaSIO5 (Pv) + (Mg,Fe)O (Mw)

Figure2.4. Model for genesis of kimberlite magma:rising convectio current from the lower mant{@arnetite
(metamorphic rock consisting >70% garn@)jngwoodetal., 1992)
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Figure 2.5. Diamond source in the Earth’pper mantle, transition zone, cafower mantle Modified after
Stachel 2003 and Stachegt al. (2009.

As shown inFigure 2.5, lhe origin of diamond isa complex processkor instance an origin of
diamonds from the lower mantle (with deptbf more than660 km see Figure 2.9 is usually
recognized by the observation of inclusions of ferropericlase coexisting with phases eof CaSi
perowkite, MgSiperovskite, and &hovite (SiO,) (Stachelet al, 2009). Based on chemical
mineralogical, and petrological usties, Mitchell and Giardini, (1977) concluded that all natural
diamondsare formed at depths below 100 to 200 km under diansiatlle conditionsgfaphite
diamond equilibrium boundary of the carbon sygtem contrast,Stachel(2003) concluded that
diamands have different soursén the Earthjncluding theupper mantle, trasition zone, and lower
mantle,which implies that they ararisefrom much greater than deptfsee Figure?2.6). Another
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crucial piece ofevidencefor the origin ofkimberlite and diamondscomes from the work ofPersikov

and Bukhtiyarov (2013jvho explained that kimberlite msltould be generated ithe mantlewith

small degrees of partial melting (6017 vol. %) of carbonated peridotite at depths ranging from 250

340 kmand pressureof 8-10 GPa (80+ NEDU WHPSHUDWXUH .edettiR§e PDWHO\
conditions the volume content of crystaleuld beapproximately 10 % and the viscosity ofghielt

would tend to be highlapproximately 5000Poise or 500 Pa)swhereas at neat surface during
kimberlite formation, the viscosity of kimberlite melt®uld belower (gpproximately250 Poise or 25

Pa-9, with temperature of approximately1150 °C and pressured 50 100 MPa(Persikov and
Bukhtiyarov 2013) According to Dasgupta2(013) theupwelling ambient mantle at the present day

falls within the green bah(WKH ]JRQH ZKmAOKdepth, that increase with pressure and
temperaturewhich goes through upper tolow mantle wherehe eruptions of kimberlite magma
starts).As seen fromFigure 2.6,at depths shallower than 300 km the carbonated mantle melting
temperature drops below 1400°C where the melting process take place (below the base of the
continental lithosphere) and consequently, staot generate the carbonatitic liquids that will

consequently evolve to kimberlite magma

~
\: —————————————————————————— :
=~ =
o Mantle transition zone c -
W =0 —~
&5 e - .
~ (=4 % —
. 660 km ‘/;’Q
____________________ -3 - -
Q.gé,
(S

O~ = = =» Kimberlite eruption

TEMPERATURE (°C)
Figure 2.6. Pressuretemperature diagrarahowingthe meltingof mantle peridotite containing volatiles and

carbonate (blackpnd mantle peridotite that is dry and free of volatiles and carbon,(feath Shirey and
Shigley 013)
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As illustrated inFigure 2.7 the host kimberlite magma that carried diamonds is shown to be younger
than the diamonds and the ancient continental cratons they inttadggrty 19991995) with only a

few exceptions Argyle, and Wawa kimberlites pipes (@weet al, 2010). For example Premier pipe

with 1750 £ 100 MgAllsopp et al, 1967, and 1126 +Ma for Argyle pipe (Skinneret al, 1985),

1097 £ 7 Ma for Wawa kimberlites pip@isaminsky et al, 2002) but all known diamonebearing
kimberlites are lesthan about 550 Ma in ag&liirey and Shigley, 2013ixon, 1995)and most of

them less than 300 Ma, with abundant episodes of kimberlite eruption at less than 120 Ma in southern
Africa and less than 80 Ma in North America (Guregwl, 2010).

Geologic Continents Magmas Diamonds
Time Scale
Age (Ma) Keels Tectonics Kimberlite Lamproite Lamprophyre  Eclogitic  Peridofitic Superdeep Fibrous

Figure2.7. lllustration of the ages of continental keels and their relationships with tectonic processes, diamond
hosting magmas, and different diamond types. Note the antiquity of mantle keelshasdhiric diamnds
greater than ELOOLRQ \HDUVODQG WeéHite ekiptionsKless| thEBRO/milliod ly@ark. Solid
vertical bars represent the duration of ongoing processes, magmas, or dfamangd events, whereas solid

dots show single known occurrenc@ashed lines demonstrate the possigles ofoccurrence otheseevents
FromShirey and Shigley2013)
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2.2.3. The natural proces®sof kimberlite magma eruptions

The process of kimberlite magma eruption is a compleat.For exampléNebbet al. (2004 and
Kamenetskyet al. (2006) pointed out that the eruption takes place iiolent mannerdue tothe
high-energy mechanisitom the deep mantle aride emplacement of kimberlite magniormally,
these emplacements ocdhrough explosive kimbetk magma eruptions arate generated byhe
rising column of kimberlite magma and gases sucB@sand HO (Gurneyet al, 1993 which are
believed to bepowerful enough to fracturdneir way to the surface (Figure 2.8he fluid can move
through the crst in fracturesonly if the total fluid force or pressure exceeds the tensile strength and
minimum principal stress component of thikostatic pressure (Ca al.,2008).The SiO, content of
50-70% (Philpotts and Aue, 2006) and presence of gases (@@ HO) are crucial factorsvhich
combine to give magma viscdsi 0f0.1-1 Pas at 12001400C and 22.5 GPa. These are conditions

underwhich the kimberlite mgma is thought to be generated (Philpotts agdeA 2006).

In relation to diamondkimberlite magmas (Figure 2)8re considered to be transporting agents that
samplethe deep mantle xeatith rock. Occasionallythey may contain diamontearing mantle
material andhey rapidly carried it toW KH ( Blufa¢é(ifaggerty, 1999 and Stachel, 2003)The
major implication during transport is that diamond passutside its stability field. By doing so,
providing the kinetics of the reaction is sufficiently rapid, diamond may be converted to graphite or
more frequently to C&(Gurneyet al, 1993). Undetthese conditions the conversion of diamond to
CO, can be highly acceleratadth higher oxygen activity in the magmandconsequently the effect

of this resorption on the diamond content of an intrusion can beTighefore in order for diamond
tosurtYLYH WUDQVSRUWDW L R @gmbiriRe Wiagagipluldkdoglvv Viscosities-a&hd N
high buoyancies that enable fast transpord (n/s) from the source regiow({son and Head, 2007;
andKamenetskyet al, 2001).

As shown inFigure 2.8 the fragnentation of magma in current magmatic explosive settings take
place through gas driven exsolution, vesiculation and explosive gramdhbursting of gas bubbles.
Under these conditions and duetke violent emplacement mechanism explained \Wbb et al

(2004) and Kamenetskyet al, (2006) kimberlite magms are categorized as chaotic mixtures
(Pattersoret al. 2009) of xenoliths of crustal rocks and mantle, minerals released from the xenolith
disintegration during eruption, phenocryst minerals, altavaif previous minerals phases, and pieces

of pre-existing kimberlite Caset al. 2008). In addition, contaminiah of materials from kimberlite
magma has beesupported by Kamenetslet al.,(2006) who stated that in most cases kimberlites are
modified by syn and post magmatic changes that have altered the original alkali and volatile element

contens.
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2.3. Carbon diamond formation

2Q (DUWK FDUERQ LV ZLGHO\ GLVVROYHG EpermilligHleylddUW KTV V
(measures of concentration rather than total amounts) and lower. It has been pointed out k&t Shirey

al. (2013) that whenever carbon ocs as a free species, this leads to the potential for diamond
formation. It has been understood that carbon in the Earth can occur in oxidized forms, such as when
bound with oxygen in C® in reduced forms such as diamond, or graphite, or bound witlodpadr

in methane and other organic molecules (Shitegl.,, 2013).

With respect to diamonfbrming carbon, however, there are a number of fundamental questions
remaining unresolved (Stacletlal, 2009; Maruokaet al, 2004;andDobosi and Kurat, 2009), hich

can be grouped as follows:

1. Does diamond precipitate from a fluid or melt, or are solid stsetions or phase

transitionsnvolved?

23



2.  What is the direction of diamond forming redox reactions (oxidation of methane or
reduction ofcarbonate)?

3. What is tle ultimate source of diamond forming canbgmantlederived or
subducted)

Diamond has been studied over the last 40 years and these studies provide information about the
interior of the lithosphereShireyet al, 2013) For example, the study of diamomtlusions such as
perovskites and ferropericlagmagnesium/iron oxidej(Mg, Fe) O] high-pressure phase, thate
recognized as the only material sampling the very deep mantle to dgptbs800 km(Harte, 2010)
Diamond geochemistry usually infers thrmation to be strongly connected to crystallization from

a methandearing metasomatic fluid (Thomassotal, 2007 Stachekt al, 2009;Stachel and Harris,

2007). Similar conclusions have been reached by Dobosi and Kurat (2009), who suggested that
diamonds crystallized from fluids of mantle origin untiégh pressuresanging from45 to 60 kbar

(4.5 to6 GPa)and temperatures 0®00- 1200 °C Boyd and Gurney, 1986) at depthis140 km or
more(Tappert and Tappert, 2011).

According toShireyet al (2013),the source and evolutiaf these fluids, is imliamonditegmantle
xeroliths where diamonds intergrown with garnet and minor clinopyroxén&he derivation of
carbonatitic fluid that produces crystallisation of diamonds has been describegiriate from the
asthenosphere mantleand consequentlythis fluid would migrate upwards, percolating and
penetrating the subcontinental lithospheric mantle where it reacted with the more oxidized peridotite

wall rocks(Thomassoet al, 2007)

Several dbates have occurred over diamond formation. The crucial point from these studies is that a
metasomatic process in the mantle is seen as the genesis of diamond formation (Haggerty, 1999). For
example Gurnet al. (2010) and Stachadt al. (2005) explainedhat agents of metasomatism (e.g.
supercritical fluids or meltswill infiltrate through mantlend then react with the mantle rocks, and
diamond crystallizes as a consequence of the reduction of carbon via redox reactions (1 and 2 below),
andboth oxidizd CQ or carbonatédearing and reduced (degassing) methaiefluids (Figure 2.9)

have been suggested as origins for diamond crystallization. This statement is also supported by
Dobosi and Kurat (2009) who pointed out that O rich fluid thases areonsidered to be the
primary source of carbonThis was confirmed byShirey et al. (2013), with the process of
crystallization taking place throughout the mantle below about 150 km and can occur metastably
(state of stablequilibrium)in the crust(diamord crystallization Figures 2.9and 2.10) Maruokaet

al. (2004) found that the fluid inclusions in diamonds and trace element abundances in coexisting
silicates support the presence of fdiring diamond formatiomccording to reactions (1) and (2)

below:

24



co,=C+0Q (reactionl)
CH,+O,=C + 2HO (reaction2)

Based orthe model of Maruokaet al.(2004), methane in the fluid will be oxidized to form elemental

C and CQ from CO which will decompose according to 2CO = C +,Clhe elementatahbon (C)
produced through this reaction can easily be dissolved in carbonatitic fluids or melts and consequently
crystallise in the form of diamond in a very short time (Dobosi and Kurat, 2009) under the conditions
described aboveThe elementakarbon C) produced through this reactiaand the formation of
diamond will be intimately associated with the oxidation state of mantle rocks, which may be partially
controlled, and which can be estimated, by the content®fE¢é andFe** (Shireyet al, 2013).

Craton Formation and Modification
~2-3.5Ga

crust

amalgamated cratonic lithosphere

50

kilometers
e
o

250

Figure 2.9. Schematic diagrams illustrating possible mantle conditions (e.g., depth, oxygen fugacity) and
geodynant settings in which lithospheriand sublithospheric diamonds and their mineral inclusicare
formed. The relative roles of mantle and subdutitedsphericcrystallization from partial fluids, mantle rexl,

25



and mantle flow, are all corected with studies of diamonds and their inclusi(8tsrey and Shigley, 2013)
I1RPHQFODWXUH *:GUIDPFRKQAHVH$% : OLWKRVSKHUH DVWKHQRVSKHUH ER
The interpretation from Figure 2.10 shows that urgilezn oxygen fugacity fO,), diamonds can form

in the convecting mantle, the subducting slab and the mantle keel. Peridotitic or ultramafioriaclus

are shown on the left side and eclogitic or basaltic inclusions are on the right side (S@rejset

al., 2013.

volcanic chain

mid-ocean ridge

lithospheric mantle

convecting mantle

Figure 2.10. lllustration of asimplerelationship between a continental cratos,lithospheric mantle keel and
diamond stable regions in the keel, and the convecting m&atigey and Shigley, 2013)

As shown inFigure2.10, he lithospheric mantle roots beneath cratons can extend to depths of more

than 250km, and due to their ratively low temperatws and extreme thicknesses, these craoms

WKH PDLQ ORFDWLRQV RI GLDPRQG. THet&R&\0hE Rith relaxivelykdy (DU W K
temperaturégeothermal gradients) and high pressures, geologically are called old paotgioénts,

which are referred to as cratons (Figure 2.10) composed of crustal basement rocks, such as granites

and gneisses that are more than ~1.5 billion year¢Teldpert and Tappert, 201The geothermal
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gradient (geothern is the rate of increagininternal temperature of the earthith respect to
increasing depth in the Earth's interjBress and Sievet986. Theaveragegeothermal gradiemtear
the surfaceis about 25°Cfor everykilometre of depth Different tectonic provinces or some regions
(e.g. mid-oceant spreading ridgesare characterized bmore rapid increases of temperature with
depth higher heat flowsbecause ofictive tectonic forces, deep fault zones, rifting amagmatic
intrusions (Tracy and Blatt, 1995)Under these conditien the geothermal gradient can make
conditions in deeundergroundmines hot enough to explode rocks or bend stepport if is not

strong enough.

As illustrated in Figure 2.11, the shaded-gedy cobured region shows the potential extent of the
diamad window for geotherms exceeding 35mW/(@riffin and Ryan, 1995) and assuming a
temperature at the base of the lithosphere is approximately 13A@2Grding to Nowicki et al
(2007), the geothem of 44mW/mmay not intersect the diamond stability fieltl @l, because
diamonds cannot be formed and/or preserved in the lithosphere daskisbecauseis much hotter.
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Figure2.11. Pressurgemperaturadepth diagram outlining theoundary between the sthly fi elds of diamond

and graphiteshown as a dotted lindossible geothermal gradientgepthermsyor cratonic, continental and
oceaniclithospheres are shaded grey. Diamonds are only stable in cratonic settings at pressures greater than >
40 kbars,which corresponds to depthf more than > 14@m. Modified after Tappert and Tappert (2011)
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2. 4. Critical evaluation and discussion

This section provides some critical discussion, watadn and interpretation c$QJRODTYV JHRORJLF
setting, principdy on the Lunda province kimberlites. In addition, this section provides the
information about the geodynamic relationship events between Lunda pipes and other pipes from
around the world.

This research focuses on the locationsighest diamond concentian in NE Angola, inparticular
Lundaprovince. The critical evaluation is thatem knowing that the sampled kimberlite pipes in
Lundazone are only a few mess apart, they vary dramatically diamond grade and qualitfhe
main arising questions fronthis project are: what are the factors that cordtbind caused the
diamond grade variation among NE Angola kimberlites? How was diamond distributed thihin
Angolan lithosphdéc mantle? The answers for these questions are providé€thapter FourAs
mentioned abovd,unda provinces controlled by a system of deep faults called the Lugagiaen,

an extensional tectonic structure (corridor) which crosses the entire country froreastrtio south
west (Figure 2.1). According tBoyd and Danchir{1980), who studied the geology of Angoldyet
fault zones have been described@gngaet al. (2003) and Pervoet al. (2011) to beapproximately

55 - 85 km wide and 1200 km long, crossing the Angolan territorgl it has extended into the
Democratic Republiof Congo. This tectonic belt is associated with magmatic activity related to
rifting at the West African continental margin during the opening of the Atlantic Ocean in the early
Cretaceous (Pervost al, 2011), consequentliy dramatically modified thegmary mantle petrology
and mineralssee thin section resglin Chapter Four) and as a resitilhas contributed significant

complexity to diamond exploration in AngdlRirks et al, 2003)

Some authors (Kuskgt al, 2003)have discussed in detail thejor tectonic events affecting Angola,

which are associated with those powerful events that also affected the African continent. The African
continent has suffered several orogenic episodes and this conserves important information on crust
forming eventdating back 3.8 GéDirks et al, 2003). In additionthese events represent the cycles

of continental break up and growth, which are recognised worldwide and can be largely explained in a
plate tectonic contexiKusky et al.,2003. When Stern2007) exarmed and explained the splitting

of the Pangaeasupercontinenat the beginning of the Mesozoic era and after the rifting process, he
explained that the southern part of Pangaea formed as the Gorslvpeneontinent 0.55 Ga(Dirks

et al, 2003) and from the late Jurassic period Gondwanaland rifiesulting inthe African plate

(Figure 2.12. This led to tectonic activity controlled by extension and hot spot activity (St@0i) 2

and these hotspots have also have been found in NE Angola and are related to genesis of

diamondiferous kimberlite deposits (Jelsetaal, 2004 and Fereireet al., 2003). The Gondwana
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episodes are linked to the genesis of many kimberlites in thal iuksky et al, 2003) including
those from NE AngolaAccording toHaemanet al. (2003), he increases dflesozoic kimberlite
activity or kimberlite magmatism, recorded in many continental environments, are associated with the

breakup of Gondwanalar{tlelmstaedt and Gurney, 199%ke alsd-igure 2.12

The illustration Figure 2.12 illustrateshow powerful tectonic forces were responsible for triggering
mantle melting that produced kimberlite magma. Kimberlite magmatism has been described by
Kréner and Sten (2004)to be linked with subduction of the oceanic lithosphere, rifting of continents

or impact of the mantle plume, that generated faults and mafic dyke intersections which are classed as

a final structural control of kimberlite emplacement withinvialial regions (Haemaet al., 2003).
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Figure2.12. lllustration of Gondwanasupercontinenand its orogenic episodes at thel &fthe Neoproterozoic
period (approximately 540 Ma), also demonstrating the general arrangementAfriean belts, from Kusky
et al. (2003). AS- Arabian Shield; BR Brasiliano; DA-Darnara; DM Dom Feliclano; DRDenman Darling;

EW- Eilsworth Whitnore Mountains; GP Gariep; KB Kaoko; MA-Mauretanides; MBMozanbique Belt; NS

Nubian Shield; PMPeterman Ranges; PBryolz Bay; PRParnpean Ranges; PBaterson; QMQueen Maud
Land; RB Rokelides; SB Saldania; SGSouthern Granulite Terrane; T8rans Salra Belt; WBWest Congo;
ZB- Zanbezi.
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In relation to the Congo craton, and in the specific casengfola, as it seen in Figure 2.12e
orientations of the main weakness zones are related to the opening of the Ataatitincluding

the WSWENE, NV-SEand NNESSW rifts (Pereirat al, 2003).The Archean of the Angolan block
was largely reworked during the Eburnean orogdigké et al, 2003) this is depicted in Figure 2.1

in several locations of Lunda province (Central shield, Cuango shield axid shield). The Archean
gneiss was heavily metamorphosed at approximately 2.8 Ga and subsequent magmatic activity, the
Achaean system was intruded by crystalline granite at betweer2 8B8%a (Dirkset al, 2003).The
Angolan kimberlitesjncluding the fpes of Lunda provingehave been confirmed to be from the
Cretaceous age (Ganga al., 2003), and also similpr-agedkimberlites have been fourid other
parts of the world byNixon (1995 see table 2)2 The Mesozoic kimberlites, howevehave been
de<ribed byWhite et al. (1995) and ardrequently associated with continental structures that gave
rise to the trarfsrmation of the MidOceanic ridge.

In the Mesozoic Era, particularly th€retaceous period prior to and after the separation of South
America from Africa between 132 to 125 Manhite et al, 2012), the southern African continent
underwent extensive uplift and erosion. This led to the interpretatiothinaiceanic rifting events
produced important tectonic consequences in the African péetivating structures from previous
orogenic cyclegPereiraet al, 2003. Following these events, thmajor implicationsfrom these
tectonic structures is that thexerted a key contran the structuref kimberlite emplacenm in
Angola, particuldy in the region of Lunda, during the Cretacequeriod (Jelsmaet al, 2009
Castillo-Oliver et al, 2011, Pervovet al, 2011, and RoblesCruz et al.,2008. In Angola, the most

importanttectonic structure generated by the oceanic rift event is theohwugraba.

Due to the several past tectonic evefengo craton has been summarifEdyure 2.1)as one of
relative complexity during the Proterozoic diairks et al, 2003 and Batumike et al, 2009) and

Angola has a complex geological history due tmesies of tectonic events (Table 2.1). These
geological events have dramatically modified the primary mantle petrology (see Chapters Three and
Four, thin section and rock investigations), and have contributed significant complexity to diamond
exploration n Angola during the PaAfrican period.Also it has been confirmed by Peregtal.

(2003) that during the periodf &rchaearProterozoic transition, the Angaidithosphere suffered
extensive deformation and consequentlyntrusion of maficultramafic mases resulting in the

formation of the gabbranorthositiccomplex in AngolaRoblesCruzet al, 2008)
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Another implication that can be taken fronthe Mesoproterozoic Palaeoproterozoicand
Neoproterozoidectonic episodes is that the mantle masses raag mduced partial fusion of the
Archaean crust and consequently formed the granitoids and granodioritic porglrgtiesngin the
westen part of Angola, (Pereir&t al, 2003) whereas in Lundprovince (NE Angola) the main
tectonic directionWSW-ENE fragmented the lithosphere and subsequently produced important
subsiding zoneddr examplethe Lucapa graben), where sedimentary sequences accumilbtex

are now found onthe surface as medium to higirade metamorphic rockarising during the
EbumearUbendian orogeny event&rOner and Stern,2004 and Dirks et al., 2003) The tectonic
structures described above (Figure 2.1) that controlled the emplacement of diamondiferous
kimberlites inLunda provincenave also occurred in other parts of Wharld including South Africa,
Zimbabwe, Canada, USAustraliaand RussiaH{elmstaedt and Gurne$997 and GreecéWhite et

al., 1995)

Jelsmeet al. (2009) showed that during ti#dlantic opening episodex Pan African eventsntrusive
magmatickimberlites wee preferentiallyassociated with deep basement structures that exdémntd

the upper mantleAccording toWhite et al. (1995) kimberlite intrusbnsare favoured by extensional
tectonic activity caused durinimes of major oceanic or continental rifgin Concerning Lunda
province(the study region)howeverthe basement structures are thesults of connection between
regional structures (major mobile zones or faults, fracture corridors) and local structures (linear
grabenyift valleys, internal fractures and deep faults within the Lucapa cor(RBeiraet al.,2003),

and consequently these structueesibleckimberlite magmao reach the earth's surfadde{mstaedt

and Gurneyl1997) and to cool to form the kimberlite deposit which incorporates the diamond

reservoir and facilitates its economical exploration at Camutue (figere 2.B).

- % N = i

Figure2.1. Demonstration of diamond emhtian activity at Camutue kimberljitéeNE Angola, Photo taken
during field workin 2012.
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According toBassekaet al. (2011)the PaprAfrican orogenystrorgly affected the African continent,
which resulted irthe Tanzania an@ongo cratonic blocks beirggparated from the Kalahari craton
by the Mwembeshi transform fault (Pere@tal, 2003), withthis lastresulting in formation of the
Damara belt and the Lufilian Arc structures aainbezi belt§Figure 2.13 along the margins of the
shield (Robertset al., 2005. The mobile belt, or Damanmastructure described bBatumikeet al.
(2009) andKréner and Stern(2004) is situatedin the southof Angola (Figure 2.14. It can be
evaluated that the tectonic episodes which produtedDamara belt (Namibia) may have
significantly decreaskor affected diamond grade in kimberlite pipesouth Angola. This is because
diamond grade in Angola decrease a southern direction (see Figure RhbblesCruzet al, 2009)
whereasthe Namibian kimberlite pipes Hamaus and Lauwrensia (see Figure 2)1&e classed as
barren(Mitchell, 1991), but diamndiferous Venetia kimberlites ithe Limpopo mobile belt areare
located between the Archean Kaapvaall and Zimbabwe craotidrave been considered as an
exceptionas theyproducediamond (White et al, 1995).The lineament which separates the Cratons
and the mobile belt (Figur2.14) is believed to have beeameated by a major crustal faulting during

the PapAfrican orogeny(Bassekaet al, 2011)and correspontb deepseated basement structures

LEGEND

Other
Pan-African
Kibaran/irumide
Eburnian
Cratons

Trend of belt

Figure2.14. Geological sketch displaying the location of the main Cratonic blocs in Adfrid&old belts
SourceMinistry of Mines and Mineral Development Zambia (2014)
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The wok of Boyd and Gurney (1986, Figu15, provides a clear explanation of why some
kimberlite pipes in other parts of the world do not contain diamond, in particular the Namibian pipes.
This was recognised hyitchell (1991) who also confirmed ardiassified Namibian kimberlites as
being barren in diamond. dasomaticprocessedinked to high thermal heat from tectonic events
associated with opening of Atlantic Ocearay haveaffected the Namibian pipes. Thigew is
supported byKronerandStern(2004), Bgyd and Gurney (1986) ariditchell (1991), who explained
that themantle upwelling related to brealp of the Mesozoic supercontinent and Karoo flood basalt
magmatism appears to have caused thermal erosion that affecteddtsmfflithosphere, thinnirig

E\ DSSURJ[LPDWahGeyet sl N210) relative to the @tonic lithosphere (Figure 2.15
leading to modification of the primary mantle qoosition (e.g. peridotite garnet), andnsequently
under these conditions diamond may not have survived in the Narkibibarlite pipes

L F FS NL EG
NW SE

Atlantic Indian

Depth (km)

—200

Figure 2.15. Model for the lithosphere beneath southern Africaedasn geothermobarometry for xenolith

suites. Ratio of depth scale to horizairgcale is 4:1 below sea lev#lertical bars represent xenolith suites, and

the maximum depths shown are for dusters of xenoliths of deepest origin in each-glitepfesets points of

inflection in xenolith geotherms and are interpreted as points for Aighlowtemperature xenoliths (boundary

of the lithosphere)XBoundary of the lithosphereyhe xenolith suites ar¢: : /DXZUHQFLD ) : )LQVFK )6 :
JUDQN 6PLWKEHUOHR 3 : 3UHPLHU 1/ : 1RUWKHUQ /HVRMbKBoyd QG (*: (D
and Gurney1986).
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Even though kimberlites such as Hanaus and Lauwrensia (Namibian pipes) cgataat
harzburgitesthesepipes still contain no diamondéccording toMitchell (1991),the garnets from

these pipes present deformation features (recrystallization, rounded to irregular fractures) with mosaic
porphyroclastic textureThese deformations are the result of metasomatic e{®atsl and Gurney

1986), but similar gaet deformations have been noticeddiamondiferous kimberlites from Lunda
province (Figure 2.1)The difference between the pipes from these two countries is that the Namibian
pipes arebarren offcratonic kimberlites within the graphite stability fielthdaare located within

mobile belts Batumikeet al, 2009 see alsd-igure 14 and areyounger in age (see Nixah995,

Table 2.2) than the Angolan pipes located in the cratwonmtinental crust, older in age (>2.5 billion
years)(Dirks et al, 2003).

2. 5. Indicator minerals and application of advanced spectroscopic techniques in
diamond research

2.5. 1. Indicator minerals: a review

Indicator minerals are minerals and transported as grains in clastic sediments which indicate the
presence in bedrock af specific type of mineralizatiofe.g Ptype and BRype, etg, hydrothermal

alteration or lithologyMcClenaghan2005). K LPEHUOLWH LQGLFDWRU PLQHUDOV R
samples have been usaslindicators to discover kimberlig€riffin et al, 1997 Nowicki et al., 2007;

Soboley 1977McClenaghan20035.

However, the recent studgf mantlederived indicator mineral compositiosy Cookenboo and

Gritter (2010)the abundancef KIMs proved to be DIMsr damond indicator minerals, therefore

both teminologies (KIMs and DIMs) are used in tipigoject

The disaggregation of mantle rocks sampled by kimberlite during eruption, yields relatively large
guantities of other mantle minerals, commonly referred tki&ks or kimberlitic indicator minerals
(Nowicki et al., 2007; McCandless, 1990; Mitchell and Giardini, 197These are used to target
kimberlite and consequently the exploration and prospecting of diamond. From this point of view, the
most important indicator minerals are garnet, chromite, illaedirdiopside and olivineGriffin et

al., 1997; Stachel2003; Robles Cruet al, 2008, 2009; andriffin and Ryan, 1996 The nore
chemically resistant kimberlitendicator minerals are garnet, ilmenite and chromite, and these are
particularly usefuldue to their greater ability to survive weathering in the surface environment
(Moore and Gurney, 198€,0okenboo and Grutter, 201&nd Gurney and Moore, 1993Kimberlite
indicator minerals have been successfully used in diamond exploration for mor&0thgears
worldwide (Mitchell and Giardini, 1977). These minerafissplay and diagnose visual and
compositional characteristics, making them ideal pathfinders for economical kimberlite exploration
and identification $tachel and Harris, 200Koore and Guray, 1989).
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Indicator minerals have long been the strongest tool in the exploration of diamond bearing kimberlite
host rocks. For example, DeBeers grouphis world's leading diamond comparay key aspect of

their business is to discoveconomical kimbeile depositsHowever, the geologists of the DeBeers
Company have been able to discover several diamondiferous kimberlites in different places in the
world onlythrough the studiesf kimberliteindicator minerals Gcott Smithet al, 2008;Nowicki et

al., 2008;Gurney and Moore, 1993; ai@bokenboo and Grutter, 201@or example the discovery of

the Orapa kimberlites (Botswana) and the Udachnaya kimberlites (Siberia) since 1967, was made on
basis of the chemistry of garnet inclusions and the calctmormium relationship of kimberlitic
garnets (Mayeet al, 1994). A detailed study of kimberlitic indicator minerals and tracing these back
to their source is thus a key component of tedamond exploration programStudies of diamond
inclusions and diamonbearing xenoliths permit geochemical characterisation of diamond source
materials (Nowickiet al, 2007) and have led to major advances in the understanding of the
relationship between diamond and its host rock in the ma@tdfiQ and Ryan, 1995) Many
diamond researchers have shown that the majority of mineral inclusions in diamonds belomg to tw
mantle assemblages: peridoti{le-type, ultramafic rock) and eclogitic {fgpe) (seeFigure 2.19.
According to Stachel and Harris (2008); Gurrayal. (2010 andNowicki et al (2007, E-type and

P-type are the mairtypeséource of indicator mineral inclusions in diamorfulfide mineral
inclusions(pyrrhotite and pentlandite) can help to differentiate diamonds according to their mantle
source(periddite andeclogite). For example peridotithtamonds contain elevated Ni sulfides content
whereaseclogitediamonds contain lowedi (and slightly higheiCu) sulfides inclusion in diamond
(Shirey and Shigley2013)

Inclusion Suites
Eclogitic Peridotitic

';'\ Garnet & O“Vine

. . Spmel
@ O

Sulphide ™\ / \ C“”Opyroxe”e .\ Suipmde

N

Rutile Orthopyroxene

Figure2.16. Schematic of inclusions of peridotitic and eclogitic suites within diamonds (Stachel, 2003)
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In addition to providing indicationgor diamond prospecting, thke DIMs or Diamondndicator
minerals(Cookenboo and Grutter 2016¢curnot only n the surrounding kimberlite rock, but also as
inclusionsin diamonds themselves (Figure 2.1BIMs are therefore of even further interest because

of the strong probability that they crystallized in the upper mantle; that they formed at the same time
as damond; and that they provide important information on the nucleation and growth of natural
diamonds (Tayloet al.,2003 and Nowickiet al, 2007).

According to Moore and Gurney (1989) and Meyer (1968), the majority of natural diamonds probably
crystalised in proximity to indicatominerals and consequently DIMsccurring as inclusions in
diamond are seen as samples of the mantle and they can be expected to provide direct information on
the mineralogy and geochemistry of the Earth’s mantle (GrifthRyan, 1995 and Nowicldt al,
2007).0ne of the important factors in understanding the formation of natural diamond is afforded by
detailed examination of the minerals included in diach (Meyer 1985), this is becausliamonds
commonly contain syngenetinclusions of silicates, ades and sulphides (see Figure 2.G8iffin

and Ryan, 1995 and Stachel, 2003). These inclusions are interpreted as samples of the materials which
co-existed with the diamond during its growtfi¢chell, 1991). Such studies pide strong evidence

that the principal source of diamonds is the subcratonic lithospheric mantle (Stactel2009;
Stachéand Harris, 2007, see Figure 217
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is separated into two mineralogical layers, spinel facies and garnet facies. Small volume melt fractions in the
asthenosphere are indicated as red dots. With the exception of smhdumdianic slabs, the sublithospheric
upper mantle appears to be void of madi@mmonds (Stachel and Harris, 2008
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2.6. Application of advanced methods to the study of kimberlite indicator minerals
(KIMs

2.6. 1. Electron microprobe analysis (EMPA) for compositional analysis of kimberlites

The geologsts of the DeBeers Compangiscovered several diamofelious kimberlites in different
placessuch afOrapa kimberte (Botswana) and Udachnaya kimbiedi(Siberia) in early 1967on

basis of chemistryfagarnet ¢€alcium andchromium réationship,Mayeret al, 1994) A critical step

in the study of KMs involves chemical analysis and comparisons of major elements (Cookenboo and
Gutter, 2010). Diamond researchers (Gureegl, 1993; Stachel and Harrig007) have used EMPA
(McCammonet al, 1998 Sobolevet al.,1999 Canil and Bellis 20079, in order to predict diamond
sources by considering the oxides of certain element® @@ CpO3) from KIMs (pyrope garnet,
MgsAl,(SiO,)3) and plotted against eaclther. Their resut$ have defined fields indicative of source
from different mantle peridotite types such as Ihezorlite (G9), harzburgite @Edire 2.18 and
websterite peridotite mantle (Gurney al, 1993). The harzburgite garnet (G10) is deplete@an

relative to the lherzolites (Gurney al,, 1993) in three different ways, as follows:

(). Lack of a Ca saturated phase (diopside)
(2). A low bulk Ca content

(3). Low mineral content of Ca

Thus garnet is interpreted as the most informative of #wand indicator minerals, probably due to
thewide range of substitutigthatcanoccur in the garnet configuratioBlements such as Ca, Cr, Fe
and Mn occur in minor proportions ipyrope garnet (Cookenboo andsritter, 2010).G10 are
harzburgiteg(P-type) garnes derived from the diamond stability field, and the presence of G10 garnets
is a clear indicator of the potential of finding diamond in the kimberlite as well as oredjeaniends
(Erlich and Hausel, 2003)rhis is in accordancwith mantlederived garnets classifiedinder the
scheme proposed by Griteeral. (2004) who illustrated that peridotite-{f{oe) garnet inclusianin
diamond have higherrgD; and lower CaCrcontentsthan garnetwhich crystallized in the graphite
stability field. In additioQ * JDUQHWY KDYH 0J20>2 wIWandI@rGecakilim
R[LGH &Dwt.% (Meyeret al, 1994; Gurneyet al, 1993 and Griffin et al., 1997) A small
fraction of G9 garnet derived from the disaggregatiai lherzolite canalso be formed wihin the
diamond stability fieldNixon, 1987;Gurneyet al.,2010.

Harzburgiteis a variety of peridotite which is an ultramafic igneous rddixgn, 1987)composed
mostly of the two minerals olivingforsterite -Mg,SiO,;) and fayalite (F&i0;) and enstate

(Mg>Si,Og,- pyroxene with lowcalcium)with garnet and chromiusrich spinelaccessory minerals.
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Harzburgite forms by the extraction of partial melts from Iherzolite (peridotite) which is an ultramafic

igneous rock rich in two major mineralslivine ard orthopyroxengwith clinopyroxeneas aminor

componentThe molten magma extracted from harzburgite peridotite edgtthe Earth'ssurface as

basalt rock(Blatt and Tracy,1995. If the process of partial melting of the harzburgite continues, it

will form another ultramafic peridotite rock called dunite (poor in pyroxene and rich in olivine) if all

of the pyroxengare extracted from harzburgite then tinagma rich in olivine (forsterit®1g,SiO,)
and fayalite (F&5i0O,) is formed According to Erlich and Dan Hausel (2002), who used EMPA
(McCammonet al, 1998)to analyse garnet, diamonds with inclusions of catbi®me pyrope are

G9, derived from Iherzolitic mantle peridotite; and subcalcic chrome pyrope are design&#d as

mantle peridotite which indationthat the host intrusion originated in the diamond stability region of

the upper mantle. Garnets from tB&0 field are better described as a diamond fi€ldiiteret al,

2004 Stachel anHarris 2008 and Gurneyet al, 1993). However, one of éghimportant limitations

encountered by Erlicland Dan Hausel (2003) during their studies is tj@ainets do not provide

information on diamond preservation, quality and grade §zeneyet al. (1993 statedthat it is

possible that the G10 field may caint Iherzolitic garnebut these will originate from high pressure

regions of about 45 kbaherzolites which could be diamond bearing. Garnets in the G9 field may be

harzburgitic, particularly if they occur closettie G9 / G10 boundary (Figure 2)184 therewill not

be sufficiently highpressurefor themto be diamondiferougGritter et al,, 2004) In contrast,Cr-

pyrope garnets with moderate Ca concentratipasocated inthe G9 field. Theyareassociated with

Iherzolite and rarely occur as inclass within diamondMorris et al.,1998)

16

14

12

Cal (wi=)

-
o ¢ G9 [
n
- o* » @
o © ,: 0 @ =]
- o Ro* @ g o
GE Sf E‘_'G * *
@ @ -
- g 0@ o%s 0 o
| ﬂﬂ?éaoo ® LOCALITIES
B g @ ‘&Dx % @ Southern Africa
i o9 o x Other Africa
[_ ° ‘3’ o0 J&? ?;:. ® Australia
a ;
*o g ® o, o * Asia
a G" O Morth America
- a5 o ¢ o o ® ¢ Sputh America
o $ o © W Unknown
L A S "
| =
. - L i 1 1 L
Q 2 4 & a8

Figure2.18. Plot of Cr,O3 vs. CaOcontentdor peridotitic diamond inclusion garnets from worldwide localities.
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(G9)
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Based ortheir EMPA resuls, Gurneyet al (1993) discovered that for harzburgite diamonds, the
garnets contain higlevels of MgO and CjO; and lowlevels of CaO. Chromium pyrope diamond
inclusions are consistently Mich, Mn-poor, and usally lack TiO, (Cookenboo and Gritter, 2010)
However,in some exceptionalompositions, majoritic garn€igs (MgSi)(SiQy)s) with excessSiO,,

and Cr£arich varieties fromwebhrlite (variety of peridotites.which isan ultramafic and ultrabasic
rock compsed mainly of olivine and clinopyroxen@iso occus occasiondy as inclusions in
diamond. The majoritic garnet isdistinguished from other garnets (pyrope and almardine
FesAl(SiOy)s) in having St* in octahedral as well as tetrahedral coordinatindbeing froma lower
transition zondan the uppermost lower mantle at depths of >550kvht¢hell and Giardini1977).
Grutteret al (2004) and Erlich and Dan Hausel (2003) concluded thith concentrations of both
TiO, and NaO is characteristic of eclo@itgarnets associated with diamond. This conclusion is also
supported by Dobosi and Kurat (20180d (Gurneyet al, 1993) who noted that eclogite garnet
inclusions in diamond contain elevated leveld i@, andNa,O « 0.07wt% (see vertical dotted line
Figure 2.19. Elevated levels of Na from the eclogite mantle reflect the high pressures appropriate for
diamond formationNlorris et al,, 1998;Meyer, 1987 and Pearsoat al, 2003).
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Figure 2.19. Plot of TiO, versus NgO contentfor eclogitic diamond inclusianin garnet from wrldwide
kimberlite localities. FronGGurneyet al (1993).

Cookenboo and Gritter (201Baveshownthatseveraimportant diamond mines in widrincluding
Orapa, Jwaneng and Letlhakane in Botswana, Argyle in Australia, together with Jericho mine in

Nunavut and Victor mine in Ontario (Canada), contain very llevels of subcalcic G10 pyrope,
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therefore the eclogitic mantle is the source for madstheir diamond(Dobosi and Kurat, 2010)
Gurneyet al (1993) used EMPA of major / minor elements such as Mg and Cr from spinel (chromite,
FeCrQ,) indicator minerals in order to determine their relative field (peridefitaerzburgite) and to
assess mdle conditions and diamond distributio(Srutteret al, 2004) Their results are presented

in Figure 2.20 Chromites associated with diamonds have high concentrations of Cr (> 62.0 wt%
Cr,03) and Mg (> 11 wt% MgO); and are poor in Al and(%i0.50 wt% TO, and ALO; (Gurneyet

al., 1993).
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Figure2.20. Plot of MgO versus GOs content for chromite diamond indions from worldwide localities, from
Gurneyet al (1993).

Whilst chemical analyses of garrda not provide information on diamond preservation, quality and
grade size (Erlichrad Dan Hausel, 2003), ilmenitelMs have been widely used to obtain the
information on diamond preservation, quality and grade Szatieret al.,, 2004 andNowicki et al,

2007). For example, Gurney and Zweistra (1995) used EMPA to calculate or analyse major oxides
(MgO, Fe0s) in kimberlite ilmenites anglotted MgO vs. F€; and obtainedome measure of redox
conditions (oxygen fugacityfO,) in the mantle and magmand consequently todefine the
preservation conditions of diamond. Their results suggest that iimenites with ¥&WweFeratios are
associated with higher diamond contents, and lower oxygen fugacity than ilmenites with higher
Fe/F€" ratios which are indiative of higherfO, (Nowicki et al, 2007). In kimberlite pipes,
ilmenites with high F&/F&* ratios are associatedwith low MgO (Gurneyet al, 2010; 1993).
According to Nowickiet al (2007) the trend shown ifrigure 2.21corresponds to a gradual clyan

in fO, and is thus associated with changing diamond preservation potentials. WBeisEalculated

by assuming that is high in the mantle, the diamond content will be lower because th@,high

trangorm diamonds into C&(Robinsonet al, 1989 Gurney and Zweistra, 1999)menite is in fact
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useful only in exploration for group | kimberlites, as it is rare in group Il kimberl&sney and
Zweistra, 1995).
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Figure 2.21. Plot of MgO vs. FegO; content of kimberlite ilmenites. Modified after Nowiclkit al (2007),
originally from Gurney andweistra (995).

After an extensive study of major elements from ilmenite using EMZUAney and Zweistra (1995)

found that diamond from Tshibua kimberlite ¢Decratic Republic of the Congo) shows good
preservation conditionand kimberlites with high graddiamonds with late stages of growth. This
implies reduced mantle conditions at the time of kimberlite emplacement, whicls thedéhshibua
kimberlite has laer FgOs; while diamond from Premier kimberlite (South Africaxhibits
considerable resorption. The diamond resorption at Premier has been previously reported by Robinson
et al (1989), and the diamonds from Palmietfontein kimberlite (South Africa)ightyhdeformed
(resorbed), while the Iron Mountain kimberlited/foming, USA) are classed as nearly barren.
According to Nowickiet al. (2007) who carried out chemical analysis of ilmenite diamond indicator
minerals, young, fagjrown fibrous diamond<Democratic Republic of the Congnd Sierra Leone)

are associated with ilmenite of very high Mg, high Cr, and very Iolvdemtents, but these late stage
fibrous coats on numerous diamonds were interpreted as originating from the latest events in the

periodof diamond growth
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2.6.1. 1. Redoxand oxygen fugacityestimation using EMPA data andthe Droop method

The sacalled "Droop nethod" Oroop, 1987 Quintiliani, 2005 and Canil and O™ Neil, 1996 is an
empirical method widelysed to calculate or estinagthe FE€" content(and thereby estimate oxygen
fugacities) of oxides and silicate minerals based on the results of electron microprobe analysis
(EMPA). The Droop methods based on the assumptions that iron is the only element present with
variable valene andthat oxygen is the only anio@roops (1987)criteria for determination of P&

are as follows:

() The total cation charge. In order to maintain an electrostatically neutral mineral, this number
(usually an integer in conventionally defined midoamulae) is constrained to be exactly twice the

number of oxygens in the formula unit if oxygen is the only anion present.

(i) The total number of cations. Again, this is usually an integer as the formula generally represents

the atomic content of atwle unit cell or a simple fraction thereof.

(iii) Any equation based on crystal chemical arguments linking the" Eentent to lhe concentrations

of other elements.

The Fé&" contents calculated using this method are extremely sensitive to erroesdanitentrations

of the most abundant elemempiesentDroop, 1987)Other factors such as statistical fluctuations in
count rate, instrumental drift, poor analytical procedure, and poor choice of stacdamBuence

the preission ofthis metlod (Rollinson et al, 2012 and McCammonet al., 1998) According to

Droop (1987) his developed method is unlikely to yield accurate estimates unless the analyses are of
superior quality. The vulnerability of this method in generating errors during the proestsratting

Fe** has led to it being considered unsuitable for estimating trace quantities®oinFerrous iron

rich minerals such as olivine (forsterit®é1g,SiO, and fayalite- F&,SiO,) and cordierite (magnesium

iron aluminium silicateYMcCammonet al., 1998) Hence this method is not suitable to estimate
oxygen fugacity using chemical reactiothat involve olivine, such aggarnet orthopyroxene-

olivine), (Olivine - orthopyroxene- chromite), (fayalitemagnetitequartz (FMQ) buffer (Canil and

O Neil, 1996) For example, Soboleet al (1999) explainedhat the use of crystal chemistry of
silicate phases analyzed by EMPA to calculate tHé d@mtent of a mineral bysing the method of

Droop (1987)can result in gross imprecision in determinagiai Fé* ™m)H WKXV ODUJH XQFH
in subsequenP-T estimations and oxygenXYJDFLW\ &DQLO D Q &dZ2Dplade end
Newman, 1984)and consequently it could seriously affect petrologic interpretation (Quintiliani,
2005).Another limitationfor this method ighatinappropriate for minerals that contain two or more

elements with variable valence (pyroxenes and spgrelsps)(Droop, 1987.
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2.6. 2. Mdssbauer spectroscopy

Mossbauer spectroscopy (MiEs long beeextensivelyused as one dhe most reliable and accurate
techniques foinvestigating the nature and relative contents eb&aring phases and their oxidation
state/s (McCammoat al.,1998,2000; Al-Rawaset al.,2008;Frostet al.,2004; Homonnnay, 2004,
seesection 3.2.2 Seeral authors (see, for examplg,DQLO DQG 2Y1HLOG®@tal, 20125RO0OLQV
andSobolevet al.,1999)have explaied and illustrated that MS can provide precise determinafion
the iron redox ratio,Fe®* ™ ) &hd thereby enable estimates of oxygegatity, within geological
mineral samples such as mantle minerals. These results are, in general, more Hnurtitese
estimated fronEPMA (McCammonet al.,1998;Quintiliani, 2005 Rollinsonet al.,2012 Sobolevet

al., 1999). High oxygen fugacity ia destroyer of diamon¢Fedortchouk and Zhang, 201&jthin
kimberlite during eruptionPrecise information about the oxidation states of iron at the time of
diamond formation by using kimberlite indicatoim@rals(KIMs) is important for understandingeh

mantle source region and the genesis of diamond (Sttgrip2013).

As noted above, the iron redox ratio,3FeTM)H FDQ EH DFFXUDWHO\ REWDLQHC
spectroscopyobolevet al., 1999). The redox information obtained from MS is known tortoge

accurate than redox ratios calculated from EMPA measurements using the method of1D8Yp

(see section 3.2)2Kimberlite indicators minerals (ilmenite, spinel, garnatd pyroxenghave been

widely used for determination of both oxidation stafethe mantle and accurate iron redox ratio

(Fe"* ™) kBtagnoet al, 2013;Sobolevet al, 1999;:McCammon and Kopylova, 2004). This aids
determination of oxygen fugacity using oxygen geobarometers assuming that all phases are in
equilibrium (McCammoret al,, 1998, 20002001)

The term "equilibrium" efers to the stable coexistence of two or more minerals phases and is
established relative to time (Nixon, 1987). The absence of any visible alteratibreaation rims
between theninerals present that are physically in contact with each other, wiinguthodification
around themsuggest thathe minerals werén equilibrium at the time of formation of the rock. In
addition, when two or more minerals are in equilibrium, they have also crystallized at approximately
the same pressure and temperatureréfbee these mineral phases can be used for thermobarometry
based on EMPA data (McCamme al, 2001). If the mineral phases present in samples did not
equilibrate with each other simultaneously, then any pressuckgeamperatures calculated using
thermdoarometry for the ideal reactiswill be differentto those actually experienced byetminerals

or rocks under study.herefore their chemical reactions oahbe used to estimate oxygen fugacity.
Several chemical reactions for coexistent mineral phiamseguilibrium, stown in (36) below, (for
example, garnetorthopyroxene- olivine; olivine - orthopyroxene-magnetite;fayalite-magnetite

quartz bufferand fematite rutile *ilmenite) have been used to estimate the oxygen fugacity for
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kimberlite rock (luth et al, 1990 McCammon and Kopylov&004; Stagneet al, 2013 and Gnil
and O Neil, 1996)

2Fe0; + 4TiO, = 4FeTiO + 0O,
Haematite Rutile lImenite Oxygen (reaction 3
6F628|O4 + 02 = 3FQS|2OG + 2F@4
Olivine Oxygen orthopyroxene Magnetite (reaction 4)
2F%F92+ Si3012 = 3FQS|206 6FQS|O4 + 02

Garnet(skiagite) orthopyroxene Olivine Oxygen (reactionb)
3 FeSio, + 0, = 2 FeO, + 3 SIG
Fayalite Oxygen Magnetite Quartz (reaction6)

In contrast, lte presence of visible rimand the products of a reaction between rifieeral phase
indicate thatheynot in equilibrium (Nixon, 1987)As isillustrated in Figure.22 themineralphase
from this project containseveral alteratias The changingprocesses from original mineral structure
chemicalcomposition to second amrodiwcts, has causetthe sampled minerdb be umsuitable for
thermobarometry in this projecEor exampleseveral spinel rims were observed arouinienite
(Figure 2.22 sampl®). In addition, Figure 2.22, sampte showsgarnetindeedmay havereaced
with coexistingclinopyroxeneto produce &elyphiterim between then(Kerr et al, 1997, revealing
thattheseminerals were not always in equilibriu8tagnoet al, 2013. It is thus believed that these
minerals were formed under different thermobarometriditimms, and therefore they cannot be used

in chemical reaction calculations to estimate oxygen fug@eicCammonet al, 2001).

Rollinsonet al (2012) used Moéssbauer spectroscopy and EMPA to study spinel (chromite) samples
(mantle harzburgites and dtes) from OmanWade Rajmi and Magsad localities), to determine the
oxidation state of the suficeanic mantleThey demonstrated that twoogipings of chromite samples

with different F&" ™ )H U hrBsénThe first group (Figure.24) showed low FE€ ™ \dlues

of 0.22-0.36, which arose from reducing environments and low oxygen fugacities between 1.9 and 2.7
log units above the quarfayalitemagnetite (QFM) buffer (Figure 2.23'he second group exhibited

high Fé* ™ )H R F0.78, consistent with more oxidising environments with high oxygen fugacities
between 3.2 and 3.4 log units above the QFNfebuFigure 2.23 The oxidised samples were
interpreted to be associated with @spmagmatic event which was heating related to melt flux, or
interaction with a later oxidising melt. These two distinctive oxidation state groupings are evidence of
two different source of magma within the Oman lithosphere. However, Rollgtsan2012 noted

that their temperature estimates associated with calcudatibaxygen fugacities (Figure 2 Pdere

unrealistically high (Rollinsoet al., 2012)
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Figure2.22. Thin section sample images showsgyeral alteration process. a) Camatxia pip®&) Camutue
pipe and c) Catoca pipe.

Another Mdéssbauer study of chromites was carried out by Ruska@l. (2010) who studied the
chromite ores of the Luobasa ophiolite massif in Tibet. They discoveredighafe® »™e = 0.42 in
chromite resulted from large mineral deposits believed to have been formed under, or were
subsequently altered under, conditions of high oxygen fugacity in contrast with chromite with low
Fe* »™Ee = 0.22 arising from nodular and dissertédaores. This was because these nocudes

crystallized from melts which have interacted with depleted méRa#insonet al, 2012)
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Pyroxene and garnet also have been widely used to determine the oxidation state of kimberlite rock
sampes. For example, Vieira and Knudsgd983) who used Mdssbauer spectroscopy to study
pyroxeneconfirmed that terrestrial basalts and ocean floor basalts are more oxidized due to the high

Fe** contents found in pyroxenes that are present within basalts.aiic®n et al. (1998)

investigated the ability of Méssbauer spectroscopy to determird TB¢H IRU JDUQHW D
clinopyroxene diamond inclusions, from a suite of mantle eclo@iten George Creek, Colorado,

USA. They discovered that clinopyroxenes had'Fé& )H U DW L R®.14ahd garnet 0 0.07,

which were interpreted to demonstrate low@en fugacities at the time of formation of these George

Creek diamondgFigures 2.26 an@.27 and Table 2.3)Interpretation of oxygen fugacity depends

critically on the accuracy of the FéM )H UDWLR DQG DFFXUDFLHV GHWHUPLQHG
have been shown to bhigher than those obtained from stoichiometric calculations based on EMPA

data (McCammoet al., 1999 DQG &DQLO O09Y6.21HLOO

Mossbauer spectroscopy of natural garnets has also been carriydsentral authoréStagnoet al,

2013 Dyar, 1984 Cernéet al, 2000;Dachset al, 2012 and Luthet al, 1990. Stagnoet al. (2013

showed that oxygen fugig of garnetbearing rocksincrease with decreasing depth during
uncontrolled decompressiowhich means that carbon in thepep mantleat depths of approximately

80 - 200 km(asthenospheric mantle, Stachel, 2003), will be hosted as graphite (stiafithvebout<

170 km) or diamond (at depths of > 170km with®Fé™ )H R X S, a4/ §en in Figur2.25. Both

the graphite and diamond will be oxidized to produce a carbonate melt at depths of 150 £ 50 km
through the reduction of Eein silicate mirerals during upwelling (Figure 2.25. Luthet al (1990)

used Mé&sbauer spectroscopy determineFe®*/ ™ )H IRU JD U Q H \Ad¥rivied ReRolRDfQM O H

South Africa and Russid.hey showed that garnet lherzolites from both countries, measured at low

temperature of 77 K, gave Fe M)H UDWLRYV D Q&thvg intdrpveie® ® Od-HoérivEH
from a low oxidation region. In contrast, garnet lherzolites from the Kaapvaal craton (South Africa)
measured at room temperature of 298 K, hatl F&4 ) H | DQG FRQVHTXHQWO\ WKH

interpreted as being smed from a more oxidised region. In addition Lethal (1990), discovered
that Fe** ™)H UD W L Rctegsed Dith @etddising pressure andpemature of the host xenoliths.
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Relative transmission

Velocity (mm/s)

Figure 2.26. Room temperature Mdssbauer spectra of garnet inclusions from Géoegk diamonds. Data
were fitted using one Eéand one F& doublet; the latter is shaded black. The arrow indicates the region where
Fe** absorption is observed in spectra of madgeived garnets (McCammat al., 1998)

limenite is anotheimportantkimberlite indicator minerawhich has been widely used to detme

the oxidation state ofhe sample andhe diamondpreservation index conditioMNaturally-occurring
ilmenite, FeTiQ, is an irorbearing mineral with iron occurring in two oxidation sga€* and
Fe"), and is commonly found as rock inclusions in kimberlites and volcanic rocks @P@Sgver,
1986 and Blatt and Trage2001). Hence ilmenites argood candidates for studying the®Fe™ ) H
ratio, in-situ under pressure. Determination of the ratio of the oxidation states of the two
mineralogically important Fe catioEe* ™ ) Has been useful in the study of iron bearing materials
to obtain information concerning the weathering histofy deposited minerals and including
diagenesis ofitese materials after depositiowderenborghet al, 2002; andCanil and O™ Neil,
1996) The oxidation states of ilmenite mineral inclusions have been explain&etgand Hearne,
2004 Figure 2.28 andable 2.4 as a goodndicator of the oxidation state of the host kimberlite

assemblage, which in turn determines the origin and genesis of diamond.
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Figure 2.27. Room temperature Méssbauer spectra of phmoxene inclusions from George Credakrdonds.
The data were fitted wittwo F€* doublets and one Fedoublet; the latter is shaded black. The arrow indicates
the region where the high velocity component of*Rebsaption is observed in spectra fromantle-derived
clinopyroxenes (McCammoet al.,1998)
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Diamond # 7 20 35 7 15 19 20 41

Phase Gt Gt it Cpx Cpw Cp Cpx Cpx
Fet (1)

CS (mm,s) 1.29 (1) 1.30(1) 1.29(1) 113 113 113 113 113
05 (mms) 5400 355 (1) 31.52(2) 1.59 (6) 200 ) 1.87 (10} 1.61 (8) .83 (3)
W [mms) 0.40(2) 042 (1) 0.37(2) 0.37(7) 0.40 (3) 0.52 (8) 045 0.41 (3)
Fe'* (1)

S (mm)s) 1.13 1.13 113 113 113
Q8 (mm,s) 2.57(3) 241 (8) 2.4446) 231 (4) 2 (3)
Wi mm/s) 0.42(3) 041 (6) 0.36(9) 045 0.46 (3)
Fe'™:

CS (mms) .37 037 037 041 041 041 041 .41
05 (mm5) .51 05l 051 .60 .60 .60 .60 .60

W (mms) .35 035 .35 .44 .44 44 144 44
Fe'* /ZFe (%) 0(3) 3(2) Ti(3) 12 (&) 11 (3 B (6) 14 {8) 1447}

Table 2.3. Room temperaturéitted Mossbauehyperfine parameters of mineral inclusions (€&ntre shift;
QS quadrupole splitting, Wfull width at hdf maximum). Numbers in parenthesg#sowthe standard deviation
of the last digit; parameter values in italics were fixed during the fitting process (McCaetraigri998.

-4 -2 0 2 4
1.00 '

0.96
0.92

-4 =3 =2 -1 0 1 2 3 4
Velccity (mm/s)

Figure2.28. >’Fe Mossbauer sgctra of an untreated FeTj@ample at room temperature plotted on a restricted
velocity scale. Solid curves are theoretical fits to the experimental data. ModifieSedigand Hearn€2004).
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Abundances (%) §(mms 1) AEp (mms Ly )
(a) - - - - - s )
Fe" Fe't Fepls Fe* Fe™ Fe—* Fe™ (Fe ™)
Ambient 742 161 097 LO6T(1y 02728 06942y 0.32(2) 0.345(4)
Abundances (%) 5 (mms—1 AEp (mms Ly )
(b) - : : Fa_
Fe=* Fe™ Fepls Fe* Fe™ Fe=" Fe™* (Fe=™)
Ambient 722 132 146 LOZICLy 0210 06932 0.392) 0311¢3)

Table 2.4. Abundance of each component of ilmenite sample speetiaed from absotpn areas at room
temperatureModified afterSedaand Hearng2004).

Mossbauer studies of natural ilmenite from different diamond kimberlite deposits across the world,
for exampé South Africa, Russia, Sierra Leone, have been extensively studied byeVaigg1998),

who concluded that ilmenites from South African kimberlite pipes show two different oxidation

conditions, one (ROM 264H41) is moderately oxidised with #¢™)H UDWLRYV DQG D ¢
second (ROM38) is reduced with®e™)H UDWLRV RI By compa@sBn, ilmenites
from Sierra Leone kimberlites (HAG 2) are more reduced witti/ "8)H UDWLRV RI DQG

likewise iimenites from Yakutiarpvince (Russia) have #¢™)H UDWLRV UDQ.192QJ IURP

An ilmenite from Portugal revealed a different scenario of oxidation conditions. According to
Waerenborghet al (2002) highly oxidised ilmenite (Figure 2.29 and table )2fEom southeast
Portugal may be associated with pa&shplacement evolution of the ophiolite gagment of the

Earth's oceanic crust and the underlying upper mantle that contains peridotite, layered gabbro, dikes,
and volcanic sediments/rockBjatt and Trace2001) and the opiolite sequence which contains
different altered oceanic rocks (marine sediments and ocean crustal rocks which are part of the
mantle; Pressand Siever, 1986. Different minerals phases (magnetite, amphiholesnatite and
ilmenite, Table 2.bpresent inhie studied sample Byaerenborgtet al (2002) have been identified
usingXRD.
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Figure2.29. Room temperature Méssbauer spectra of ilmenite inclusions in ophioliteDoaklets represent

Fe&* and F&" in iimenite (thick lines) and B&in amphibole. The sextet represents hematite at both samples. In
the case of AZM 13HM two additional sextets with lower magnetic splitting, due to magnetite, are also present.
Modified after Waerenborgét al (2002)

A Th , Maznetite Hematite Himenite Amphibole
AZM 13HM Fe Fed - Fe'* Fel Fe? Fet
& (mm/s) X7 067 (135 |07 32 .15
Ammis) 0.73 052 2449
£ofmns) (.0 (.00 .22
By ATy 495 460 510
I imms) (L35 {146 (1.8 {144 .52 1047
{ 1% 1 7% [ 2% M [ %% iy
Hematite llmenite Amphibole
AZMIZLM Fe' Fel! Ee'! Fel
T K & (mm's) (L3R 106 032 114
A {mm/s) .71 .40 249
& (mm's) —0.22 - - -
By (T) 499 -
I {mm/s) 03K 01.36 038 0.47
) 2004 32% 12% 6%

Table2.5. Room temperaturétted Méssbauehyperfine parameters of mineral inclusions (ilmenite, magnetite,
hematite and amphibole), (CScentre shift; QS quadrupole splitting, W full width at half maximun
Modified after Waerenborgét al (2002).
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Chapter Three . Field work, experimental proceduresand petrographic
study of mantle xenolths and kimberlite rocks

3. 1. Fieldwork

During field work inLunda province (LR)rocks from crater, diatreme and hypabyssal fagiere
sampledFigure 31 represerdthe ideal occurrence model and petrogenesis of kimberlitesSioarth
Africa. The kimberlitedrom NE Angola (unda provincesand South Africa arsimilar and ardvoth
classified as Group | kimberlitgSkinner, 2008 Mitchell, 1991 andField and Scott Smith, 1998
From studying e morphologyand pterologyof Lundakimberlite magma after emplacement and
cooling it has been show(see Chaper)2hat Lundakimberlites are products of multiple intrusive
and extrusivenagmatic events similar thidse depicted for South African kimberlitesHigure 3.1

2 | | - .
Old Terminology . Revised Terminology
: I\{esledimlented
iclastics /olcaniclastic
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w
m -~ . Uo O
ks Tuff ring 8285 S
E LT o =
3 =
S =
< A isiti Massive =
Tuffisitic & ssive
K:%ﬁfr;;"m . . Volcaniclastic E
Breccia Kimberlite (MVK) -
s (TKB) —
g » g
¥ v,
= é o
3 -
S =
é = -
= ; 2
Q = Z
) <
= |3
g |o
L e R 4
z
w
Z pe
- 2
&
S o
s
=
en

Figure 3.1. The classic South African model of a kimberlite pipigh old nomeaclature (left side of figure) and
revisednomenclature system (right side of figure) to describe réa kimberlite magmatic systems as recen
suggested b$parkset al (2006; Scott Smithet al. (2008; and Cast al (2008).Figure fromKjarsgaard2007)
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The field work described in this thesiwas conductedcross several active diamond exploration
mines in the Lunda provinseegion(see kgure 2.1).This investigation focuses on core sampmés
deep mantle facies roalecovered from explorian drill holes atfive primary kimberlites diamond
mines(Cataca, Camutue, Caixepa, Camatxia a&magicd. The core samples, with othesamples
from outcrop exposuredave helped tadentify the architecturemodel of emplacement of.unda
kimberlite pipes(for example Figure3.4) and have also providedome alluvial informatiorfor
diamond indicator mineral§igure 3.13)

Two different sampling methods were used during sampling activity

1. Core dilling method (see figurd.9)
2. Rock crushingusing ageologicalhammer(see Figure3.10

Both ofthese methodwere applied duringamplingactivity anddiamond field workDiverse mantle
xenoliths, comprising lherzolite, harzburgite (PeridgtRggures 3.2 and 3.5 sample énd eclogite
(Figure 35 sample agare distributed throughout the nogtast Angolan kimberlite and these materials
were collected at different localitieSampling of nantle xenoliths was primarily targeted toward
garnet lherzolite and harzburgite assemblages (garnet, ilmenite olivine, pyroxene chromite) including
bimineralic eclogiteApart of mantle xenoliths, kimberlite rocks such as pyroclastic kimberlite (PK),
resedmented volcanoclastikimberlite (RVK), tuffistic kimberlite (TK) and hypabyssal kimberlite
(coherent or nofiragmental rocks) were mostly sampled rocks #ralresults of their petrographic
analysis are provided belowhese kmberliterocks were samptethrough sevetdormation facies or
zones:crater, diatreme and hypabyssal facies @kapter 4. Most of the samples exhibited an
inequigranular texture(Figures 3.2; &; 3.7 and 3.8and also se further descriptions and
classifications of samples A&ppendix2).

In order to avoid contamination, all samples were kept in sealed plastic bags and boxes (Figure 3.3)
but throughout the sampling activities, it was observed tloat plivine was serpentinised. Kimberlite
indicator minerals were obtained fncssamples after they had been processed by the mining company
to recover diamonds from the sampled kimberlitds samples were attributed names according to
their source (crater, diatreme and hypabyssal facies). The summary of representative samples,

including their depth of drilled section from each pipe, is presentEthapter 4
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mequngranular téxture . - "
from sampled pyroclastlc klmberllte rock(PK),
Calxepa mme

Figure3.2. Photographs of Caixepa kimberlite sampsgwinginequigranulatexturewith large inclusion of
mantle xenoth (P-type).

Figure3.3. Phot@raphsillustrating how the sampsaverecatalogued and storeéal the petrographyaboratory
of the Catoca diamond mine
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3. 1.3. Catocakimberlite pipe

Several kimberliterocks and mantle xenoliths were collected atedéht depths and localities at
Catoca ppe. Sample locations are depicted ingliie 3.4 and Appendix 2.Figure 3.4 also
demonstratehiow samplesvould have been originally placeat fit in geological pipe @mples
include:A (Cat18); B (Cat22); C (Cat29); D (Cat58); E (Cat59); F (Cat67).

As previously recognised by Gangaal. (2003), Catoca chimney occupies 639,000 sqrf) &nd
kimbetite bodies (900 x 900 f which resultingit to rankas the world fourth biggest diamond
mine in the world by reserveThe pipe containg compex geologi@l structure (Figure 3,4and
Appendix 3 whereas theCamafucaCamazamba@ipes are considered to lige biggest kimberlite
bodies in the world (Gangzt al, 2003) wth surface area of 160 hectares. The reason for this may be
associated with large volume magmatic events theit composie nature which probably gives
CamafucaCamazambahe largerdimensiam. Apart from these kimbhtes, other diamondiferous
pipes almg the Lucapa graben include CamutQaixepa andCamakia-Camagic which are also
very large.Other important aspects related witie occurrence afiamond cotent within Angolan
kimberlites,is that the diamond gradkecreasea southwest orientationanda series of alkaline and
carbonatite complexeare located at southern extremity of the corridor structumentioned above
(seeFigure 2.1)

During field work and sampling activitiest was observed that most country rocks (host rocks) are
composedof granite, gneisses and crystalline schists but they are covered by sediments of the
Kalahari Formation and paleogeneogene approximately 18bthick. The most important and
complex aspect observed at Catoca pipe is the occurrence of its cratefTlaisiggological zonean
beinterpreted to be a complex formation event because its structure is associated kttbénktic
pyroclastic suspension modé&ldrvovet al, 2011)which has filled the central part of th@e (Figure
3.4). The rock shows awide variation in composition and inequigranular textural features. For
example, the crater @amatxia, Camutue and Caixepa &atoca pipe is dominated by several rock
types, including:

9 Banded tuffisitic kimberlite.

9 Sediments with little dilution byiknberlitic material.

9 Volcanic sedimentary, tuffargillaceoussandstone and sedimerglcanic sequence.

9 Kimberlitic tuffs breccia
It was observed that most crater facies rocks are browgnéshin colour, and some shale rocks

exhibit layered textures drarepoorly sorted.
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Figure3.4. lllustration of a complexgeologicalcrosssection of the Catakimberlite pipe, modifiedafter
Pervovet al.(2011)

Coherent magmatic kimberlitecks (non-fragmented ocks, see Figure 3.2Dwere only sampled at
Catoca mingprobably due to its great depth (>600iMpst indicator mineralslmenite, Crdiopside,
garnets chromites ad pyroxenes are present in thacies, but mostexamined olivine is
pseudomorphed by smntire (Figure3.20). As discussed in sections 2.2 and 2.2.1, kimberlites can be
classified as Group | or Group Il. The Lunda kimberlites are classified as Group | kimberlites
(Skinner, 2008and Mitchell, 1991).Kimberlites of Lunda province (Group ) leibit a distinctive
inequigranular texture (Figure 3.6)[his is caused by macrocrystic and megacrystic materials
incorporated in fine grain materials. The most abundant phenocnyatsgcrysts of olivine, garnet,
spinel, pyroxene, ilmenite and phlogapitare set in a fine to medium grained groundmass of
serpentine, carbonate and altered olivine.
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Figure 3.5. Different Catocamantle rock tpes from LP. aBimineralc eclogite,composed mainly ofarnet

(red-brown) and tnopyroxene (green),b) Peridotite inclusion in kimberlite rocknd c) Coherent kimberlite

Macrocrystals of
Iimenite

_Gases bubbles

Figure3.6. Diamondbearing kimberlite rockpyroclastic kimberlite (PK) frondiatreme faciesat Catoca mine

(Diamonds are not visible).
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3. 1. 3. Caixepaand Camutuekimberlite pipes

Despite the fact that there may be some insignificant differences of kimberlite occurrence within the
Lucapa Graben, the petrographic facies of Camutue, Ca{¥égae 3.7, Camagico, Camatxia and
Camagico are similar to those described for the Catoca pipe. For instance, one of the noticed
differences among them is that the hypabyksaberlite facies were observed only at Catoca pipe,
probably due to the geologidactors associated with the occurrence of the pipe and that Catoca pipe
is bigger and deeper than other sampled pipes

Mantle Xenolith
Peridotite

Kimberlite

Peridotite

inclusion : e““_"VSt o
' limenite

Calcite

Figure3.7. Surface diamondxploration activity at Caixepkimberlite mine Inset- commonequigranular
texture ofkimberlite mantle gnolith included irdiamondbearing kimberlite rock, from Caixepa main

The dominant mantle xenoliths #ite Camutue and Caixepa pipes greridotite, but mosbf the
observed livine is serpentinised The inguigranular texture (Figure 3.7 and B.8 the most
dominant texture from these pipdss seen in Figwes 3.7 and 3.9%oth Caixepa and Camutue pipes

are covered by a severaktre thick layer of Kalaharasds.Ilt was observed that the upper tpairthe
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pipe (aater zone) iscomposed of kimberlite tuffisitic leccia, gravestones, sandstopgroclastic
kimberlite (PK), resedimentegblcanalastic kimberlite (RVK)and tuffisitic kimberlite (TK). Due to
its uniform body, diatreme zones lofinda kinberlites are characterised by the presence of numerous

mantle xenoliths of different size and composition

Figure3.8. Photograph of aidmbndbearing kimbdite rock, from Caixepa mine {@monds are notigible).
This is apyroclastickimberlite core (Caixepa mine)

Several fesh (unaltered) and some minor altered rockere obtainedat variable depths (see
Appendix 2).For example, olivine grains from great depftiiatreme zonesee Appendixet and 2)
are replaced byespeitine and white calcite (Figures 3.8Some crater and diatreme rocks are
charaterized by low diamond content®( example those from Camatxia and Camutue minesisT

is because these zorm® significantly diluted by country rodkagments or other geological facs.
The quality and averagée of diamonds however fggher at Caixepa than angther pipe in Angola
(anecdotal information obtained from local tEgpsts and diamond evaluators), and this information
is also supportk by Mdssbauer analys{see ChapterFour) As illustrated in Figure 3,8the most
widely observed rockfrom this pipeare poormedium sorted with browrtisand grey colour
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The red coloured
material is resultant of |
reaction oxidation

process

Inclusionof
mantle peridotite
in the kimberlite

Figure3.9. Photographs ofamnping activity by drilling core method at Camutoéne
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3. 1. 4. Camatxia and Camagico kimberlitepipes

These pipes (Camatxia, Figure 3.1&nd Camagic® have similarpetrographic faciedo those
described above for Catoca, Camuaunel Caixepamines.Most kimberlite crater facies sample rogk
from these pipes preseimequigranular texture, angular and rounded blocks of different siitbs
irregular shapeand are generally brownish to grey in colour, with some visible mmattdration.
Mantle xenolih rocks (Ptype) was found (Figures 3.10 and 3.1Djlution processes may have
affectedcrater rocks t(ffisitic argillaceoussandstone, grastones, or resedimented volcelagtic
kimberlite, tuffisitic kimberlite breccia and pyroclastic kimbeilitécoording to information from
local geologists, most samplgipes present a Higr quality of diamond than tho€atoca pipeln
contrast,Catoca pipe provides a higher volume of diamond than any other pige (seeChapters

Four formore details).

Figure 3.10. Photographs ofasmpling activity through hammer at Camatxia diamergloration mine. Rype
are inclusios of mantle peridotite

N ¥ 4

L g
Inclusi‘g.l".;l affaltered mantle xenoliths (P-type),
from CaffjatxiaKimberlite

Figure3.11. Photogr@h of an nclusion of maré xenolith (RPtype) inkimberlite rock(Camatxia kimberlite)
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3. 1. 5.Heavy concentrat (kimberlite indicator minerals) from sampled kimberlites

Diverse indicator mineralsr megacrystgFigure3.12 were collected throughotihe sampled pipes.
These minerals areequently associated with diamonds inside kimberljRsbertset al, 2015 and
Boyd and Gurney, 198&nd they are used as indicator minefatdiamond exploratiofGriffin and
Ryan 1995 andraylor et al, 2000).This project highlighted thahese are megacrysts minerals and
they arederived at the base tithospheric mantle osub-continental lithospherianantle (SCLM) of
Congo craton,with thickness R 1 250km (Ashchepkovet al, 2012)and consequently thegire
originated fromthe earlier formed magma or pretémberlite magmaMoore andBelousova, 2005)
From an exploration point ofiew, the most importanindicator mineralsare chromite, ilmenite
garnet,olivine and Cr-diopside(Gurneyet al., 1993) These rinerals exhibit indicative visual and
compositional characteristics, making them ideal pathfinder for kimberlite, which is the main source
of diamonds worldwidgWebb et al, 2004 and Kamenetskyet al, 2006) Garnet, ilmenite and
chromite have special aalities for beingmore chemically resistant minerals due to their greater
ability to survive weath#ng in the surface environmeni@wicki et al, 2007). These minerals are
classified asindicata minerals because they form at gresggsure and high tgrarature under the
same conditios requiredor diamond formatiorfTaylor et al, 2003;andGriffin and Ryan, 1995)

picro-ilmenite Cr-diopside
ER A
foivine

Figure3.12. Photographs ofidmond indicator minerals separated fr@@matxiakimberlite rock
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In addition, diring field work, many kimberliténdicator minerals were observed tre surface.
These are assumed to be released by erosion due to washimivéoror rain water;consequently
they weae deposited in rivaras part of mixture dénents(Robertset al, 2015. According toRoberts

et al. (2015, the Mesozoic kimberlites from NE Angola are normallerlaidby CalondaFormation
(CF) (Figure 3.13 sediments measuring.3 £ m thick of matrix-supported gravel with
intraformational ad extrabasinal clasts in a fingrained and poorly sorted muddy sandstone matrix
which is characterized by a clastic assemblage which contains pebblediaandnd indicator
minerals,which are importanfor diamond prospectingThe CF therefore plays a¥ role in the
context of this project by collecting the products of surface of fragmented kimberldesliimy
diamond and it$ndicator minerals (Pereirat al., 2013). During sampling activity, some kimberlite
indicator minerals were sampled frahe CF. The major implication for thigeological formation in
Lunda Province, is that plays a very important role in terms of diamond exploration in Anguoid,

as an ore, it represents a big exploitable reserve of diamond and also provides importaot indica
minerals of the kimberlitesearch and diamonds exploration.

Figure3.13. lllustration of relationship between the eluvial and alluvial diamondiferous deposits of NE Angola
and the pospliocene morphimgenesis (Modified after Pereied al., 2013)
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This shows thaalluvial diamonds in NE Angola are located in the Calonda stru¢Robertset al,

2015)which means that these diamonds are originally from magmatic kimberlites pipes, subsequently
the dianonds crystals have been eroded from mother rock (kimberlites), and ultimately they are
deposited in the rivers. Diamonds from CF have higher quality and are cleaner due to river

transportation, than those from kimberlites.

3. 2 Experimental procedures sample collection and preparation overview

This section provides information dhe samplepreparation techniques amdperimental methods

used in this research, includimgetrographic analysididéssbauerspectroscopy, XRD, XRF, and
EMPA. Figure 3.14 show/the summary process of sample collection and prepar&tomossbauer
spectroscopy, XRD and XREhe samples were crushed carefully in a cylindrical vorcisher, sieved

to separate, resulting grains by ammiate size (>1mm and < 1mnh). addition, land magnet and the

Frantz magnetic separator methods were used to separate samples into different fractions to facilitate
accurate mineral pickingA hand magnet process was basically applied to remove any strongly
magnetic mineral phases present in crdskimberlite samples, such as magnetite pyrhotite (an

iron sulfide mineral, FeXas these minerals could possible damage the Frantz equipment. The Frantz
magnetic separator was used to separate weakly magnetic minerals in the crushed kimberlite rock,
such as ilmenite, garnet, olivine and chromite by using a slope of 20° and 25° and elaaotrézsl
settings at 0.4 AmpsSample contamination, material loss, physical and chemical alteration by

moisture or poor storage environment, were avoided duample preparation as far as possible.
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Figure3.14. Flow-chartshowingkey aspects of theamplepreparatiorprocess

3. 2. 1. Petrographic analysis

In order to obtain successful petrographic analykésjmpregnatiorand thin sectioning procedures
used to prepare the sampéevery important. The samples for this research were prepared carefully
usingstandard procedureBor this studymore than 15epresentative thin section samples fritma
Catoca, Camatxia, Camutue, Caixepa and Camagiémberlite pipes were prepared using
conventional polishing techniques for the preparation of polismestcovered thin sections
(50mmx28mm, glass slide, 28pu thick) for study usingreflected light and transmittetight
petrographic microscopffFigure 3.16), scanning electron microscpSEM) and the ElectroMicro
ProbeAnalysis (BMPA, seeSection3.5).
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Figure3.15. Petrographic microscopy equipmeajLeica TCSSP5and b)Olympus FV1000

In addition, nineral identifications werecarried outand textures studied using botiptical
microscopy and aHitachi S-3600N scanning electron microscof@EM) with a 15.0kV accelerating
voltage. The modal mineral proportionAppendix ) were determined using a combination of
mineral identification ofpoint count and image analysis of badattered SEM images for

representative samples

The standard abbreviations used & S[: FOLQRB\URJWQ:JDA HR/OL 2ISQ:H
orthopyroxengSpl: VSLQHO 3KW : SKORJRSBEXWA : UOEDIEOOP I QESMHD W H
. serpentineHem : + H P D WKpht Hkelyphite Mag: Magnetite
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3. 2. 2. Méssbauer spectroscopytheory, samplepreparation and analysismethodology

3. 2. 2. 1. M@ssbaer spectroscopy theory and practice

The Mdssbauer effect was discovered in 1957 by Dr Rudolf Ludwig Méssbauer, who was a German
physicist who studied thossbauer effecor recoilless nuclear resonan@@utlich 2005) Since then
Mossbauerspectroscop (MS) has beemvidely used by researchers in geostiign environments to
investigate materials contains tie-bearing mineraland compound¢McCammonet al, 1998,

2000; Al-Rawaset al, 2008; Frostet al, 2004;Homonnnay 2004. One of the key reass making

iron (Fe) an important element for geological studieghad it is the most common element that

occurs in multivalent states iterrestrial deposits (Dyaet al, 2006). In addition, Fe occurs in

multiple oxidation stategh extraterrestrial nmeral environmentgSobolevet al, 1999) and tlese

make iron a common constituent of silicate minerals in both igneous and metamorphic rocks (Ruskov
etal., 2010. For the mineralogist and the petrologiatestigation of site occupancies in minerals is

of paramount importance/ KH UHF RLD\OGIVWWULEXWLRQ KDV D QDWXUDO OLC
10° H9 ZKLFK LV VPDOO mRen&fyUap@oxithReWiord 7KH UHFRL OOHVYV
with appropriate energy in Mossbauer spectros@spigts indetection of minute nuclear energy level

differences between nuclei within the source and absorber @Dgay2006).

3.1.2.1. Experimentalprocedures

As illustrated in Figure 36, a radioactivesource, absorber (sample), detector anda dinit which
oscillatesthe sourcerelative to theabsorber are the main components ofstéandardMéssbauer
spectrometer (Dyaet al, 2006). In addition, Figure 3.1€hows thehorizontal transmission geometry
of a Mdssbauer spectrum measuremastescibed by Seda (2003). N/)(is the number of counts
which aredetected during a certain time interval at a Doppler veloe)tgf(the MGssbauer spectrum.
The Jdray emitted by the sourgeasseshrough the absorbesndis detectedand displayedas a
function of the velocity of the source. The experiment is performedsiillatingthe source toward
and away from the sample while varying the velocity with constant acceleratiotiFe Méssbauer
spectroscopyif the source velocity increases by 1 mm/s taivhe samplethis increases the energy
of the emitted photons by (14.413 kelyjc) = 4.808x 10" eV (Dyaret al, 2006).
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Figure3.16. Schematic of a Méssbauer spectrometer (b)aaneixample of theesulting spectrurSeda, 2003)

Figure 3.16(b) shows no hyperfine interactions, thus the spectral line is centred at zero energy
(velocity) without shift or split. It has beemtedby Dyar et al. (2006) who investigated severahrth

and planetary matials, the presence of nuclear charge and its moments such as nuclear monopole
interaction, quadrupole moment and magnetic dipole moment, can cause the nucleus to interact with
its local environment and consequently thdsgerfineinteractions result inhe splitting of nuclear
WUDQVLWIQare detédted by scintillation counter, gas proportional counter or a semi
conductor detector (Duarte and Campbell, 206®B)ses from thedetectorare amplified and pass
through adiscriminatorwhere most bthe nonresonant background radiation is rejed{8dda, 2003)

and finally are fed int@ multi-channel analysewhich is synchronised with thescillator drive unit

with (Gutlich, 2005)
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3.1.2. 2.The theory of Mdssbauer spectroscopy

TheresonantBELVVLRQ DQG DraywiRdaicBdbYy RuGleill atoms is termedtasMdssbauer
effect(Gutlich, 2005). 7KH UHFRULD\OGNVWWULEXWLRQ KDV D QDWXUDO OLQH
eV, which issmall, FRPSDUH G ray RnevgKapproximately10* eV. RH F R L Or@ys With

appropriate energs in Mdssbauer spectroscomnabledetection of minute nuclear energy level
differences between nuclei within the souacel absorber (Dyaat al, 2006)

3. 2. 2. 3. The Mossbauereffect: reil-free nuclear spectroscopy

Atoms and nuclei have excited states that consist of different electron, proton, and, neutron
configurations(Erazo, 1999)These excited states are sometimes accessible from the ground states
through the absorption of gamma rays (photdng it requires highly precise and sharply defined
incident gamma ray energy in order to observe resonant absorption of gamma rays by nuclei. For
examplea®’Fenucleus in its initial excited state can decay by emitting a photon with energy of 14.4

KeV and this photon can be absorbed by another ¥6emucleugDyar et al, 2006)

Mossbauer spectroscopy uses solid state absorbers and emitters in gamma ray fluorescence
experimentgGutlich, 2005) The recoil energy from single nuclear decay eventslaitiae can be

too low to excite phonons, which means that for the purpose of recoiling, the decaying nucleus is
effectively tightly bound to all the other nuclei in its crystal lattice. The resonant and-freeoil
emission of gamma rays and absorptiongainma radiation by atomic nuclei bound in a solid is
known as the Mdssbauer effect. Accordingdiyar et al. (2006) who used Mossbauer spectroscopy

to investigate solid materials including many minerals, the process in which a nucleus emits or
absorbs gama rays without loss of energy due to nuclear recoil, is described as Méssbauer effect.
Resonant gamma ray fluorescenttas been described by MaddqdéR97) as an important tool in
determining a variety of nuclear and solid state properties. The discofi¢ing Mdssbauer effect

greatly increased the accuracy and capabilities of gamma ray fluorescence. This in turn has made
possible the accurate measurement of nuclear lifetimes, nuclear magnetic moments, and nuclear spins
(Forder, 2004)

The Mdssbauer efigt shows that when atoms are held tightly in solid materials, the gamma radiation
emitted by their nucleis essentially recoifree. This means that the emitted photon will contain the
precise frequency (energy) that corresponds to the transition eredvggem the nuclear ground state
and the excited sta&razq 1999. This photon with the nuclear transition energy may interact with

another similar nucleus, also tightly fixed in a solid structure, and then absorption can take place. A
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photon that carrethe exact transition energyay also excite another nucledssimple schematic is

shown below in Figur8.17 according tdDyar et al. (2006)if the emitting and absorbing nuclei are

within identical, cubic environments then the transition energiegdargical and consequently will

yield an absorption spectrunfigure 3.18. According toGutlich (2005) this resonance can take

place only if the transition energy (EE,£4) LV LQ WKH UDQJUH MNH®D XI§ keV

there is complete neresmant absorption and. | ( NH9 WKH UHFRLO HQHUJ\ ZLO

will destroy the resonance.

Figure 3.17. Representatiorof nuclear emission and absorption processes between the excited and gro
nuclear statewhereE is transition gamma ray enerdy, is excited state energy ang i& ground state energy

In a typical resonance experiment, a gamma ray is emitted by an exaiteds and then absorbed by
a nucleus in the ground stgtdaddock 1997)see kgure 317. When emitting thegamma ray, recoill
energyis lost to the recoiling nucleus but additiomatoil energyis requiredto conserve momentum
when exciting the second nuclei@eda, 20037'Fe Méssbauer spectroscopgs ahigh resoltion of

1 in 10? (Maddock, 199Y. This exceptional resolution imecessary to detect the hyperfine

interactions in the nuclefMossbauer, 20Q@nd Forder, 2004
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3. 2. 2. 4. Hyperfine interactions (HI)

Tiny energy variationgl in 10 eV or 1x10" eV, high resolutiorenergy in the magnetic field at the

*"Fe nucleus, and even distortions or asymmetries in the shape of the lattice that encloses it, can
generate shifts and splitting in the absorption line. However, these ialteraif the nuclear
environment producebservable effest which are calledNuclear Hyperfine iteractiongseeRoyal
Society of Chemistry, 2016Hyperfine interactios (Figure 3.18 are one of the aspects thabke
Mossbauerspectroscopy aiseful analytical toolDue to thevery narrowly defined nuclear energy
states, the smallest change in the energy of the photon will destroy the resdviaesbauer
spectroscopyas proven itself as an exceptional technitpueneasureand detectinquuclear energy
different levels(Dyar et al., 2006)and thelabelled numbers 1/2 and 3if2 Figure 3.18represent the
nuclear spinFigure 3.18(b) representshe interaction of the nuclear quadrupole moment with the
electric field gradient, splitting the nuclear energy levels. For the is6tBpethe splitting generates
individual peaks in the transmission spectrum to split into doublets obtaining a quadrupole splitting.
In order for Zeeman splitting to occur, an internal magnetic field should be present at the nucleus
(Seda, 2003)which will crede a sextet pattern (Figure 3.48

According toMdssbauer 2000, hyperfine interactions represent associations and relations among a
nuclear property and appropriate etenic or atomic configurations. Thereforaese hyperfine
relations are impdant because they providenportantinformation aboutelectron and spindensity
distributions (Erazq 1999. The advantage of the Mdssbauer method to detect the hyperfine
interactions arises from the very narrow line width of the nucleasitiams involed in this effect
(Dyaret al, 2006.
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Figure 3.18. lllustration of °’Fe nuclear energy levels and resulting Mdssbauer spectra due to (a) electric
monopole interactions; (b), quadrupole interactions engburce and absorber and Z&eman splitting for the
excited (I = 3/2) and ground (I = %2) nuclear levels and transitions between these Mudifed after Seda
(2003.
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3.2. 2.5. Key Mossbauerhyperfine parameters

Important hyperfine parameterstected front'Fe Mdssbauer specteaie described below (Giitlich,
2005).1somer shift (ISpoccurs due to the electrostatic interaction between the electron charge density
at the nucleuand the charge distribution of the nucleus itself over its ratiugives information on

the oxidation state; spin state and valence state of(Forder, 2004)and limited information on
coordinationnumber Ferrous ions (F&) have larger positive isomer shifts than ferric ions*{)Fe
Quadrupole splitting (QYrisesfrom the interaction between the nuclear electric quadrupole moment
and theelectric field gradient (EFG) at the nuclewdS providesinformation on the coordination,
oxidation state, spin state and site symmetry of iron species in the sampieidth (LW) provides
information on crystallinity (LW tends to be narrow if the sample is strongly crystallized with single
phase whereas wider LW occurs when the sample is partially or fully amorphous, Magnetic field (B)
This arisesvhen the nucleus is under agnatic field. Bgives information on the magnetic properties

of the material under investigation. B is resultant magnetic field at the Fe nubléasbauer
parameters IS, QS, LW (and B for magnetic phases), can help to identify the valence state and
coordnation or site occupancy of Fe in a given site and individual mineral Fagune3.19

Figure 3.19. Room temperaturdS vs. QSfor rock-forming minerals.Purple symbols(3.5a) represent oxide
phasesprange symbal represent sulphides, sulphatesl phosphates; andisdte minerals argreen.Figure
(3.5b) showshatdistinctive 1S and QS ranges occur for each valence state and site occupandyrofrfiyar
et al. (2006).
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3.2.2.6. The nuclear decay scheme for®’Fe Méssbauer spectroscopy

Radioactive®’Co, with a halflife of 270 days may be generated in a cyclotron and is diffused into a
noble metal such as rhodiufRh), serves as the gamma radiation source°fBe Mdssbauer
spectroscopyMaddock 1997; Forder, 2004 and Seda, 2003)As seen in Figure 3.2Ghe decay
scheme of the’Co radioactive source fofFe Mossbauer spectroscopy is a crucial prodess
MossbauerspectroscopyForder (2004explained that a lonlijved excitedstate isneededto have

opportunityto record the spectrum.

The>'Co nucleus in the radioactive source decays by multiple processes tyFeras the daughter
isotope. Electron capture from the-dkell, thereby reducing the proton numbemfr@7 to 26,

initially populatesthe 136 keV nuclear level 6fFe with nuclear spin quantum number 45£2. From

this -5/2 energy level further decay occurs, by emission of gamma photons: 9% of the decay occurs
from the -5/2 nuclear energy level to the ground stat¥2), emittinga 136.3 keV photon. The
remaining of 91% of the decay occurs in 2 stages, from3kHe nuclear energy level to th&/2

energy level; and then from th&/2 state to-1/2 ground state. It is this last decay which emits a
14.4keV gamma photon (Dyet al, 2006. This 14.4 KeV photon can then be captured by recoilless
absorption by the nucleus YFe in the sample material.

Figure3.20. lllustration of nuclear decay scheme ¥4€o0: °'Fe and various backscattering processesFa
that can follow resonant absorption of an incident gamma photon with different energy leved{(@y£006)
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The Moéssbauer effect is e to studydifferent of isotopes ariants of a particulgchemical element

with different neutron numbewith longlived, low-lying excited nuclear energy state such &,
BlEy, °%Gd, Pt P"Au, 1'°%Sn and ®'Ni (Dyar et al, 2006). However, thenajority d Mdssbauer

researcherase®’Fe isotope due to the following:

The strongest receitee resonant absorption.
b. A low gamma ray energyp ensure low recoil energy
c. The energy of the nuclear transition fréfffe is small enougho yield a large recoilree
fraction
d. A longlived excited stat€98 nanoseconds fGfFe) which is needed taecord a spectrum
The lifetime of the excited nuclear state, which determin&s should be neither too long
(resulting in undue sensitivity teibration) nor too short (resulting in loss of resolution). A
parent of sufficient halfife must exist that can populate the excited nuclear states in a
selected nuclide.
e. The wide range of technological, biological and geological applications of Fe.
The chemical elementsiarkedin pink colour in the periodic @ble3.1) are the elements for which
the MGssbauer effect has been observed.

Table3.1. Periodic tablef Mdssbauer active eleants(Gditlich, 2005)

Gitlich (2005)showedthat he Mossbaueeffect hasbeendetectedor D O P R V-kly transitions in
72 isotopes of 42 different chemical elememmse to different factors (lifetime of nuclear excited
state, easy accessibility transition energy and handling proeggspximately20 chemical elements
canbe practically studiedwith Mossbauer spectroscopy, includiAg, Ni, Fe Sn Sh Te, Ry, I, I,

W, Kr, Xe, and several of thenthanide and actinidgements).
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Mossbaueispectroscopy providevery precise and accurate resufor theoxidation stateand the

Fe*/ TEeratio (McCammonet al, 1998; Rollinsoret al, 2012; Sobolevet al, 1999).The accuracy

of Mdéssbauer analysis can provide determinationtte oxygen fugacity within the mantle
(McCammonet al, 1998; Quintiliani, 2005). Note thathigh oxygen fugacity isa destroyer of
diamond (Fedortchouk and Zhang, 201djithin the mantle and during kimberlitic eruptiomhe
oxidation state of iron indicates the amount of oxygen present when a mineral is formed. If the
environment wagsbundant in oxygerassemblageninerak presentvill contain more oxidized iron,

Fe’*, whereas an oxyggpoor environment will produce assemblage mineral containing lower levels
of F€* andmore Fé*. Another key aspect of thddssbauer technique is that if the sample contains
low amouns of Fe, this will require long measuremetimnes;therefore this can be seen as one of the

disadvantagesf Mossbauer gectroscopy

3.2.2.7. Sample preparation and analytical methods

Diamondiferous kimberlite and mantle xenolith samples fEokimberlite pipes in Lunda province
were studied usingMossbauer spectroscpplimenite, garnet and pyroxensampleswere each
separated from the host kimberlite rock, which was obtained from different deptsesmpled
kimberlite pipes(Table 42 in Chapter 4 In eah casethis separation was carried out by first
crushing representative kimberlite rock samples and sieving to <, 1tmemusing a hangbicking
method to ahieve very high visual purity, using an optical microscope and tweezers to visually
separate theamples from the crushed surrounding résde Figure 3.14)his could be done since
ilmenite has a distinctive daferown colour and garndie.g. Almandine has deep redcolour,
opaque, whereas Pyrope hieep red to blackolour, transparent and pyraene hasdark green to
black in colar, some pyroxene varieties range to light gjeén contrast to the grey colour of the
other constituents of kimberliteThis separation technique proved highly successful and little
contaminant mineral phases werarid to be present in the majority of these separated safspkes
section 3.2and Figure 3.211

Once separation was completed, feparatedsamples were crushed and approxehatlOOmg of
powdered samplavith particle size < 75um was mixedwith 40-50 mg of graphite powder (see
Figure 321) in order to fill a Mdssbauer absorber disc to obtain a Mdssbauer sarhpleuantities
usedin this studywere similarto those describeloly Sobolewet al. (1999, who stated thavidéssbauer
spectroscopy requires reltiHO\ ODUJH DPRXQWBVmdR torivahind@ @ it% <FeQ.
Although electron microprobe analys{fEMPA) has beenvidely used for chemical analysi®ioop
1987;Palmer2011 Nowicki et al, 2007, 2008 and for determination dfe**/ TEe (McCammonand
Kopylova, 2004 McCammonet al, 2001), at the present timélossbaueispectroscopy is the only
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reliable method for determining accurdte®/ ™Ee ratios (Sobolevet al. 1999 and Rollinsonet al.,
2012 in samples preparddr this project. Theatio Fe*/ TEeis importantfor accuratedetermination
of the oxidation stageof iron inindicator mineralsandtherebyfor estimating oxygen fugacity or
partial pressure durinigdicator mineraformation and transport (McCammenal, 1998, 2001and
Stagnoet al, 2013).

Mossbauer spectra were successfully obtained fpomdered homogeneowsmamples of ilmenite,
garnet, magnetite ardinopyroxeie. Samples wereneasureaver a velocity range of + 12 mrit &
orderto detectany possible presence of hyperfine splittinghich, if present, would bassociated

with potential contaminant iron oxides mineralsch as magnetite draematite. All samples were
measuredt room temperature of approximately of 293Calibration was performed using a natural
.-Fe foil, measuredver the same velocity range. All centre shift and quadrupole splitting values are

reported relative to this standard.

Figure 3.21. Apparatusfor Mdssbauersamplepreparation: scale@). The finely ground rock powder, (3nixed in some
cases with a small amount of graphite powder (6), mixed in the agatar and pestle (9 and Hd)d then it is compressed

into the disc (4) and sealed with (5) f@aling thedisc. The mixture is spatulas (2) into &sific cap of sample weight (7)

Spectra were recorded an constant acceleratioMossbauer spectrometer (Fig. 3.2Rith 512
channels. Blded data were fittedith Lorentzian lineshapassing a least squar@socedure with the
RECOIL softwareas used etwvhere(Dyar et al, 2006 and Waerenborgret al, 2002) All centre
shifts are givenrelative to . -iron. Uncertainties were calculated using a covariantarix.

Expeiimental errors were estimated#6.02 mm $ for isomer shift and quadrupole splitting
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Figure3.22. Mossbauer speameterused inthis study

3.2. 2.8. Some advantages of Mossbauapectroscopy

Someimportantadvantagefrom °’Fe Méssbauer spectra are as followpart fromthe advantage for
providing accurate results obxidation stateand F& ™ )H & 8eWitaRQuintiliani,2M5; and
Rollinsonet al., 2012, Méssbauer researchgiiSorder,2004; Dyar et al, 2006 McCammonet al,
1998 andMaddock, 199y havedescribed the following advantages for the technitigéigh energy
resolution: 1 in 1& eV, canassist us tstudy i detail the environment of the nucleus, identifying
different minerals phases and tinecalculating the ratios presenthe Mdssbauer Spectroscopy
technique does not affect the sample being studiedn-destructive.The lowest amount of Fe

detectable isamples isapproximatelyl0 micrograrmes
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3. 3. X-ray diffraction, theory, sample preparation and analysis

X-ray powder diffraction (XRD) israanalytical technique used fanalysis angbhase identification
of crystallinephase/s present in raaterial. Each crystalline solid has its own characteristica)
powderdiffraction pattern which can be used as a fingerprint for its ifleation (Moecher 2004).
Determnation and characterization afystalline materials is critical process in geologgnd in

environmental and matergdcience studie@vioecher 2004).

3. 3. 1. Principles of X-ray diffractometry

The principles governing -Xay diffractometry are as followsvhen a monochromatic beam ofrys

strikes a finely powdered sample (crystalsd@mly arranged) and the crystal planésthe powder

sample are oriented at the Bragg angleté the incident beartMoecher, 2004)diffraction occurs

for thesecrystal planes (Figures 3.23 and 3)2Fhe Xrays are reflected off a plane with the angle of
incidence( 1), which isequalthe angle at which the-Kays are diffracted. The angle of diffraction is

the sum of these two anglesT Diffraction occursonl ZKHQ % UDJJTV /DX sétiseD WLRQ

condition for constructive interference-f4dys) fran planes with spacing (d)

2dsinT Q Equation 1
Where:
d : is the spacing between layers and atoms (m)
T:. is the angle between the incident rays and the surface of the .crystal
. is the wavelength of the-Kays

n: positive integer (whole number, example 12, 3

The X-ray source, sample, andrdy detector are the three key basic elements for XRD XFtay/s
are generatedh a cathode ray tube by heating a filament to produce electfewssier, 2014
Swanson and Tatge, 1954 detector to pick up the diffracted-pays signal and converts the signal

to a count rate which is then output to a device such as a printer or computer.

Another key aspect from Figu823 is that, irorder thediffraction patterrto occur, theExtra
distance (DE) in Figure 3.23 must be daquaintegral number (n) of the wavelengththe X-rays
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Figure 3.23. lllustration of parallel X-ray beams travithg over different distancegAdapted fromBragg
diffraction.svg 2015)

Figure3.24. Schematic of an Xay powder diffraatimeter

XRD was deployedn this projectto identify different phases of crystalline material or mirgeral
present m kimberlite and mantle xenolith rock samplé&amples were carefully crushed in a
cylindrical rockcrusher and theplaced inmill and milled resulting in powdexd sample X-ray
diffraction measurementsvere carried out using Cu.. DV D VdhxaUHahalytical Empyrian
instrument equipped with a sample smn(Figure 3.25)Powder specimens were steganned in the
ranging 10t60 °2 TPeak positions were determined grlthseanalysis was carried out using the

Panalytical High Score Plus program
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Figure3.25. X-ray diffractometer used in this study

For XRD measurements tisample should be, itheory,infinitely thick but depending on the energy
of the Xray line and the matrix of theamples,a 2 to 3 mm thicknesss sufficient for operation.
Samples were ground very findy using amortar and pestléFigure 321) achieving an average
particle size of 5um wit a maximum grain size of 25unThe accurate identificatioof mineral
phass present in the samples was basedtta mineral powder diffraction fil§Pax and Stewart,
2012)

3. 4. X-ray fluorescence (XRF) spectromety

As illustrated n Figure 3.26 the X-ray source absorber (sampleland a detectorare the main
components of &XRF spectrometerX-ray fluorescenceenablespetrologists and geochemists to
obtain rockmajorcomponentnalysegSi, Ti, Al, Fe, Mn, Mg, Ca, Na, K,)Rand minoranalyses (Sr,

Ba, Sc)Y, Ce, ,Zr, V, CrCo, Cr, Cu, Ga, La, Nb, Ni, Rb, U, V, Y, Zr, ¥for rock forming minerals
(Ringwood et al., 1992. ldentification of elements in os by XRF is possible due to the
characteristic radiation emitted from the inner electronic shells of the atoms under certain conditions
XRF works when an Xay beam with energy around 20 keV, is directed at lattice planes, the beam
hits the atoms and gerating characteristic-¥ays which is caused by the ejection of an electron from
an inner shell of an atom hit by the incideatay and consequently an outer shell electron moves to

fill the space created in the inner shell, energy in the form ofray photon is emitte(Figure 3.28).
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Figure3.26. Schematic diagramf XRF instrumentatioiiMagiXPRO) used in this study

1. X-ray source(Rh). In order to excite the atomgtimary radiation(a source of radtion) is

requiredwith sufficient energy to eject tightlyeld inner electrons.

2. Detectors for example, ajcas Flow Proportiondd) Scintillation countersThese areised to
meetthe wavelength dispersive spectrometry need to have high pulse processidg sp
order to cope with the very high photon count rates that can be obtained (measuring the
energy of the photos

3. The Analysis software (e.g. Uniquantprogram converts spectral data to direct readout of

results

Figure3.27. XRF (MagiXPRO)analytical instrumentised in this study
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The chemical compositions of rocks are crucial and are usstddgseveral geological problenis,
the context of this projedhese including crystallization historyf &imberlites bodies or volcanic
rocks, processes of formation of the sea floor, (La Tour, 198®mical weathering in various

materials, processes of ore formation, and stratigraphic correlation of sedimmenkary

XRF works on wavelengthispersive spectroscopic principles that are similar to an electron
microprobe (EMPA) but the difference is that XRF is not able make analyses at the small spot sizes as
EMPA (2-5 um). Consequently XRF provides information on larger fractions of geological materials
in order to obtain analysi¥he use of sample excitation by electrons is also used in electron probe
micro-analysis (EPMA). According t@rouwe (2006) XRF is based on principle that individual
atoms, when excited by an external energy source, eiraly }hotons of a characteristic energy or
wavelength, by counting the number of photons of eargy emitted from a sample, the elements
present may be identified and quantifigthschke, 2014)n geological rocks / materials, the analysis

of major and trae elements by XRF is made possible by the behaviour of atoms when they interact
with X-radiation. In ordefor the XRF spectrometer to work, the sample should be illuminateah by
electronbeam or an intense-May beam, and consequently some of the enisrggattered, but some

is also absorbed within the saleput depends on its chemistijhe incident Xray beam is generated

from arhodium(Rh) target (Palmer, 2011) while others elements sudruagsten V), Molybdenum

(Mo) andChromium Cr) can be useflLa Tour, 1989depending on the choicé application

Electrons in the sample becomes excited wileaminated byan X-ray beam l(a Tour, 1989)The
excited electrons return to theiground stateemitting X-rays along a spectrum of wavelengths
charactestic of each chemicatlementpresent in the sampldlormally this process take place when

the materials are excited with higinergy, short wavelength radiation (e.grays), they can become
ionized and ithe energy of the radiation is sufficient teldidge a tightlyheld inner electroifFigure

3.11) the atom becomes unstable and an outer electron replaces the missing inner electron

Figure 3.28. Schematic representation ofrdy fluorescence using ageric atom and generic enerigyels.
lllustrationprocess of moving electrons to shells and the replacement pr@idesba, 2016)
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Energy Dispersive XRF (EIXXRF) and Wavelength Dispersive XRF (\WXRF) arethe two main
types of XRF spectroscopy, whiciffdr in the way the fluorescent-Rays are detected and analysed
(Palmer,2017). Normally an energy dispersive (ERpectrometemeasures the energies of the
emitted Xrays from the sample, by counting and plotting the relative nunmifeXsrays at each
energy, consequently an XRF spectrum is creat®davelength dispersive (WD$pectroscopy
measure X-ray intensity as a function afavelength and separates theays oreach pealaccording

to their wavelengths (Khan, 201The measured spectrum shows dilme peakgFigure 3.29that are
characteristicof the chemical elements in treample. Wavelengthlispersive XRF is the more
expensive process (La Tout989), but it is crucial for quantitative rock analys@uantitative
analysis involves determininge amount of each atom present in the specimen from the intensity of
measured characteristicrdy lines Peaks inthe XRF spectrum cararise from target element in-X
ray tube(Palmer,2011).The major difference betwedfD-XRF and WDXRF techniques lies ithe
achievable energy (spectral) resolutidror example WD-XRF systemscan provide working
resolutions between 5 eV and 20 eV, depending on their set up, wheréeéRFEEystems provide
high resolutions ranging from 150 eV to 300 eV or more, dependinbgetype of detector usetihe
higher resolution fronWD-XRF provides advantages in reduced spectral overlaphas@omplex

samples can baccurately characterized

Figure3.29. lllustration of wavelergth dispersive (WD) in redndenergydispersivg ED). X-ray spectroscopy

A key aspecbf WD-XRF in geochemicahnalysis ighatif a samplecontainsmany elementsyVD-
XRF, similarly to EPMA, allows the separation of a complex emittedray spectrum ito

characteristic wavelengths for each element prgsantour,1989.
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3.4.1. XRF, sample preparation for major and minor elementsanalysis

The apparatus for XRF sampbeeparations useith this project wasimilar to thatdescribed by La

Tour (1989. In this particularsample preparation involves twifferentapproaches

a) Approach . 1- Sample is conserved

In this method, the ground or powdered sani@d nosurface irregularities anelas composed of
sufficiently small paricles foraccurate measureme(grouwer,2010. Homogeneoupowder(Figure
3.30)is placed in a pellet pressidafter pressingt becomea compacted, and then placed intéhe

XRF machine for analjs wsing the SemQuantitative Analysis (SQA) program idiuant (software).

The key advantage of thigogramis that it is capablef analysng a wide range of elements present

in periodic table (from Sodium to Uranium). For instance, the Nickel (Ni) compound only is analysed
by the SQA than QAThe drawback ofhe SQ analys programme ishat it isless accuratéhan the
guantitative analysis Oxide program using theel bead methoaf sample preparation

Figure 3.30. Apparatus forpreparatiorof pressed power pellets for XRE(a). Rock powder and binder were
mixed using the agate mortar and pestle and then the powder sample was compressed into the die (c). The die
consists of a cylindrical and base, two polished steel pellets and a plunger
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b) Approach - 2. Sample destroyed

The advantage of the quantitative Oxide prograith the fused bead sampl@reparatiormethodis

that by preparing fused beads the particle size and mineralogical effects are eliminated by making a
homogeneous sample. It permits the abaynthetic standards as mean of calibration (Qleal,

1995). During this processlg of ground sample was mixed WwitlO g of lithium tetraboratand

heated in a furnace to 118Q°Figure 4.27 in section 4.5 dissolve the sample and transfdno a

fluid melt then coolingto a rigid sample disand plaing in the XRF spectrometefPanalytical
Magix-Pro) for analysis. Lithiuntetraboratés used for fused bead manufacture ak#s notabsorb

X-rays at energies overlapping those of elementgidiethan fluorineg.g.can be considered-Kay
transparent for the purposes of XRF analyElgs analysis programme producpgantitative analysis

resuls for 18 major elements (ssection 4.5and its result is more accurate that those fro’A.SQ

3. 5. Electron Probe Microanalysis (EMPA)

An dectron probe micr@nalyser (BMPA) (Sobolevet al, 1999 is a micrebeam instrument used
primarily for the chemical analysis of very small solid samples and for mapping and imaging
compositionaldifferencegKeulenet al, 2009) A finely focused &pprox. 1um beam of electrons is
directed onto a flat polished thin section specirffeigure 3.3}, however, the interaction volume of
analysed sample is greatsecause thelectroninteraction volumen a specimen ineases with the
incident beam energfChatterjee, 2012)vhich means that high energy greater interaction volume
The interation volume can vary according to the characteristic or type of samples under inverstigation.
For example, Xay beam pass through e the analysed material/samples are lights, therefore the
interaction volume increasevhereas if the samples are denser or heavy opaque mathdas
interaction volume is reduced, because theayX beam will not pass through in the sample, more
electrors. The high energy electrons ionize the inner shells of the target elements in the Sdaple.
working principle of EMPA is based on wavelenglispersiveX-ray spectroscop (Chatterjee, 2012)
similar toWD-XRF (Czyzyckiet al.,, 2009 andBrouwer,2010. EMPA uses Bragg's law (Moecher,
2004) todetermine the energy spectrumxXofays permiting identification of the wavelengths unique

to every element and identifying which elements comprise a specific analysed. $&viipke data are
usually calibrated usingell-established standar@almer, 2011jor each element, and can be highly
accurateand precise EMPA (Figure 3.32 therefore provides quantitative information about the
chemical composition of a samplequlenet al, 2009 whichis used in understamty processes and

chemical composition of the mantle lithosph@vieCammon, 2005)
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Figure3.31. Polished thin sectioW P WKLFN RQ JODVV \f® usedfd EMAAPSEM, P

reflected light and transmitted light microscopy

Figure3.32. JEOL JXA8230electron microprobe analysis (EMPA) instrumaséd in this stdy.
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EMPA analysis, shown in Chapter was carried out at University of Leedshe JEOL JXA8230
EMPA instrument is equipped with a tungsten source and 5 wavelength dispersive spectrdimeters.
combination of up to 5 wavelength dispersiveray spectromiers (WDS)and dispersive Xray
spectrometerEDS) combined Ectron Probe Micro analysis MEPA) with a new PGbased operating
environment for easy data acquisition and analfs#&uring spectral imaging provide the most
efficient and accurate analysis @éta(Palmer,2011). The analysis was conducted using Probe for
Windows software produced andhrketed by Probe Software IeMPA is crucial due to its ability

to acquire precise, quantitative elemental analyses at very small "spot" sizes approxipratedy 1
wavelengthkdispersive spectroscofZhatterjee, 2012fhe JXA8530F operates on PC Windows for
data acquisition and analysis. Th€-Pased operation facilitates rapid and easy analgsdsgh
magnificaton (up to 40,000x) and identifiese featurs of interest, and then analyse the composition
of those features. The technique will also identify trace elements or bulk contaminants.
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Chapter Four . Results

The results presented ithis sectiondetail the study of selected diamond indicator minerals, their
oxidaion statescrystalline phases, petrography, viscosity modelhng how they are related with
oxygen fugacity in th&undalithospheric mantle.

4. 1. Petrographic analysis

The following sectiondemonstrateshe result of the investigation of thhkin sections taken from
samples detailed ithe Appendkes 1, 2 and 5The analysis was carried out througétrography

using opticalmicroscopy. A betterunderstanding of the nature thfe Lunda provincéithosphere is

based on the analysis of both mantle xghsland kimberlite rockdNote that the results are presented
according to their analysis techniques and their mantle origin as follows: such as, and. In this way,
results for each experimental technique have been ordered as follows:

1. Eclogite and peridoite (harzburgite or |herzolites) mantle xenoliths; these are
primary mantle rocks (e.g. samples Cat@B|T +05; CAT +22; CMT #01; CMT #02;

CM 003; CMG 002Mantle Xenoliths samples are important as they provide a wide key
data/informatiorregarding tle mantle conditions anthe genesis of diamond.

2. Megacrystsor rocks formed by metasomatism inmantle related to the primitive or
protokimberlite magma (e.g.ilmenite andgarnet mineralanalysedin the Mossbauer
spectroscopic and EMPA techniqués) addtion, somemegacrystgrom the kimberlites
rock samplesvere observe@nd analysede.g. Samples CAT- 61; CAT 59, CM-CW
045 (7) andCAT 58. This project made the important observatiobat these megacrysts
are formed froman earlier formed magma or pkimberlite magmeor the ascentof
primitive/precursor kimberlite magma (prekamberlite) that crystallisedn pegmatitic
veins structure, dykesn the magma conduitr networks probably atthe based of the
lithospheric mantledepths “ 250km (Ashchepkovet al, Mahotkin et al, 2000; 2012
Shirey, and Shigley, 2013 andnd subsequently transported them to the Earth surface
(see sectiod.2for more details)The genesis opro-tokimberlites megacryshave been
studiedby Shchukinaet d, (2006); Giulianiet al, (2013} Moore andBelousova(2005)
Wyatt, (1979); Kornprobst, (1984) Moore and Lock, (2001) Mitchell| (1973;1977)
andAgeeet al, (1982)

3. Kimb erlites magma/rocks, groundmass, xenocryst and evidence of fluid rections
(e.g. carbonatgroundmass, veins and fluid reacsdrom samplesCAT 59; CAT 58 ;
CM-CW 045 (7);,CAT- 61) as well as from EMPA results in Figuré£6.4.27 and 4.28

Note thatfor some techniqueXRF, XRD and ¥scositymodelling samples il not arise for all

categoriegl, 2and3 above). This has been noted in the appropriate sections.
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4.1.1. CAT-18from Catocakimberlite pipe.

This sampleepreserd theprimary mantle ock (eclogite mantle xenolithgh the Lunda lithosphere
province.Several diamond research¢ghirey and Shigley, 201Robosi and Kurat, 200Btachelet
al, 2009;Maruokaet al, 2004; Stachel and Harris, 280Stachel,2003 Stachelet al 2003 2005and
Job, 2004) have concluded thétet origin of he vast majorityof the mantle of eclogitesre fromthe
subductd oceait crust beneath the major cratons of the wgfldylor et al, 2003 andTaylor et al,
200Q see Figures 2.10 afdgure, 2.17.

As shownin Figure 4.1, based on the petrographic investigations, the samgl® Was classifieds
abimineralic eclogitge.g. the rock is composed mainly of garnetrt)@Gnd clinopyroxene (Cpx) and
with minor oxide mineral such as rutil&(t)). The bimineralicmantle eclogites as been also studied
by Jocob,2004) During the petrographic analysggocessfor this studyit was observed thahe
xenocrystminerals (@t, Cpx and Rutpresentin this rock sample are supported by a groundmass of
fine-grained carbaste and serpentine materisthich are products of kimberlite magniost grairs

of garnets and clinopyroxen exhibit irregular fractures, as shown for example in Figure 4.1 for
samples Cat18 and 18&. Some fractures in thgarnet $ample, Catl8l) contin reddish reaction

rims filled between gaps witkelyphite, this is an indication of metasomatosic fldidxturally this
appears to represent a replacement of gaitnmiay alsorepresent kimberlite magma procesalso

the kelyphite texture is foundn spinel /ilmenite (sample @t18a). Despite exhibiting a well
developed cleavage, the clinopyroxenesampleCatl8e also exhibits mechanical (probably shear)
deformation, which may be due to kimberlite emplacement or high shear forces within the mantle
Also sample Catl® shows two differents stages of pyroxene formation (growth phenomena). The
presence of spinel isampleCat18a and rutile irsampleCatl18e as host minerals @arlierformed
minerals has led tthe interpretationthat these werdancorporated within the lat€px- poikilitic
texture. There is a reaction rim / metasomatesgent, between ho&tpx andand guesspinel(sample
Catl8a). A serpentinisation process is also present in this M® petrographic evidencgupports

the interpetation that the studied mantle lithospheric rocks experienced metasicnmatestsand
oxidation probably within the mant|ebefore during or afterkimberlite emplacement, buhis is
difficult to determineprecisely, due to the complex process of lenlite empécement(Heamanet

al., 2003;and Fieldet al, 2008) According toStachelet al. (2003, 2005)mantle xenolithrocks are
transported by kimberlite magma and these rocks constrain the formation depths of these magmas to
the deep or the basetbie cratonic mantle lithosphef@riffin andRyan1995;Robinsoret al, 1989.

Mechanical disaggregations of xenolitields a suite of xenocrysts which are characteristicrafst
kimberlites (Russll et al, 2012)
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Figure4.1. Transmittedlight optical microscopy images of thin sectiasfsE-type rockmantle xenolits with
mineral assemblages from Catoca kimberlite samplel8alndicator row 1 shows serpentinisation texture
between the host and guest clinopyroxenes (Gmg Indicator row 2 show€px, exhibiting mechanical
deformation (shear)

4.1.2. CAT - 22 Mantle xenoliths (eclogitg included in the kimberlite rock

The most dominant mineraiis this rock (Figure 4 Pare garnet, and pyroxene (clinopyroxene). Also
minor oxide mMLQHUDOV LOPHQLW fourid (sahipl®@ CAR2E, Hee Appendix 1). The
phlogopite and twinned calcite witbleavage feature¢sample CaB2d) are interpreted to be a
secondary mineral phase. The fine brown matat@ig fractured Cpx and Grt sobablykelyphite.
This rock (Figure 4.2 presents a complex deformation process. Thereseweral rimsproviding
evidenceof kelyphite around the primary minerdlgarnet and pyroxeneyyhich indicateshis rock
has been highly transformed duethe metasomatic replacement event. Thkedyphite present in this

rock has beenformed after the formation of the host rock minerals (olivine, pyroxene, and
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spinel/iimenitg¢. The phenocrystmineralsare supported by a mixtuod groundmass of kelyphite and
fine grained materials of olivine

Figure4.2. Mineral assemblages in thin sectisammpledrom petrograpit and geochemicanalyse®f mantle
xenolith P-types(CAT-22, from Catoca pipé.

4.1.3. CMT 05 Mantle xenoliths(eclogité from Camatxia pipe

This rock(Cmt-05in Figure 4.3 is described as mantle xenolith peridotite whicmanly composed
of clinopyroxene, garnet, serpentinisaelivine (Cmt05g), and very small amount of orthopyrore
(see the occurrend® andgrain sizein Appendix J. This rock shows higloxidation/metasomatose
process andche ymplectite texture is visible on cracked mega@ystolivine (sample CmD5) and
Opx- Cpx (CMT 05b) The garnegrain (Cmt 05aghows two different zones (inner and outewjth
kelyphite texture, andppears to represent a replacement of garnet texture bynatenals such as

pyroxenes @ad iron rich minera (e.g.spinel and amphibo)eat low pressure environments.
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Figure4.3. Transmittedlight optical microscop and mineral assemblages in thin section from petrograpiu
geochentgal analyse®f mantle xenolith Rypes(Cmt-05).

The examied mantle peridotite (Figure 4.8hows irreglar veins (width 0.2 0.4mm) filled with
very fine serpentine (brown and hydrated magnesium silicate) and white carbonate materials (sample
Cmt 05d and Cmt05g). Theseare indicative of penetration of rich fluid phase the diamond
peridotite mantle.tlis understood that most thfe silicate minerals in this rock are disaggregated with
several irregular fractures, probably due to kimbeditglacement.

The evidence of kinetics of the oxidation/reduction on gaf@ett-05a) and Cpx@mt 05d and f),
suggest that the oxidised fluid or melt has infiltrated in the mineral assemblages, and timg exist
oxygen in the fluids may have reacted with mineral (garnet for instance) that confaites ffeduce
Fe* (McCammonet al, 2001). The redrown isotropic im material Cmt 05a) may have resulted
from anoxidation process which formdelyphite.This evidence of oxidation processesndicative

of mantle metasomatic and disequilibraterentsthat have affected the primary mineré@mt-05a,

b and5g) are he porphyroblastic and inequigranutaxtures(Figure 4.3 sample Cmb5a and 05g),

are dominant textures, but theogndmass is composed of serjuea
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4.1.4. CMT - 01 Mantle xenoliths(eclogite) from Camatxia pipe

Olivine, clinopyroxeneserpentinespinel/iimeniteandphlogopiteare dominant mnerals in this rock
(Figure 4.4but hematite okelyphitehave also been found (sample CMId). This rock shows high
levels ofoxidation / metasomatic proceskhe observed processes of oxidatlanetasomatidluid /
melts in the diamond indicators minerals Camatxia kimberlite are pieces of critiealidencethat
may also have negative impact in termsdiimond preservation conditisrwithin the Lucapa
structure Xenocryst grains of olivine (CM01a) ancclinopyroxene(Cmt 01 ¢ and edrefragmented,
and alsothese grains coain several veindilled by fine grained materials of serpentine. The
symplectite texture is visible along the veins within cracked megaafstivine (samples CMT 01f)
and Cpx (CMTO01e) The grain sizes vary (ségppendix 1). Based otihe microscopic studyf the
sampled pipeghis suggests that thtebserved symplectitiexturein therock may bederived from the
breakdown of unstable mineral phasmgreactionbetween adjacd phasespr by decompositiorof a
single phase (for example, Cpx, CMILc and £ Another importantexture found in this rock is the
porphyritic or phyric texture,in which the ilmenite is set with fine grained olivif€MT 0la)
Sample CMT01c shows two dlierent stages of mineral formatiogréwth phenorena). For instance
the xenocryst oflmenite is an earlierformed mineralby protokimberlite magmarThis is because
ilmenite isincluded infine grained Cpx (CM™1c) and it may be referred to agoikilitic texture.
Also this texture is observerat CMT-01g (where Olvmay be formed earlier than Se@nd most
xenocryst mierals from this rock areupported by a mixture groundmass of serpesirolivine and

fine grained materials of clinopyroxefeg. CMI-0le).
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Figure 4.4. Transmittedight optical mcroscope images of thin sectianalysis Mineral assemblages in thin
section frompetrograpic and geochernoal analysesof the mantle xenolittP-types (CMT 01), photogaphs
illustrating textures c€MT - O1.

4. 1.5. CMT - 02 mantle xenoliths (peridotite) from Camatxia kimberlite.

As shown inFigure 4.5 mantle xenoliths (peridotitefom the Camatxiakimberlite pipe (sample
Cmt-02) were also examined by lpdsed light optical microscopy. Results show that this sample is
composed mainly ofarbonate, clinopyroxene, garnet spinel/ilmenite anebredn isotropic mineral
(possiblyhighly oxidisedilmenite, whichmay havebeenthe origin ofhematite (sampleCmg-02 &.
Porphyroblastic to inequigranular is the main texture for this reaknples Cm@2a and c)Again,
these samples shosvidence (samplesn@-02 b and c) of infiltration of metasomatic fluid/melts into
the diamondiferous lithosphier mantle beneat the Congo craton, which may hawenverted the
primary diamond indicator minerals invariably oxidised Kgphitization assemblages comprised of
a fine dark brown matter of clinopyxene, spinel, and serpentine whitdgxturally appears to

represent a acement of garnes@mpleCmg-02 b). The kelyphite $gampleCmg-02 b probably
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consists of intergrowth of browspinelandpyroxenegOpx or Cpx).Note that kelyphite forms as the

result of partial reequilibration of the garnet durinigs rise to the sdiace inhot kimberlite magma

(Kerr et al, 1997)where the effects of heating and lowering of pressure caused transformation of the
garnet to a lower pressure assemblage of spinel and pyroxg@otesanalysed mantle peridotite

(sample CMT02, Figure 4.% and eclogite (sample CAT 1B Figure 4.]) are described as principal

rocks in which diamonds grow in the mantle. This meda & single crystal of diamond in

kimberlite is consideretb be released from eclogite or peridotite through mechanical disatjgreg

GXULQJ HUXSWLYH WUDQV SR U\al.\20R3 snéStdcthe DabldHEr 3200 U IDFH 6 KL

Figure4.5. Transmittedight optical microscop images of thin sectiomineral assemblages fropetiographc

and geochemicanalyse®f mantle xenolitreclogite (CMT-02), illustrating textures of kimberlite rock.

Kerr et al. (1997) explained that kelyphite is a reaction product that develops around garnet minerals

asresult of reactions in the sourcegions of thexenoliths from the mantle and interactioh the
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garnets with kimberlite magmahis means that theeacted zones of garnptobably reflect the
original minegalogy (pyroxene and spingbefore these minerals were modified to kelyphitete that
the shear deformation observed on-diopside (sample, CMD2c) is further evidene of pressure
related/mechanicaleformation that occurredithin the local lithosphere mantle and this deformation
process (crackingpossibly occuied duringthe emplcemenphase of the Camatxidamberlite. The

evidence thatlissdution has taken plads around theeracked Cidiopside(sampleCMT-02 g.

4. 1.6. CM 003 mantle xenoliths (peridotite) from Camutue kimberlite,

As shown in Figure 6, sanple Cm003 canbe classified as peridotit€herockis composed mainly
of the minerals garnet (& andolivine (Olv), serpentingSep, and minorclinopyroxene (Cpx) and
with kelyphite present in rock (CrB03c andCm 003e) Note that due to the metasomatieents, the
observedolivine has been brokedown, serpentinised and consequeritgnsformed intoa fine
grainedkelyphite structurgsampleCm 003 e) Furthermore, ihas beerfound that theaeplacement
process oferpentine hasbscured the originatrystal ofolivine (sampleCm003c, d, anck) in the
rock, especially overprinting the original fine clastic matrix, as well asotiggnal groundmass
texture inkimberlite. The megacryst meralsof this rock aresupported bya complex mixture of
kelyphite, calcite, ad serpentines groundhass.
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Figure 4.6. Transmittedlight optical microscope images of thin sections analydiseral assemblages in thin
section frompetrography and geochemistry analysé$>-type (Cm-003), photographs illustrating textures of
kimberlite rock

4.1.7. CMG 002 Mantle xenoliths (peridotite) from Camagico kimberlite

As shown in Figure 4,7mantle xenoliths (peridotite) from the Camagico kimberlite pipe (sample
Cmg002) were also examideby polarised light optical microscopy. Results show that this sample is
composed mainly of garnet, perovskite/spinedrbonates andserpentinised olivine (with two
different growth period textusenoted aCmg-002g).0Olivine is clearly thedominant mineal, but the
groundmass is composed ofcamplexmixture of fine particles of carbonates and serpentine. The
rock exhibits a complex formation texture. This indicadked te rich fluid phase affected the primary

mantle minerals g&s shown, for example, foolivine, garnet andlmenite in Cmg002a and

consequently these diamond indicators mine@sffin and|Ryar] 1995; Robinsonet al., 1989

Gurney andZweistra, 1995)have beeninto variably oxidised Kgphitization, serpentinization

assemblagesamplesCmg 002a an€mg 002).
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Figure 4.7. Transmittedlight optical microscopy images of thin sections of tiarxenolith with mineral
assemblages from Camagico kimberlite san@ieg-002; Sep = serpentine, Sp = spinel, Kpht = kelyphite, Gnt
= garnet, Ol = olivine, Ilm = ilmenite, Cab = Carbonates

4.1.8. CAT- 61 Catoca kimberlite pyroclastic kimberlite- PK)

In this particlar rock (Figure 4.8 carbonate,olivine, garnet, orthopyroxene, clinopyroxenand
phlogopites are the most dominaminerals (see the occurrenzeandgrain sizein Appendix 3, and
the oxide mineraléspinel and ilmenite) are less abundariite Tock presntsporphyroblasticgamples
Cat61la,and Cat61c in Figure 4.8 to inequigranular texturgsamples @t 61 b, and an Figure 4.§.
The uncommon equigranular texture was caused by violent eruptions in the kimberlite (8pgrika
et al.,2006; Skinner, @08 and Scott Smitket al.,2008) SampleCat-61 dpresents features closer to
an equigranularttexture In addition, this sample showsidence of secondary processeshich are
indicative of disequilibrium of primary silicate assemblages from mantle lilgguin and
sepentinization of olivine (sam@€at 61 bandc), phlogopite (sample Gaél e), andafine grained

brown rim around GtSerpentine occurs as pseudomorphs of olivine macro/microphenocrysts (sample
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Cat- 61b) ands dispersedn the groundmss.The presencef serpentinisation reactions (sample-Cat
61b) can be interpreted as evidence of townoderate ambient temperatures. This is supported by
White et al. (2012) who showedthe maximum temperatures for serpentinisation reactiorbe

apprximately 500°C

Figure4.8. Transmittedight optical microscopy images of thin sectiarfd_unda provincanantle xenolith with
mineral assemblages from Catoca kimbergrnet exhibiting mechanical defoation

The brown thiarimmed materials onthe cracks/fractured megagest of garnet ardndicative of
possiblemelt infiltration /oxidation reactions durirkjmberlite emplacement (Gétla in Figure 4.8
and the rimsappearo be madef fine materials bpyroxene.This rock is fromhypabyssafacies at
great depth (> 600m deep, see Appendix Ihe carbonate activity observadkimberlite sample
(Cat 61e Figure 48) may have played a negative role in diamond preservation whbkihucapa
graben. Tis statement isonsistent witiMicCammonet al. (2001)andFedortchoulet al. (2007 who
explained that increasing carbonate activity withi@kimberlite mantle would increase the degree of
diamond reaction with the melt, consequently causing the résorpf diamond. The possible
zonation features on the carbonate materials, detéctedmple Cablc (Figure 4.8 leadsto the
interpretation that fluids with different compositginfilitrated this rock probably over different time

scales (Emery and Meshall, 1989) As shown in Figure 4,8xenocryst minerals of garnet, olivine
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pyroxene, phlogopite including the ismpic minerals spinebnd ilmenite (sample Cat61le) are

supported bya groundmass of carbates and fine grained materials of serpentirigasal on

kimberliteternminology recommended by Scott Sméhal. (2008) and Castal. (2008), this rock can
be interpreted and classified apyroclastic kimberliteg(seehandspecimen discriptiomn Appendix

2).

4.1. 9. CAT 59. Kimberlite rock. Tuffisi tic kimberlite breccia (TKB), Catoca pipe

This rock is TKB generated a depth of345 m According tothe analysed result (Figure 3.9
carbonate, serpentine, phlogopite, clinopyroxene, and spinel/imemi#e the dominant rock
constituentminerals The CAT 59 alsocontainsinclusion of peridotite A poikilitic or symplectite
texturewas detected at samples (Cat 59c and Cat 59b). This is interpreted as showiaghtiraite
and phlogopite arentergrowth minerals. The alteration in rocks, for example fresence of
sepentine, is resultant imlivine (with subpolymorph feature sample CAT59¢g). Petrographic
analysis has led to the conclusion that carbonate (e.g. cédctehsiderecsthe groundmassvhich
supports megacryst minerals (e.g. Grt, Plfp bnd Cab).Many of the carbonates found in the
kimberlite rocks are products of carbonatite and kimbertimgmas (Cagt al, 2008). In this
particular case of Lunda kimberlites, however, muchthef carbonates analysed, suggelseing
secondary produst The microscopic analysis resukdn crosspolarised light demonstrates that
phlogopite grains are rich inon showng a red/blue colour (Cat 59ajhe modification of minerals
structure at sampl€at 59h presents complex metamorphic events thatiwed in NE Angolan
kimberlites. The implication is that the presence of carbonate activities in this rock may have a
negative impact in diamond preservation or grade inptpe this is becausahenkimberlite rocks
andperidotite mantleare subjected tasignificant metasomatism, leadiityincreasingof Cacontent,
which are indicative of resorption process of diamand the increasing of arbonate activitiesn
mantle have been described tolimked with significant increases in oxygen fugacii@riffin and
Ryan, 199% andthereforeit is assumed that the presencesighificantcarbonateactivities in Lunda
mantle may havencreased the potential for diamond resorption at Catoca and Camagico kimberlites.
This result is also consistent with the workNgdwicki et al. (2007) who explained thathenmantle
xenoliths aresubjected to significant metasomatism, it normally increases the Ca contertianes

the proportion of G10 peridotite garnet
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Figure 4.9. Transmittedight optical mcroscope images of thin sectianalysis Mineral assemblages in thin
section fronpetrography and geochemistry analySasfisitic kimberlite breccia (TKB) CAT 59, photographs
illustrating textures of kimberlite rock

4.1.10. CM-CW 045 (7)pyroclastic kimberlite (PK), with inclusion of mantle xenoliths (from
Camutue pipe

As demonstrateth Figure 410, this sectionis pyroclastickimberlite (PK)from diatremefaciesof the
Camutuekimberlite pipe The petrograpic amalysis shows evidencef serpentenised olivingvith
poikilitic texture (CmCWO0457d). This texture simply refersas a growthphenomenon not
exsolution orreplacementNote thatphlogogte and ilmenitéspinelare minorminerals in this rock
Olivine isclearly the dominant mineraindgarretis alsoone of the main miner@lomponentsn this

rock. Morethan70% of this rock has been altered by severattiondCm, Cw 0457e).

104



Figure4.10. Transmittedlight optical microscopy imageof thin sectioranalysis ofpyroclastickimberlite rock
(CW0457, Camutue) with minerals assemblages from Camutue kimberlite sarn@ptéCw 45; Sep =
serpentine, Sp = spinel, Kpht = kelyphite, Gnt = garnet, Ol = olivinexliimenite, Cab = Carbonates

After adetailedanalysis, theesult fromthin section(Figure4.10), it is shown that tte groundmasis
composedf a complex mixture, associated with fine grained pradotserpentingcarbonatend
kelyphite (samplesCm Cw 04573, ¢, d, ¢ andf). Somegarnets grains are rounded witrell-
developedelyphite rims but thgarnet deformatioprocesss similarto those garndherzolitesfrom

Namibian kimberlites Hanausl and Louwrensia kimberlit¢sthat lack diamondssadescribedby

Mitchell[ (1984). What iscrucial in a geologicalcontet is that Namibiankimberlites are barrenn

diamondwhereagshe Angolanpipes are rich in diamondhemain reasomwf this differences thatthe
Namibian pipesarebarrenin naturebecause they are derive\dm off-cratonic kimberlites withirthe
graphite stability fieldBoyd and Gurney,1986) andalso Namibianpipesare locatedvithin mobile
belts(Batumikeet al, 2009)and areyounger in ageNixon, 1995.
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4.1.11 CAT 58 Coherentkimberlite (CK) from Catoca pipe

The examined hand specimeRidure 4.11) of this kimberlites sampleshows a texture from
inequigranular to porphyritic and fragmental appearancend this containsabundant angular to
rounded crustal and xenolith§his rock is derived from hypabyssal faciekeep dyke formation
materialat depthapproximately> 540 m(see Appendix 2or additional informatior). Thedominant
mineralsfrom Figure 4.1lareserpentine, carbonate, phlogopite, pyroxene, and spinel/ilmeénite

a very closenaked eyeanalysisand evaluatiorit is notablethat the megacrysts of serpentine and
opaqgue mineralshowpoikilitic or symplectite texture (where carlairis intergrowtl). Serpentine is
resultantfrom alteration of pyroxene and olivine (with spblymorph feature). This rock presgent
evidence ofcomplex fluid reaction evestwhere the serpentsed oliine or pyroxene mayave
reacted with fluid from m@atle source to generate hematitekelyphite Note that the groundmass is

mainly composed by fine grained carbonate minerals.

Figure4.11. Diamondbearing kimberlite rock from Catoca minddishonds are novisible). Alsoillustratesthe

porphyritictextureon Catoca kimberé rock.

Based on fial work investigation fock examination andchorphology of emplacement of kimberlite
magma, and petrology studyit can be explained that the kimberlites bodiesN& Angola are
products of multiple intrusive and extrusive magmatic evdfigpufes 3.27)andare recognised as
distinctive kimberlites facies (Table.4.1The kimberlite rock texture and classificatifrable 4.2)
from this research aonsistent witlthose reported previously in literatul&ébbet al, 2004 Caset
al., 2008;Field and Scott Smith, 1998ndKjarsgaard2007)
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Pipe infill. Kimberlite
Pipe Zone Textural interpretation geological facies
Terminology

Crater Zone 1. Pyroclastic kimbdite (PK) Crater facies
2. Resedimentedolcanoclastikimberlite (RVK)
Diatreme 3. Massivevolcanoclastikimberlite (MVK) Diatreme facies
Zone 4.  Tuffisitic kimberlite breccias, (TKB)
5. Hypabyssal kimberlite (HK).
Root zone 6. Hypabyssal kimberlite (HK). Hypabyssal facies

Table4.1. Summary of kimberlite petrography of LP and its terminology

Based on petrographanalysisand field work activity, it wa®bserved thatrater, diatreme and root
zone have differ@ shapes and contrasting material filling in the zofégu(e 3.4in section 3.1.8
suggesting that these zones were formed by varying process within the one overall emplacement event
(Field et al, 2008) For instanceScott Smith(1999) explained thathe root zone may have been
formed by stoppinghe magmatic process, whereil® diatreme by fluidisation and finally the crater
waszone formed by explosive breakthrough (violent eveiitspugh dykes or hypabyssal kimberlites
have been found in some Awign kimberlites, (examplat Catoca mine), they are less comntioan

crater and diatreme facies rocks (Boyd and Danchin, 128@Y. a detailed rock examination, it can

be highlghted from this project the petrographic facies of kimberlites from Lungavinces
described here, are similar to those fraomoss the world such &anada, Brazil (Pimenta Bueno
kimberlite), South Africa (Wesselton and Premier kimberlites), Orapa kimberlite (Botswana) and
Australian pipes, described by several researchettstidi, 1991;Field and Scott SmitHL998;Scott

Smith, 2008;Field et al, 2008; Masun and Scott Smit2006; Mitchellet al, 2008 and Cast al,

2008.
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Order | Sample | Name of | Borehole Depth, Name of Rock. Kimberlites Ages of Angolan
Ref. Pipes for Sample | M Facies/Zones | Kimberlites

1 Cat18 Catoca Mina NE horizon. Mantle eclogitic Crater Lower Cretaceous
930 m, ( bimineralic eclogite) 115144 Ma

2 Cat22 Catoca 047/351 508.2 Mantle eclogitic Diatreme Lower- Cretaceous
included in kimberlite 115144 Ma

& Cat29 Catoca 047/351 595.9 Mantle peritotitic Diatreme Lower- Cretaceous
(Iherzolite), Ptype 115144 Ma

4 Cat58 Catoca 050/37 543,0 Coherent Kimberlitte | Diatreme Lower- Cretaceous
(CK) 115144 Ma

5 Cat59 Catoca 033/35 344.4 Tuffisitic kimberlite Crater Lower- Cretaceous
breccias (TKB) 115144 Ma

6 Cat 67 Catoca 037/34 612.8 Coherent Kimberlitte | Hypabyssal Lower Cretaceous
(CK) facies 115144 Ma

7 Cat60 Catoca Mine NW horiz. Pyroclastic Kimberlite.| Crater Lower Cretaceous
900 m (PK). 115144 Ma

8 Cat59 Catoca 033/35 344.4 Tuffisitic kimberlite Diatreme Lower Cretaceous
breccia(TKB). 115144 Ma

9 Cat61 Catoca Mine SW horiz. Pyroclastic Kimberlite.| Crater Lower- Cretaceous
900 m (PK). 115144 Ma

Cat 253 | Catoca CAT 250 Peritotitic andPK Ditreme Lower- Cretaceous
115144 Ma

10 CX Caixepa CX012 60.8 Pyroclastic Kimberlite | Crater Lower- Cretaceous
(PK) . 115144 Ma

11 CX Caixepa CX022 30 Pyroclastic Kimberlite | Crater Lower- Cretaceous
(PK) . 115144 Ma

12 CX Caixepa CX12 54.9 Pyroclastic Kimberlite | Crater Lower- Cretaceous
(PK) . 115144 Ma

13 CX Caixepa CX009 57 Pyroclastic Kimberlite | Crater Lower- Cretaceous
(PK) . 115144 Ma

14 CX Caixepa CX030 76.7 Pyroclastic Kimberlite | Crater Lower- Cretaceous
(PK) . 115144 Ma

15 CM Camutue CWo045 140.6 Pyroclastic Kimberlite | Diatreme Lower Cretaceous
(PK) . 115144 Ma

16 CM Camutue CWo045 114 Pyroclastic Kimberlite | Diatreme Lower Cretaceous
(PK) . 115144 Ma

17 CM Camutue CM N1and ~50 Pyroclastic Kimberlite | Crater Lower Cretaceous
P-TYPE (PK) and PTYPE 115144 Ma

18 CM Camutue CW45CM 114 Pyroclastic Kimberlite.| Diatreme Lower- Cretaceous
MG (PK). 115144 Ma

19 CMG Camagico | CMG 171 116 Tuffisitic kimberlite Diatreme Lower- Cretaceus

breccia(TKB). 115144 Ma

20 CMG Camagico | CMG 60 111 Tuffisitic kimberlite Diatreme Lower- Cretaceous
breccia(TKB). 115144 Ma

21 CMG Camagico | CMG 006 87 Pyroclastic Kimberlite | Crater Lower- Cretaceous
(PK) . 115144 Ma

22 CMG Camagico | CMG 002 50 Pyroclastic Kmberlite | Crater Lower- Cretaceous
(PK) . 115144 Ma

23 CMG Camagico | BH 43 Pyroclastic Kimberlite | Crater Lower- Cretaceous
(PK) . 115144 Ma

24 CMT Camatxia Mz 110 Pyroclastic Kimberlite | Diatreme Lower Cretaceous
(PK) . 115144 Ma

25 CMT Camatxia CMT 01 71 Mantle xenoliths, Crater Lower- Cretaceous
eclogite 115144 Ma

26 CMT Camatxia CMT 1 & 62 P- TYPE Crater Lower- Cretaceous
115144 Ma

27 CMT Camatxia CMT 02 95 Pyroclastic Kimberlite | Diatreme Lower- Cretaceous
(PK) . 115144 Ma

28 CMT Camatxia CN 130 Pyroclastic Kimberlite | Diatreme Lower Cretaceous
(PK) . 115144 Ma

Table4.2. Summary of selected samples. All are the same age
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4.2.Megacrystsorigins

The sampled megacryst suites @lnite, olivine, garnet, and pyroxene) or mantle xenolith materials
brought to the surface by kimberlites and other alkaline volcanic rocks, have played a crucial role in
providing information about the composition and the evolution of the continental onamelie. This
project has highlighted that the lithospheric mantle beneath Angolan Archean craton is composed
mostly of mantle xenolith peridotitgtherzolite and harzburgitegclogites and minor pyroxenites.

The lithospheric mantle peridotites are resisl of extensive partial melting of harzburgites and
possibly dunites (Stachet al, 1998; Sobolewt al.,1969; and Shchukinat al, 2006). The similar
megacrysts /xenoliths used in this research have also been described by @iutibr{R013) as
resulting from the ascent of primitive/precursor kimberlite magma (gkitdoerlite) that crystallised

in the magma conduit at lithospheric mantlepths. The examined megacrysts (from mantle
Iherzolite, harzburgite and eclogiteeneath the Congo Cratdor this project, sampled by kimberlite
magma vary in size (uf 45 cm diameter) and they appear to haystallised at high pressures of
approximately 4555 kbar (Giuliani et al, 2013) atdepths equivalentto the lithosphere
asthenosphere bounddiyarteand Gurney, 1981). On basis on information fr@aaiogenic (SeNd +

Hf) isotope systematic of kimberlitionegacrysts,Giuliani et al. (2013) explained that the
asthenospheric mantle is the origin for the megaenaymas that were consequently contaminated

by Achaean lithospheric material sampled by kimberlites magma.

The megacrysts used for this research occurred as individual crystals or intergrown grains of the same
or different megacryst minerals showing partiatngstallization, compositional zoningnd textures

of polycrystalline megacrysts. All of these features suggest that megacrysts formed metasomatically
before the emplacement of kimberlite magma.

Despite a number of efforts being made by several researchers to study Angolan kimberlites, there
still uncertainty and no clear a picture of the composition of the lithospheric mantle. One reason for
this problem may be Angolan government regulations, which have not help@tdbpheric mantle
beneath the Lunda diamondiferous province to bey falaracterized in mantle sections beneath
kimberlite and megacryst occurrences. There are relatively few studies on the variations in mantle

minerals and composition of lithospheric mantle of Lunda provinces.

Based on geochemical, mineralogical and peaplic studies , this project has proposed and
concluded with confidence that megacrysts such as ilmemiteopyroxenes, olivinegarnet and
clinopyroxene found in Lunda kimberlites pipes, which were used for this project, are derived at the
base ofithospheric mantle csub-continental lithospheric mantle (SCLM) of the Congo Craton, with

W KL FN Q H250knR(Astichepkovet al., 2012) and consequently they originated from the
earliermagma or protkimberlite magma(Moore andBelousova, 2005)The contammation and

magma mixing process has made the chemical analysis of these megacrysts to be more complex.
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However, the evidence from veins observed from the analysed megacrysts (olivine, clinopyroxene,
garnet and ilmenite) are interpreted as fuade deformdon events (see thin section results in
ChapterFFoun. Most of the analysed garnieazburgite, eclogite and other mantle peridotite minerals

(e.g olivine and pyroxenere mostly metasomatised.

Based on EMPA results from this research, the presence ofitwinites (the Lucapa mantle rock)

can be interpreted as being the result of interactions of kimberlite with local meteoric waters. This
statement is supported by the workvigfatt (1979) who concluded that Mimenites in the Premier
kimberlite in SouthAfrica were formed during poshagmatic interaction of the Premier kimberlite
with rain water; and the country rock is the source of TWhese megacrysts may have crystallised in
pegmatitic vein structures, dykes, or networks in the mantle from melteddrom the magma that
VXEVHTXHQWO\ WUDQVSRUWHG WKHP WR WKH (DUWKTV VXUIDF
reported byKornprobst (1984)Another crucial interpretation from the origin of these megacrysts is
thatthey are the result of the ctgdlization of liquids trapped prior to kimberlite eruption (Figures 2.9
and 2.10). This model is similar to that described by Moore and Lock (2001), who studied the
megacryst suite for South Africa and Botswana kimberlites: he megacryst suite crystallised
pegmatitic veins from small volumes of liquid injected into a fracture network in the thermal aureole

surrounding the main kimberlite magma reservoir in the mantle prior to eruption.

The analysed mantle peridotite (harburgite and possibly lherzatiteeaogite all showed evidence

of deformation (see Chapter Four). However, these results suggest that deformation of Angolan
mantle xenoliths or megacrysts Iyetasomatic agenthay have taken place at the base of the
lithospheric mantle or during asceuftkimberlite magma to the surface / eruption. Deformations of
megacrysts at the base of the lithospheric mantle or during ascent of kimberlite have been also
described byMoore and Lock (2001); and kyloore and Belousova(2005). It can be argued that
carbonate and alkaltarbonate melisH,O, CQ, CH;, CO, H and Q are the most important
metasomatic agents that affect ti®@ UW K TV P D QNarQ lndJ ®&ad Y2009)). According to
Giuliani et al. (2013) carbonate melts play a prominent role in metas@mabdf mantle rocks and
minerals because experimental studies have revealed that carbonate melts are the first product of
partial melting of carbonated peridotites and eclogites (Wallace and Green, 1988) and carbonate melts
can be derived from liquid imnagoility in CO,-rich silicate or silicatearbonate melt§Giuliani et

al., 2013).

Phlogopite and amphibole minerals were detected and analysed throughout thin sections in this
project. The presence of phlogopite and amphibole in mantle xenoliths hadeseebed by Belét
al. (2005) and Shchukinet al. (2016) as metasomatic products

Understanding the genesis of the ilmenite megacrysts is complex and probl&woatmr¢bst, 1984).

Some researchers have pointed out that megacrysts or macrocriyisternite have crystallised in a
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protokimberlite mglt(Mitchell] 1977) which implies that they could be early crystallising- pre

intrusion phenocrysts in the recent kimberlite magidawever, Kornprobst (1984) noted that
ilmenite macrocrysts could be also formed in a liquid derived from partial melting of mantle
peridotite, which is dissimilar to kimberlite, and are thus considered xenocrysts. One of the reasons
that make understandj the origin of ilmenite megacrysts problematic is that it is questionable
whether the megacrysts and concentrates are derived from disaggregated -bewnitg
metasomatised peridotites because, according to Kornprobst (1984), the metasomaticsiimenite
richer in chromium (Cr) than the megacrysts/macrocrysts.

The fact that ilmenite occurs in mantle xenoli(K®rnprobst, 1984)ndicates that it is xenocrystic to
kimberlites.llmenite was among most abundant oxide phases found in Lunda kimberiites,ig
SUHVHQW ERWK DV D PHJIJDFU\VW -rbuddétianenkhedragfams)zantivals av KD SH \
groundmass mineral. llmenite megacrysts studied in this project exhibit rounded anhedral to subhedral
shapes which are attributed to abrasion dugmplacement of the kimberlite magma. The origin of

the large crystals of ilmenites from Catoca, Camatxia, Camagico, Caixepa and Camutue kimberlite
pipes is associated with prekamberlitic liquid. This statement is consistent withgeeet al. (1982),

who explained thailmenite is an extremely rare minor constituent of mantle xenolith peridotite, and
the size of the ilmenite megacrysts 0.5 cm) is much larger than the grain size expected from
disaggregated peridotite. When the ilmenite megacrygtéaglia correlation of increasing f&& with
decreasing MgO, it can be attributed to fractional crystalliza@Gouliani et al. (2013) explained that
ilmenites have crystallised from cementing phases crystallised frombear$hg TiFedK-rich
ultramafic slicate melt, derived from an ascending primitive or pidtaberlite melt, which was later
modified by wall rock assimilation and / or magma mixing, porphyroclast dissolution and crystal

fractionation processes.

It has been confirmed by Mitchdll977) onthe basis obn textural, geochemical, and mineralogical
studies, thatmagnesian ilmenite phases are the earlier phonocrysts in protokimberlite formed by
partial melting of a micaich Iherzolite. According td&kornprobst (1984)ilmenite does exist in the

mantle as veins or pegmatites, which may have developed as an aureole around the embryonic proto
kimberlite or as metasomatic from preceding the upward migrating magma. On basis of his study,
Kornprobst (1984gxplained that in the emplacement of the iliteeand its associated minerals, it is
assumed that the ilmenite megacrysts are correlated to an early phase of mantle brecciation prior to
the main eruption of the kimberlite magmitchell (1973) proposed that magnesian ilmenite
crystallizes from meltsinusually rich in Ti and Mg (protokimberlite) formed by small amounts of

partially melting Iherzolite mantle that involved-fich mica, chrome diopside, and garnet.

A similar situation of antiquity is linked to the genesis of diamond. The majority ofodidrorystals

found in kimberlite pipes are derived from either a peridotitic or an eclquatiagenesis, and are
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considerably older than the hdsimberlite (Nixon, 1995; Richardson, and Harris, 199Avhich
means diamondsare mantle xenocrysts sampled the time of kimberlite emplacementThis
statement is consistent with the work of Mahotkinal (2000) who explained that megacrysts of
clinopyroxene, garnet and ilmenite are derived at the base of the lithospheric manB®{2&0
depth; Shirey andtggley, 2013) from primitive or protimberlite magmas separated from the-sub
lithospheric convecting mantle at depth of several hundredTkns project has highlighted thateth
mode of formation of the megacryst suite also has important implicationaderstanding the origin
of deformed peridotite (sheared peridotites, Moore and Lock, 2001) or ecldgdere and
Belousova2005 which occur as xenoliths in kimberlites.

It has been explained lornprobst (1984) that theeridotite suite reflects sheéag at the base of the
lithosphere at depths of approximately 200 km (Mahogkial 2000),where the chemical boundary
separates this unit from the underlying asthenosphere.

Several lines of field, petrographic, chemical and experimental studies rawded evidence that

the megacrysts of ilmenite have crystallized from protokimberlite magdgfamgrobst, 1984)The
geochemical results from analysed megacryst garnets (for example, samplEs)Cahows high
chemical contents of AD; (17-24 wt %), indcating that these garnet megacrysts originated from
eclogite mantle xenoliths. It can be surmised that the analysed garnet magacrysts were not crystallized
directly from the kimberlitic melt because kimberlite melts contain very Io@#£(1-2 wt.%) so thg
cannotcrystallize any significant amount of garf&tchukinaet al, 2016)Also kimberlitic melts are
rather carbonatitic in compositiofikamenetskyet al, 2009) and therefore they do not crystallize
garnet, although they can assimilate peridotitic @cidgitic minerals during ascent (Shchukeétaal,

2016; and Soboleet al, 1969), and after their formation kimberlite magmas are erupted in a short
time span (Shchukinet al., 2016).
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4. 3. Mossbauerspectroscopy

Mossbauerspectroscopyhas been widg used anddiscussed in the geological literature. The
following sectionshowsthe resuls of the investigationby Mossbauer spectroscopf the sampled
kimberlite rock. The high sensitivity dfléssbauerspectroscopys due to its ability to detedhe
extremely smallchanges in nuckr energy levels that resdtom changes in chemical stabe the
magneticor electronic environment which surrownthe °’Fe atomsThe abilityto provideaccurate
Feredox ratios usinyléssbauespectroscopyMcCammonet al, 1998; Quintiliani, 2005 Rollinson

et al, 2012 and Sobolevet al, 1999) leads this technique to be special diamond research

environments

The imenite samplestudiedin this project are natural sampliesm different kimberlite rocKacies.
Apart from being anindicator mineral inthe diamond exploration environmeitat this project
highlights ilmenite (FeTiQ) was also selectedbecauseaccurate redox ratioF€"/ "#e) obtained
from Moéssbauer spectroscofiyr ilmenite, is providecrucialinformation ofthe origin and genesis or
diamond preservation condition&yrneyet al, 1993 Gurney and Zweistra, 199and Kozai and

Arima, 2005 Note. Furtherdiscussion irprovided in GapterFive. llmenite with lowFe** ™ )rhtios

is associated with higheiamond contents than those with more feinon (Fe3+). Another important
aspect for using ilmenite i#he informationit provides aboutthe oxygenfugacity. According to
Gurney and Zweistra, (199high oxygen fugacityis the main diamond destroydru its evaluation
depends critically on Bg e (McCammoret al, 1998)

4. 3. 1. llmenite indicator minerals

Figures 4.12; 4.13 and 4.14 shalwee MOssbauerspectra of ilmenites and their redaatios are
presented in tab$4.3, 4.4 and 4.5The differenced the spectra of these ilmeniteRigures 412 and

4.13 comparedto the spectra presented in Figurdsl4 CAT59HM1), 4.16 (CMT 58) and 4.17
(CAT59HM1 CAT=MYO001C) is thatwhere Fe* in ilmenite isin a multiphase environmen€or
samplesCMT 58, CAT59HM1, CAT=MY001C, CAT 59 d CMT 253 and CMT 58, it was not
possible to calculate the iron redox ratio of the ilmenite phases because these were multiphase
materials with relatively low abundances of iimenite and high abundances of amphibole. Separation
of the respective ilmenite and amphiboléF®mmponents iMdssbauespectra proved impossible as

their hyperfine parameters (CS, QS and LW) are closely sin@anteret al, 2003;Daset al, 1996;

Gibb et al, 1969; Virgo et al, 1988; andWaerenborgtet al, 2002. For these spectra one ¥e
doublet was fitted to the combined ilmenite and amphibofé ¢antributions. Consequently it was

not possible to separately assess tHé &mtent of the ilmenite phases frofbssbauedatabut we

have provided upper limits dhe redox ratio (see Tablek5; 4.7, 4.8; 4.9, 4.10 and 4.1} by
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assuming that all B&in the relevant doublets arises from the iimenite phase. This presents an "upper

redox boundary" and by no means ufifees the ron redox ratio in these phases

Figure 4.12. Fitted room temperature Mossbauer spectra of ilmenite inclusion samples from diamondiferous
pipes Catoca (CAB, CAT 62a) and Camatxi€CMT 60). Data were fitted with B&and F&" doublets as
shown.
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Sample Fet Fe't Redox

Ratios
Analysed Cs QS w Area CSs QS w Area
samples | mm/s | mm/s | mm/s % mm/s | mm/s | mm/s| % Fe* ™)
+0.02 | £+0.02 | £0.02| =+1 +0.02 | £+0.02 | £0.02| #1 +0.02
CAT 62a 1.07 | 071 | 0.26 | 67.4 | 0.28 | 0.32 | 0.22 | 32.6 0.32
IIm phase
CMG 60 105 | 069 | 019 | 736 | 0.30 | 0.28 | 0.19 | 241 0.24
IIm phase
CMT 60 093 | 1.66 | 0.19 2.3 - - - - -
Amp phase
CATS5 1.08 | 0.71 | 0.24 | 53.7 | 0.31 | 0.39 | 0.29 | 41.9 0.41
IlIm phase
CAT5 132 | 236 | 0.15 4.4 - - - - -
Amp phase

Table4.3. Room temperaturiitted Mdsdauerhyperfine parameters dfmenite and amphibole inclusions

Figure4.13. Fitted room temperature Mdssbauer spectra of ilmenite inclusion safmgrtesvo diamondiferous

pipes of Caixepa (CX1) and Catne (CW045CW 63). Data were fitted with Féand F&" doublets as shown

115



Sample Fe* Fe™* Redox

Ratios
Camutue CS QS W Area CS QS W Area Raw
& Caixepa| mm/s | mm/s | mm/s| % mm/s | mm/s | mm/s % Fe* ™)

pipes +0.02 | +0.02 | +0.02 | =1 +0.02 | +0.02 | *0.02 +1 +0.02

CWO045b 1.06 0.74 | 0.26 | 73.7 0.24 0.27 0.20 26.3 0.26

CX1 1.06 0.72 | 0.26 | 70.8 0.26 0.29 0.21 27.2 0.27

CW 63 1.06 0.73 | 0.26 | 78.3 0.24 0.27 0.19 21.7 0.21

Table 4.4. Room emperature hyperfinparameter®f mineral inclusiongilmenite) from Caixepa (CX1) and
Camutue (CWO045b) determined from Mdssbauer spectroscapy: FHGAMU4H: TXDGUXSROH VSOLW)
half width, half maximum line width

As illustrated in Figure 44, both spectra shogCAT 67NMM and CAT59HMY) fitting for minerals
inclusion of amphiboleand ilmenite.Sample CAT 67NMMwas fitted with F&" and Fe** for
amphibole whereas sample CAT59HMdespite the amphibole is main component, bubittains
small amount of ilmendé which was fitted with doublét. The presence of the ilmenite Mtssbauer
is also supported by XRD result. It can me asslithat F&" for ilmenite (sample CAT59HM1) may
share same area for fef amphibole (sample CABRHM1). However,it is difficult to establish
precisely the amount of & sample(CAT59HM), due to the sample being nipliase matesis and

thehyperfine paameter{CS, QSand W) are much closerllmost the same
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Figure 4.14. Room temperature Mdssbauer spectra of ilmenite anghéole mineral inclusions from
diamondiferoupipe Catoca(samples CAT 67NMM iad CAT59HMY).

Samples Fe’* Fe* RedoxRatios
CAT 67NMM CS QS w Area CS QS w Area
andCAT 59 mm/s | mm/s | mm/s % mm/s | mm/s [ mm/s % Fe* ™)H
HM1 +0.02 | £0.02 | £0.02 | =1 +0.02 | £0.02 | +0.02 *1 +0.02
CAT 67NMM | 1.12 292 |0.18 (698 (031 |[0.75 0.40 30.2 0.31
Amp phase
CAT 59 HM1 | 1.02* | 0.73* | 0.20* | 4.9 0.79
lIm + Amp

0.38* | 0.78* | 0.23* 19
CAT 59 HM1 | 1.14 294 |0.17 (76 0.20
amphibole
phase

Table 4.5. Room temperature hyperfine parameters of mingrausion {Imenite amphibolefrom samples
(CAT CAT 67NMM) (CAT 59 HM1) multiphase minerasGHWHUPLQHG IURP O|VVEDXHU VSHFW
FHQWUH VKLIW 46: TXDGUXSR OtthaN8aQimwWwilvLQJ :: KDOI ZLGWK D
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4. 3. 2. Garnet and pyroxeneand indicator minerals

The redox ratio of pyroxene wabtained by assuming that bafe™ contributionsshare thesame
areaor overlap(seeFigure 4.15 and table 4.6This statement is momompmatible with the work of
McCammonet al. (1999 andVieira et al. (1983, who foundFe&** for both doublets in clinopyroxe
with equal areawhile all garnetspectra(CAT 67, CMT05 and CMTO01) were fitted to one Fé

doublet and one Bedoublet according to convential models $obolevet al, 1999)

Kimberlite names Garnet redox ratios (Fe®* ™ ) H
1 | Catoca CAT 6{Gnt) 0.08
2 | CamatxiaCMT 05 (Grt) 0.34
2 | Camatxia CMTOL(CpX) 0.46
4 | Camatxia CMTO1(Grt) 0.63

Table4.6. Summaryof redox raticfor pyroxeneand garnet diamond indicator minenmatlusions

The inteesting aspect fom sample CMT 01, Figure 4.15,that thesampleis a multiphasematerid;
therefore it is hard to tell precisely the amount of*Fer garnetpresentin sample CMT 01). In
addition the hyperfine parameters (CS, @8d, W arealmost similar much closer, almost the same
with the clhopyroxeneBased on these facts and interpretation, it can be expldiatthe calculated
redox ratioof 0.63, in tables 4.6 and 4.7, is not only for garnet, because théoFgarnetis in the
mixture environment, together with clinopyroxene, thus it is more difficult for an effective

interpretation.
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Figure4.15. Fitted room temperature Mdssbauer spectra of garnet inclusion sangpfedi@mondiferous pipes
Catoca (Garnet CAT- 67 Grt) and Camatxia pipe (Garne€EMT 05 Grt, CMTO1 and pyroxeneCMTO01).
Data were fitted with Fé and F&" doublets as shown.
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Sampls Fet Fe™* Redox
Ratios
CS Qs |[w Are | CS Qs |w Are
mm/s [ mm/s | mm/s | a mm/s | mm/s | mm/s | a Fe* ™)
+0.02 | £0.02 | £0.02 | % +0.02 | £0.02 | £0.02 | % +0.02
+1 +1

CAT 67 Grt 1.28 | 353 | 0.15 [ 91.4] 033 | 029 | 0.21 | 8.6 0.08

CMT 05 Grt 1.28 | 353 | 0.16 | 65.9| 0.30 | 0.56 | 0.40 | 34.1 0.34

CMT 01(Grt) | 1.31 | 3.57 | 0.13 | 26.9 0.63

0.40 | 0.48 | 0.26 | 46.5

CMT 01 Cpx 1.11 | 2.37 | 0.24 | 26.7 0.46

(F€** for both

2 doublet)

Table4.7. Room tempeature hyperfine parametersmfneral inclusionggarnet, analinopyroxng determined
from Mossbauer spectroscofzS: FHQWUH VKLIW 46: TXD:G balf SR, Hal¥/rSa@imiwhW L Q J
line width Samples (CMT 0&px andCMT 05 Grt) are from Camatxia pipe whereas CAT Grt isfrom

Catoca pipe

As shown in Figure 4.18nd Table & data were fitted with F& and F&" doublets(land 2 for
sample CAT67M werefitted as amphibole antheseparameterare similar to those published by
Gunteretal. (2003)andWaerenborgtet al. (2002),whereas samplEMT 58 containa small amount
of ilmenite which was fitted with doubket2 and 3these values are compamabio Gibb and
Greenwood (1969)Sample CAT67M is also complex, multiphase with magnetite ardphibole
being major componentdt can be assumedhat Fe** for iimenite (sample CMT58) may shatiee

same area for Beof amphibole (sample CMT58).
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Figure4.16. Room temperature Mdssbauer spectraarfiplex minerainclusions of magnetitand pyroxene,
sampledrom diamondiferous pipes @amatxia(CMT 58) and Catoca (CAT aw).
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Sample Fett Fe** RedoxRatio
2 Samples CSs QS W Area| CS QS W Area
mm/s | mm/s | mm/s | % | mm/s| mm/s | mm/s % Fe* ™)H
+0.02 | £0.02 | +0.02 | +1 | £0.02| +0.02 | +0.02 | #1 +0.02
Paramagnetic Sites

Doublet 1

(CAT 67M) 1.13 2.72 021 | 374 | 0.34 | 0.64 0.46 | 36.7 0.49
Amp phase
Doublets 1 &| 1.24 0.64 019 | 31 | 0.22 | 0.71 0.31 | 44.2 <0.93
2 (CMT 58)

iim+ amph

MagneticSextets

Magnetic CS w+ H Area Area
Sextets mm/s | mm/s | (T) % %
Sextet 1 0.28 0.24 478 | 6.5
(CAT 67 M) 99.9
Sextet 2 0.63 0.74 42.7 | 19.3
(CAT 67 M)

Sextet 1 0.27 0.29 495 | 16.3

(CMT 58)

Sextet 1 0.67 0.87 46 17

(CMT 58)

Table 4.8. Room temperaturditted hyperfine parameters of mineral inclusions (ilmenite, amphibole and
magnetitefor samples CAT 67M and CMT 58, with isomer shift (CS), quadrupole splitting (QS) line width of
the high velocity peak (w+), low and high veity line widths (w/w+) = 1 to keep equal, line width of the most
intense sextet peak (w3), effective hyperfine field (H) and relative site intsresida

Figure 4.17 and Table 4.8how the spectra were fitted with 2 majaminerals presensuch as,
Magnetite and Amphibole, and also with possible presence of minor inclusions of ilmenite. The
spectra of ample CAT59d was fitteddoublets F& and Fe€** for parameters of amphibole; these
values are in agreement wi@unteret al. (2003)andWaerenborglet d., (2002).A doublet with an
isomershifts of 1.01 and 1.07 mm/s relative to metallic iron, quadrupole splitting of 0.75 and 0.73
mm/s corresponds to ferrous iroffé") in ilmenite and other doubte with an isomeshifts 0.32

mm/s and quadrupole spiity of 0.55 mnfs corresponds tcefric iron (F&") in ilmenite See table
4.9.These parameter§€") are comparable withancikand Mashlar{2002) Both spectra (CAT59d

and CAT=MY001C) show sextets, whietere fittedas magnetite(seetable 4.9). XRD reaults for

sample(CAT59d)support the preserof small amount ofimenitein these samples
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Figure4.17. Room temperaturbléssbauespectra ohmphibole and magnetiteclusiors fromdiamondiferous
pipe CAT 599 and(CAT=MY001C), with possiblepresence of limenite the sampé.

Samples Fe* Fe™* RedoxRatios
CAT59d & CSs Qs w Area CS Qs w Area
MYO001C mm/s | mm/s mm/s % mm/s | mm/s | mm/s % Fe'* e
+0.02 | +0.02 | %0.02 +1 +0.02 | +£0.02 | +0.02 | +1 +0.02
Paramagnetic Sites
CAT 59d 0.77
Possible 1.01* | 0.75* 0.22* 5.2
IiIm phase 0.32* 0.55 | 0.23* | 18.2
CAT 59d 1.13 2.82 0.22 43 0.29
Amp phase
MY001C 1.07* | 0.73* 0.22* 5.7 0.32* | 0.52* | 025 | 224 0.79
llIm phase
MYO001C Amp 1.13 2.75 0.24 59 0.27
Magnetic sites
Magnetic site CS w+ H Area - -
(CAT 59 d) mm/s mm/s )
Sextet 1 0.30 - 0.19 48.8 6.7 - - - -
Sextet 2 0.60 0.61 0.7 43.3 26.1 -
Magnetic site CSs w+ H
MY001C mm/s - mm/s )
Sextet 1 0.27 -0.017 0.16 47.7 6.4
Sextet 2 0.67 | -0.016 | 0.23 43.3 6.3

Table4.9. Roomtemperaturditted Méssbauehyperfine parameters of mineral inclussqiimenite, amphibole,
magnetitefrom samplesCAT 59 d and CAT=MY001CValues with* werefixed during the fitting process
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As demonstrated iRigure 4.18the fitted spectrum for the sam@l@MT 253) is complexdue tothe
multi-phasemineralspresentIt was fitted as magnetit&ith 2 sextets, whiclis a characteristic for
magnetite (Waerenborghet al, 2002). The same samplalso contais inclusionof ilmenite and
amphibole both with small arem(see fitting parameterand redox ratios inTable 4.10. However,
sample(CX 12N) wasfitted as hematite with 1 sextet

Figure4.18. Room temperaturéitted Méssbauer spectmf amphibole, iimenite and magnetite inclusions from
diamondiferous pipe of Camatxi€MT 25, poorly magnetic phasand hematite inclusion from Caixepa pipe
(CX 12N). Possible presence dmenite inthe sample
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Samples Fe* Fe* Redox Ratio

CS QS W Area CS QS W Area
(CMT 253 mm/s mm/s mm/s % mm/s | mm/s | mm/s % Fe* ™)H
& 12N) +0.02 | +0.02 | £0.02 +1 +0.02 | £0.02 | £0.02 | %1 +0.02
Paramagnetic Sites
CMT 253 1.07* 0.73* 0.23* | 13.7 | 0.32* | 0.52* | 0.52* | 4.8 0.25
IlIm phase
CMT 253 1.34 2.26 0.38 7.4
Amph phase
MagneticSites
Magnetic CS w+ H Area CS w+ 0 H Area
Sextets mm/s mm/s (T) % mm/s | mm/s | mm/s | (T) %
Sextet 1 0.59 0.53 38.9 56.0
(CMT 253)
Sextet 2 0.67* 0.32 26.3 18.0
(CMT 253)
Sextet 1 - - - - 0.32 0.28 | -0.006 | 49.6 100.0
(CX 12N)

Table4.10. Room tempeature hyperfine parameters mwineral inclusiongilmenite, amphibole and magnetite)
for Camatxia (CAT 253) and Caixep&X 12N) samples. domer shift (CS), quadrupole splitting (QS) line
width of the high velocity peak (w+), low and high velocity line widths\wt) = 1 to keep equal,re width of
the most intense sextet peak (w3), effective hyperfine field (H) and relative site intensities area

In Figure 4.19 the sample (CX 022) was fitted as hematite parameters with 2 sexéth is not
usual because Hematite contains one sdéMtieterenborghet al, 2002; and Greenwood and Gibb,
1971) The possibleorigin of thetwo sextetsn this particularsamplecan be explained thahe
original magnetite was probably transformed into hematite througgressive oxidation of structural
F&* to F€" (Santanaet al, 2001). SeeChapter Sfor further interpretation and discussion for the
reason why this hematite was fitted withs@xtets This sample als@ontains minorinclusiors of
ilmenite, (seeparameterand redox ratios inTable 4.11) But sampleCX (027) in the same Figure

4.19wasfitted as magnetite.
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Figure 4.19. Room temperaturéitted Mossbauerspectra of hematite @) sample (CX 022) and magnetite
(Mag), sampleCX 027) inclusions frm diamondiferous pipe of Caixepa

Sample Fett Fe Redox Ratio
CS Qs W | Area CS QS w Area Fet ™)H
mm/s | mm/s | mm/s | % mm/s | mm/s | mm/s % +0.02
+0.02 | £0.02 | £0.02 | %1 +0.02 | £0.02 | £0.02 | =1
Doublets | | | | |- 0.37
1&2 1.07 | 0.73 | 0.25 | 29 |- 0.32 0.52 | 0.35 18
(CX 022) * * * * * *
MagneticSextets
Magnetic Cs w+ - H Are CSs w+ - H Area
Sextets mm/s | mm/s | mm/s | (T) a | mm/s| mm/s| mm/s| (T) %
%
Sextet 1 - - - - - 0.32 | 0.29 | -0.03 | 49.1 58.2
(CX 022)
Sextet 2 - - - - - 0.36 | 0.17 | -0.07 | 51.1 37.1
(CX 022)
Sexetl | 0.33 | 0.29 0 495 76.3 - - - - -
(CX027)
Sextet2 | 0.57 | 0.87 0 45.6 | 23.8 - - - - -
(CX 027)

Table 4.11. Room temperaturddssbauer spectraf hematite (Hm) sample (CX 022) and magnetite (Mt),
sample &X 027) inclsions from diamondiferous pifmé Caixepa. @ta were fitted to two doublets ¥and Fé*
for ilmenitesample aCX 022 and sextets for Hematite and Magnetite.
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Another complex result comes from samp&WV 0045D) in Figure 4.20. The result é@mplex
because the sample & multi-phase material with possiblynore than 3 minerals (Hematite,

Magnetite, ilmenite and amphibol@)he fitting, carries notable uncertaintijue to the poor signéee
more discussion in Chegr 5)

Figure4.20. Room temperaturitted Mdssbauespectra of hematite (Hn@nd ilmenite insample (CW 0045D)
from Camutue and magnetite (Mthd hematite (Hm)sample (CX 03jrom Caixepa diamondiferous pipe
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Samples Fe't Fe* Redox
Ratios

CW 0045D CsS Qs w Area | CS Qs w Area
mm/s | mm/s mm/s % mm/s | mm/s| mm/is| % |Fe" ™)H
+0.02| £0.02 | +0.02 +1 | £0.02 | £0.02| £0.02 | +1 | +0.02

Paramagnetic Sites
CW 0045D | 1.03*| 0.80* 0.20* | 19.7

ilm phase 0.45* | 0.50 | 0.25* | 11.5 | 0.36
CW 0045D 0.82 | 2.50* 0.30* 25 0.31
Amph phase
Magnetic sites
Magnetic site CSs 0- w+ H Area - - - -
CwO0045D mm/s mm/s (m %
Sextet 1 0.67* 0 0.30* | 44.3 | 17.0 - - - -
Sextet 2 0.27* 0 0.24* | 45.2 | 19.0 - - - -
Magnetic site CS 0- w+ H - - - -
CX03 mm/s mm/s m
Sextet 1(Mag) | 0.32 0 0.24 49.3 | 60.8 - - - -
Sextet 1(Mag) | 0.65 0 0.27 455 | 35.9 - - - -
Sextet 2(Hem)| 0.18 0 0.24* 45* 3.3 - - - -

Table4.12. Room tempeature hyperfine parameters wineral inclsions(hematite, magnetite, amphibole and

ilmenite) Room temperature hyperfine parametersaferal inclusion from Camutug€WO0045D) and Caixepa

(CX 03) pipes determined from MossbaldiSHFWURVFRS\ &6: FHQWUH VKLIW: 46: TXDGL
half width at half maximum)The parametetwith asterisls werefixed during the fitting process
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Order | Pipe D | Mdssbauer XRD XRF Viscosity
Order | Depth, | Name of Sample Sample Sample Sample
(m) Kimberlites Refaence Reference | Reference Reference
Catoca pipe
1 70 Catoca CAT 62 Cat 62
2 205 Catoca CAT 115 CAT 115
3 543 Catoca CAT 58 Cat 58 CAT 58
4 344 Catoca CAT 59 CAT59 (3) IL
5 613 Catoca CAT 67 Cat 67 CAT67/HM CAT 67
CAT67NMM
6 506 Catoca CAT 50 Cat 50 CAT 50FM
CAT 50HM
CAT 50 IL
7 300 Catoca CAT 313 CAT 313
8 250 Catoca CAT 253 CAT 253
9 191 Catoca CAT 38 CAT 38
10 115 Catoca CATS
11 70 Catoca Cat 18 CAT 18 CAT 18
12 191 Catoca CAT 38
13 100 Catoca CAT 63
14 100 Catoca CAT 61
16 Caixepa pipe
16 30 Caixepa CX 022 CX 022 CX022
17 Caixepa CX 023
18 Caixepa CX 027 CX 027 CX 027 CX027
19 61 Caixepa CX 012 & 012N
20 57 Caixepa CX009and CX1 CXo012
21 Camutue Pipe
22 110 Camutue CM N (ca. nov) CMN
CAMUTUE
23 140 Camutue CW 04% CM=Cw45 CM=CWwW4
5
24 115 Camutue CW 004D CW 004D
25 114 Camutue CW 0045 CW 0045 CW45CM MG
26 55 Camutue (CM) | CM
27 Camatxia pipe
28 95 Camatxia CMT CMT 02 CMTO02 CMTO02
29 122 Camatxia CMT 05 CPX
30 130 Camatxia CN(c. novo) CMTO006
32 111 Camatxia CMT 60 CMT 60 CMT 60 CMT60
CMT 60 IL
33 87 Camagico pipe | CMG CMG 006 | CMGO006
Camagico
34 116 Camagico CMG CMG 171 | CMG171 CMG171

Table4.13. Summary of samplestudied using advancespectroscopitechniques
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4. 4. X-ray diffractometry (XRD) r esults

The XRD resultsare organised and presented according to phadasy of the sample e not
analysed by XRD, this idue to the limitedamountof powdersample obtaineffom homaeneous

mineral afterbeing crushedin mostof thesecasa, samples wre preferentially analysed directlyy
Mdossbauespectroscopy

Figure4.21. X-ray diffraction pattern®f crystalline materia present inand studieckimberlite sampls from
Catoca pipe, sampleSAT5 (order 10) and CAT62 (order &nhd Camatxigpipesample CMT60 (order 32)
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Figure 4.22. X-ray diffraction pattern®f crystalline material present andtudied kimberlite samples from
Camutuepipe,samples<CW004D (order 24) CW045 (order 23)and Caixepa pipesampleCX 1 (order20).
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Figure 4.23. X-ray diffraction patterns of complesrystalline materia present irstudied kimbdite samples
from Caixepa pipe, samples CX027 (order 25), CX027 (order 18) and Catoca pipe, <2ADI&8 (order 6);
CAT 59 ilm (order 6)
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Figure4.24. X-ray diffraction patterns afrystalline materia presenin studied kimberlite sampldsom Catoca
pipe, sample€AT 67HMa (order 5);50HM2 (order 6) 59HM1and 59D Thisilmenite containsminor
inclusionof amphibole andnunidentifiedcomplex phase
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4.5. XRF (X-ray fluorescence) pectroscopy

Figure4.25. Application process and sample preparation method for XRFysin.Kimberlite rock (a),
powdeedrock (b),hightemperature furnace instrument (c), melted powder rock/rehd for XRF analysis
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Wt % Sample | Sample| Sample| Sample| Sample| Sample| Sample| Sample | Sample
CMN CAT CAT | CX027| CAT CAT CAT CAT CAT 38
63 38 50 313 115 253
Na,O 0.00 0.05 0.27 0.18 0.76 0.67 0.21 0.14 0.41
MgO 10.48 10.15 | 14.02 | 32.85 | 36.11 | 5.34 6.01 8.36 10.72
Al,Os 0.62 0.21 0.58 3.93 3.74 0.26 0.47 0.36 0.35
SiO, 8.12 1.20 9.38 37.17 | 33.00 | 2.35 1.95 3.50 6.75
P,Os 0.03 0.04 0.09 0.38 1.39 0.12 0.00 0.08 0.05
SG; 0.00 0.00 0.00 0.21 0.20 0.04 0.00 0.02 0.03
K,0 0.02 0.01 0.08 0.37 1.05 0.04 0.01 0.05 0.00
CaO 1.03 0.18 0.72 3.82 6.48 0.47 0.40 0.21 1.01
TiO, 9.09 41.79 | 16.61 | 2.14 1.14 27.76 | 31.75 | 26.63 18.93
V.05 0.31 0.49 0.41 0.06 0.03 0.56 0.63 0.57 0.42
Cr0; 0.50 1.33 1.49 0.21 0.16 0.68 1.18 0.81 1.71
MnO 0.17 0.39 0.37 0.24 0.24 0.58 0.18 0.36 0.29
Fe0; 69.23 43.41 | 55.12 | 1798 | 14.84 | 60.02 | 55.97 | 57.88 58.46
ZnO 0.03 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.02
Sro 0.00 0.00 0.00 0.09 0.15 0.00 0.00 0.00 0.00
Y03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ZrO; 0.05 0.07 0.07 0.03 0.04 0.16 0.22 0.15 0.08
BaO 0.00 0.00 0.06 0.09 0.13 0.04 0.00 0.00 0.05
Total 99.67 99.34 | 99.28 | 99.74 | 99.46 | 99.10 | 98.99 | 99.13 99.28

Table4.14. Semi quantitativeXRF analysisresults(Fused bead)f kimberlite samples.
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Wt % Sample | Sample | Sample | Sample | Sample Sample
CAT 67 | CMTO006 | CMT60 | CX027 | CMT02 | CMG171
Na,O 0.40 0.07 0.02 0.25 0.12 4.01
MgO 28.80 46.28 32.27 24.55 2.42 15.70
Al,O; 3.24 1.04 1.84 3.83 1.43 5.66
Sio, 32.66 40.72 34.95 39.89 80.19 39.16
P05 0.78 0.06 0.17 0.34 0.07 0.35
SO 0.30 0.29 0.25 0.24 0.27 0.52
K20 1.51 0.05 0.10 0.20 0.14 0.11
CaO 7.43 0.44 3.20 5.59 5.56 8.39
TiO, 1.09 0.06 1.26 1.01 0.09 2.17
V205 0.02 0.01 0.03 0.01 0.02 0.02
Cr,05 0.12 0.48 0.15 0.11 0.52 0.07
Mn;O, 0.21 0.16 0.16 0.15 0.08 0.20
Fe0O; 10.11 7.37 11.53 9.75 3.93 9.72
ZnO 0.00 0.02 0.00 0.00 0.00 0.01
Sro 0.10 0.00 0.01 0.05 0.01 0.11
Y05 0.01 0.01 0.08 0.10 0.10 0.08
ZrO, 0.01 0.01 0.09 0.11 0.10 0.11
BaO 0.10 0.01 0.03 0.04 0.01 0.13
Total 1 | 86.86 97.04 86.15 86.22 95.06 86.50
LOI 13.55 5.49 15.11 13.78 6.24 11.76
Total 2 | 100.41 | 102.53 | 101.26 | 100.00 | 101.30 98.26

Table4.15. Quantitative analyses ( Fused Bead) and Loss on Ignition ( LOI) measurelwatthat thelotd
1 was obtained through the XRiefore thecalculationof Loss Onignition (LOI) and Total 2 was obtained after
the LOI.

4.6. EMPA (Electron micro probe -analysis)

The alteration characteristics tfese diamond indicator minerals (ilmeniggrnetand pyroxeng
from the studieddiamond deposits were investigated by optical and electrobepmicroanalysis
(EMPA). Optical microscopic and EMPA studies revealed that the alteratioinese minerals
proceededlong grain fractures and boundaries resulting in an amorplamksng a clear structure
not crystalling to microcrystallineassemtdge. The studiedmegacrystshave rounded anhedral to
subhedrakhapesvhich are attributed to abrasidiiring emplacement of the kimberlitgagma This
study alsoreveals that the alteration of ilmené®ad garneteads to unstable phases, with complex
elemental distribution patternsample CAT 5 in Figures 4.26 (a, b and dand CAT 62 in Figure
4.27 (c). The analysedmegacrysts(Figures 4.26 and 4.27pccurred as individual crystals or
intergrown grains of the same or different megacryst minerals sbopantial recrystallization
compositional zoning, and textwreof polycrystalline megacrystsll these features suggest
megacrysts formed metasomatically before the emplacesh&mberlite magmaThe origin of these

magacrysts are associated with prkimberlite magma(see sectior.2) for more details) which
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imply that they could be early crystallising prerusion phenocryst in the recent kimberlite maErna

(Mitchell] 1977 andKornprobst,1984)

Figure4.26. Electron Probe MicrdAnalysis (EPMA), backscattered electron ima¢gmmple CAT 5)xhowing

the mineral assemblage andetasomatic alterations processes imantiederived ilmenite, spineland
garnet/pyroxeneReplacements of ilmenite (a, b) and Garnet (c) and equilibrium contact between Grt and Cpx
(d). Strongly anisotropic ilmenite and spinel.
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Figure4.27. Electron Miado Probe-Analysis (BMPA), backscattered electron images (san@Ad 62) showing
the mineral assemblage amdetasomatic alterations processesmantlederived ilmenite and spingINE
Angola). Replacements of ilmenite (a, b, ¢) and equilibrium contacteleatWim and Spl is at samples (a).
Zoning features on Iim are indicated riectangle squaresignsin sample (a)and Carbonate ircircle sign at
sample(b). Mechanical and chemical deformatiorsample (d)

As demonstrated in Figuse28 the EMPAanalytical resuls reveal that sampl€X 030 consiss of
garnetpyroxene, ilmenite, spinel, olivine and carbonate jgindgopite but serpentirendphlogopite
has been found as less dominant minefidiss rock shows evidence of metasomatic alteration where
the oxides minerals are altered (e.g. sample CX 03@bjphyritic or phyric texture has been also
was identified, at samples CX30a and30b whergphenocrgts of pyroxene and spinels are set in a
fine-grained or intergranular matrix of carbonate and senperithese very fine grained matesare
interpreted agroundnass which consequently supports megacrystslt is interesting to sethat a
hydrothermal texturés also presenin this rock wherepyroxene (&) ilmenite and garnet (c) are
undegoingreplacement process, the ngdfiorming mineraldeing difficultto discerndue to the fluid
reaction,and may have differenchemical compositianfrom the preexisting ones.Similar textue
has been studied byShazly(2004)
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Figure 4.28. Backscattered electron images Analysis of kimberlite rock from Caixepa(gapgple CX 03Q)
showing the mineral assemblage and metasomatic alteration processes indevardtk ilmenite, spinel and
garnet/pyroxene wh replacement of ilmenite (a, b); garnet (c); and equilibrium contact between garnet and
clinopyroxene (d). Images show strongly anisotropic ilmenite and spinel. Grt = garnet; Olv = olivine; Pyn =

pyroxene; Spl = spinel; Pht = phlogopite; llm = ilmenif&b = carbonate; Sep = serpentine
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Table 4.16. EMPA of major chemical elements of iimenite crystals from diamondiferous pipes of
Catoca samples (Cat 62 and Cat 5) and Camatxia sample (CMT 60)

Catoca samples

Sample name | ;5 | AlLO, | Cr,O; | FeO, | FeO | MnO | MgO | cao | Total resre
wt.% wt.% wt.% wt.% wt.% | wt.% | wt.% | wt.% | wt% WE%
CAT 5 38.55 | 0.00 218 | 26.43 | 25.22 | 0.24 | 513 | 0.01 | 97.83 | 49.01
CAT 5 38.41 | 0.00 213 | 26.83 | 24.71| 0.24 | 534 | 0.01 | 97.74 | 48.86
CAT5 38.76 | 0.00 216 | 25.25 | 26.42 | 0.22 | 457 | 0.01 | 97.48 | 49.15
CAT5 38.96 | 0.00 215 | 25.05| 2544 | 0.20 | 5.25 | 0.01 | 97.09 | 47.99
CAT 5 38.63 | 0.95 218 | 2762 | 23.08 | 0.36 | 6.31 | 0.00 | 99.21 | 47.94
CAT 62 39.04 | 0.00 218 | 2479 | 26.50 | 0.19 | 467 | 0.01 | 97.49 | 48.81
CAT 62 38.20 | 0.00 208 | 2861 | 2343 | 0.30| 592 | 0.01 | 9862 | 49.18
CAT 62 39.26 | 0.16 218 | 2498 | 2547 | 0.27 | 535 | 0.01 | 97.73 | 47.96
CAT 62 38.75 | 0.92 214 | 25.13 | 25,58 | 0.22 | 5.02 | 0.01 | 97.88 | 48.20
CAT 62 40.22 | 0.68 224 | 2423 | 21.76 | 0.29 | 7.88 | 0.02 | 97.38 | 43.57
CAT 62 41.63 | 0.00 234 | 1841 | 28.26 | 0.22 | 498 | 0.02 | 95.95 | 44.83
CAT 62 41.52 | 1.75 236 | 1899 | 2789 | 0.17 | 515 | 0.01 | 97.96 | 44.99
CAT 62 41.70 | 0.26 241 | 18.74 | 2799 | 0.19 | 5.15 | 0.01 | 96.62 | 44.86
CAT 62 41.73 | 0.00 238 | 18.01 | 2759 | 0.29 | 5.36 | 0.02 | 95.48 | 43.80
CAT 62 41.31 | 0.00 236 | 1941 | 2769 | 0.19 | 5.15 | 0.02 | 96.22 | 45.16
CAT 62 41.35 | 0.69 231 | 1845 | 27.67 | 0.24 | 5.13 | 0.05 | 95.99 | 44.28
CAT 62 41.30 | 0.00 228 | 18.70 | 28.58 | 0.19 | 463 | 0.03 | 95.81 | 4541
CAT 62 41.35 | 0.69 231 | 1845 | 27.67 | 0.24 | 5.13 | 0.05 | 95.99 | 44.28
CAT 62 41.20 | 0.03 229 | 18.37 | 28.67 | 0.17 | 456 | 0.03 | 95.40 | 45.20
CAT 62 41.27 | 0.00 2.33 186 | 28.45| 0.21 | 4.68 | 0.02 | 95.73 | 45.25
CAT 5 37.78 | 0.04 0.27 | 27.73 | 2594 | 1.31| 3.76 | 0.01 | 96.88 | 50.90
CAT S 38.34 | 0.27 031 | 27.01 | 26.96 | 0.27 | 4.04 | 0.01 | 97.29 | 51.27
Continue of Table 4.16. EMPA of major chemical elements of iimenite csyals.
Catoca samples (Cat 62 and Cat 5)
CAT S 3799 | 1.07 | 0.29 | 27.38 | 27.33 | 0.18 | 3.72 | 0.01 | 98.01| 51.97
CAT 5 37.76 | 0.03 | 0.26 | 28.22 | 26.66 | 0.37 | 3.87 | 0.00 | 97.24| 52.06
CAT 5 3769 | 0.03 | 0.26 | 28,51 | 26.37 | 0.38 | 4.01 | 0.01 | 97.28| 52.02
CAT S 37.35| 0.00 | 0.28 | 29.83 | 24.45| 190 | 4.02 | 0.03 | 97.11| 50.58
CAT 5 38.14 | 0.00 | 0.25| 26.98 | 26.93 | 0.19 | 4.01 | 0.00 | 96.55| 51.22
CAT S 3766 | 0.00 | 0.25| 28.10 | 26.14 | 0.80 | 3.87 | 0.02 | 96.87| 51.43
CAT 62 36.36 | 0.00 | 1.33| 36.05| 15.15| 0.36 | 9.61 | 0.02 | 98.95| 47.60
CAT 62 36.13| 0.04 | 1.32 | 34.68 | 17.17 | 0.34 | 8.37 | 0.01 | 98.14| 48.38
CAT 62 35.97 | 0.00 | 1.32 | 32.27 | 22.18 | 0.20 | 5,55 | 0.01 | 97.59| 51.23
CAT 5 36.01| 0.00 | 1.33| 30.17 | 25.20 | 0.15| 3.91 | 0.01 | 96.86| 52.35
CAT S 37.73 | 0.00 | 0.20 | 29.06 | 27.03 | 0.24 | 3.74 | 0.01 | 98.04| 53.19
CAT 5 37.64 | 0.00 | 0.19 | 29.44 | 26.96 | 0.21 | 3.73 | 0.00 | 98.23| 53.45
CAT S 3783 | 0.00 | 0.19 | 29.10 | 27.12 | 0.14 | 3.80 | 0.00 | 98.21| 53.31
CAT 5 37.319| 0.00 | 0.15| 29.38 | 26.64 | 0.20 | 3.75 | 0.00 | 97.49| 53.08
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CAT 5 37.64 | 0.00 | 0.19 | 29.39 | 26.39 | 0.27 | 4.03 | 0.00

97.95

52.84

CAT 5 3781 | 140 | 0.19| 29.18 | 26.93 | 0.19 | 3.81 | 001

99.66

53.19

CAT 5 37.13 | 0.00 | 0.34| 30.73 | 26.23 | 0.18 | 3.88 | 0.00

98.59

53.88

CAT S 37.20 | 0.00 | 0.32| 30.62 | 26.44 | 0.15| 3.83 | 0.01

98.61

54.00

CAT 5 37.20 | 0.00 | 0.34 | 30.57 | 26.51 | 0.16 | 3.78 | 0.01

98.65

54.02

CAT 5 37.40 | 0.00 | 0.35| 29.92 | 26.76 | 0.14 | 3.77 | 0.00

98.40

53.68

CAT 5 37.17 | 0.00 | 0.33 | 30.51 | 26.40 | 0.15| 3.83 | 0.01

98.46

53.86

CAT 62 39.65| 0.20 | 0.20 | 23,50 | 27.85 | 0.76 | 3.94 | 0.01

96.15

49.00

CAT 62 39.43 | 0.00 | 0.25| 23.96 | 28.51 | 0.23 | 3.75 | 0.00

96.18

50.07

CAT 5 3854 | 0.00 | 0.19 | 28.37 | 2441 | 223 | 448 | 0.01

98.25

49.95

CAT 5 36.62 | 0.00 | 2.02 | 29.11 | 24.42 | 0.62 | 4.40 | 0.00

97.27

50.62

CAT 5 36.64 | 0.93 | 2.08 | 29.05| 2549 | 0.13 | 4.06 | 0.00

98.51

51.64

CAT 5 3681 | 0.19 | 201 | 29.01 | 2535 | 0.46 | 4.04 | 0.01

98.00

51.46

CAT 5 36.75 | 0.65 | 1.98 | 29.53 | 24.43 | 0.67 | 4.43 | 0.00

98.53

51.00

CAT 62 46.68 | 0.08 | 244 | 1145 | 29.28 | 0.38 | 6.88 | 0.00

97.27

39.59

CAT 62 4578 | 0.35 | 252 | 1245 | 30.45| 0.33 | 5.76 | 0.01

97.79

41.66

CAT 62 46.41 | 0.12 | 249 | 1280 | 27.34 | 0.81 | 7.57 | 0.01

97.65

38.86

CAT 62 4553 | 0.00 | 098 | 1354 | 31.14 | 0.26 | 5.33 | 0.01

96.86

43.33

CAT 62 4615 | 0.48 | 0.96 | 14.04 | 28.83 | 0.27 | 6.88 | 0.01

97.76

41.47

Continue of Table 4.16. EMPA of major chemical elements of iimenite
Catoca samples (Cat 62 and Cat 5)

crystals

CAT 62

46.13 0.00 095 | 11.95| 32.11 | 0.26 | 5.04 0.02

96.58

42.87

CAT 5

36.82 0.00 0.91 | 3045 | 25.74 | 0.22 | 3.95 0.00

98.24

53.14

CAT 5

36.92 0.00 0.89 | 30.36 | 25.42 | 0.61 | 4.00 0.01

98.27

52.74

CAT 5

37.12 0.00 0.86 | 30.85| 24.30 | 0.60 | 4.74 0.00

98.53

52.06

CAT 5

35.51 0.97 051 | 32.75| 26.10 | 0.17 | 3.15 0.00

99.24

55.58

CAT 5

35.07 0.00 0.49 | 33.73| 25.10 | 0.14 | 3.53 0.01

98.08

55.45

CAT 5

34.54 0.00 0.46 | 3454 | 2393 | 0.20 | 3.85 0.03

97.60

55.01

CAT 5

35.79 1.56 0.52 | 33.67 | 23.19 | 0.11 | 4.94 0.00

99.90

53.49

CAT 5

35.38 0.04 0.20 | 34.00 | 26.21 | 0.21 | 3.02 0.01

99.11

56.81

CAT 5

35.03 0.00 0.19 | 34.29 | 2592 | 0.22 | 3.00 0.00

98.68

56.77

CAT 5

35.62 0.00 0.17 | 33.61| 26.17 | 0.20 | 3.17 0.01

98.97

56.41

CAT 5

34.64 0.01 053 | 3447 | 25.17 | 0.12 | 3.28 0.01

98.26

56.19

CAT 5

34.62 0.62 0.58 | 33.56 | 25.39 | 0.18 | 3.08 0.01

98.14

55.60

CATS

35.64 0.00 062 | 29.01| 27.35| 0.11 | 255 0.01

95.36

53.46

CATS

34.50 0.91 0.58 | 34.79 | 23.58 | 0.30 | 3.99 0.01

98.71

54.89

CAT 62

43.56 0.00 1.60 | 17.24 | 28.75 | 0.14 | 5.70 0.03

97.15

44.27

CAT 62

46.72 0.00 1.87 | 1448 | 26.80 | 0.25 | 8.35 0.02

98.57

39.84

CAT 62

45.38 0.00 227 | 1485| 27.86 | 0.25 | 7.08 0.02

97.80

41.23

CAT 62

47.52 0.00 226 | 1313 | 2519 | 0.32 | 9.61 0.03

98.13

37.01

CAT 62

45.70 0.00 226 | 1452 | 26.01 | 0.37 | 8.16 0.05

97.22

39.08

CAT 5

38.76 0.00 051 | 27.74| 269 | 0.18 | 4.32 0.00

98.50

51.91

CATS

38.55 0.00 045 | 28.29 | 26.75 | 0.20 | 4.32 0.01

98.58

52.21

CAT 5

38.78 1.54 056 | 27.99 | 26.81 | 0.19 | 4.34 0.01

100.3
6

52.00
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CAT5 38.78 0.00 0.49 | 27.99 | 27.02 | 0.24 | 4.27 0.00 |98.83| 52.22
Cat 62 41.26 1.015 | 0.35 | 2356 | 21.79 | 0.30 | 8.35 0.04 |96.78| 43.00
Cat 62 37.40 0.88 1.80 | 29.11 | 2537 | 0.21 | 451 0.00 |99.34| 51.57
CATS 37.08 0.00 1.73 | 29.35| 25.05 | 0.22 | 4.52 0.00 |98.01| 51.47
Continue of Table 4.16. EMPA of major chemical elements of ilmenite crystals.
Catoca samples (Cat 62 and Cat 5)
CAT5 37.41 0.00 1.80 | 29.07 | 25.40 | 0.22 | 4.48 0.00 | 98.46 | 51.57
CATS 37.36 0.00 1.79 | 29.07 | 25.35 | 0.19 | 4523 | 0.00 | 98.32 | 51.51
CAT5 36.69 0.07 0.78 | 30.96 | 25.96 | 0.17 | 3.832| 0.00 | 98.52 | 53.82
CAT5 36.65 0.00 0.77 | 31.39 | 25.86 | 0.16 | 3.872| 0.00 | 98.78 | 54.11
CAT5 36.57 0.00 0.79 | 31.20| 25.81 | 0.17 | 3.872 | 0.010 | 98.45 | 53.89
CAT5 36.63 0.00 0.84 | 3115 | 2592 | 0.22 | 3.812| 0.00 | 98.62 | 53.96
CAT5 36.85 0.65 0.82 | 30.54| 26.17 | 0.17 | 3.782| 0.01 | 99.09 | 53.66
CAT 62 35.34 0.00 1.93 | 3238 | 24.14 | 0.17 | 4.183| 0.01 | 98.19 | 53.28
CAT 5 35.20 0.00 191 | 3235| 2431 | 0.16 | 3.962 | 0.01 | 98.04 | 53.42
CAT 62 35.33 0.00 1.86 | 32.39 | 2420 | 0.18 | 4.132| 0.01 | 98.14 | 53.34
CAT 62 35.42 0.24 196 | 32.36 | 24.46 | 0.16 | 4.042 | 0.00 | 98.70 | 53.59
CAT5S 35.80 0.00 1.85| 31.71 | 24.74 | 0.17 | 4.062 | 0.01 | 98.41 | 53.28
Continue of Table. 4.16. EMPA of major chemical elements of ilmenite crystals.
Camatxia sampk (CMT 60)

Sample TiO, Al,O; | Cr,O; | FeOs FeO | MNnO | MgO CaoO Total | Fe=FeO
name wt.% wt.% wt.% | wt.% wt.% | wt% | wt.% wt.% wt.% wt.%
CMT 60 47.42 0.00 0.64 | 16.61| 25.87 | 0.45 | 9.09 0.02 | 100.23| 40.82
CMT 60 47.13 0.53 0.67 | 16.65| 25.44 | 0.55 | 9.14 0.04 | 100.22| 40.42
CMT 60 47.40 0.00 0.67 | 17.07 | 24.97 | 0.49 | 9.54 0.02 | 100.32| 40.34
CMT 60 47.47 0.61 0.65 | 16.82 | 25.23 | 0.52 | 941 0.03 | 100.89| 40.36
CMT 60 54.63 0.00 0.00 | 597 | 27.37 | 0.73 | 11.74| 0.02 | 100.56| 32.74
CMT 60 54.75 1.25 0.00 | 517 | 29.88 | 0.30 | 10.65| 0.04 |102.08| 34.53
CMT 60 55.31 0.00 001 | 481 | 28.78| 0.54 | 11.39| 0.04 |100.96| 33.11
CMT 60 54.87 0.85 0.00 | 578 | 28.29 | 0.61 | 11.42| 0.03 |101.90| 33.49
CMT 60 53.57 0.00 003 | 7.79 | 27.10 | 0.75| 11.34 | 0.04 |100.69| 34.11
CMT 60 51.43 0.00 1.05| 11.75| 2290 | 0.67 | 12.63| 0.02 | 100.63| 33.48
CMT 60 51.21 0.69 1.00 | 11.58 | 2292 | 0.73 | 12,51 | 0.02 | 100.77| 33.34
CMT 60 51.29 0.25 1.05| 11.50 | 23.08 | 0.68 | 12.47 | 0.02 |100.47| 33.43
CMT 60 51.51 0.28 1.02 | 11.61 | 23.20 | 0.72 | 12.48| 0.05 | 101.00| 33.66
CMT 60 51.54 0.00 1.00 | 11.31| 23.12 | 0.69 | 12.58 | 0.03 |100.38| 33.30
CMT 60 46.34 0.00 0.06 | 18.89 | 25.67 | 0.36 | 8.72 0.02 | 100.16| 42.67
CMT 60 50.63 0.00 0.02 | 12.23 | 27.08 | 0.54 | 9.99 0.04 | 100.61| 38.09
CMT 60 51.45 0.00 0.01 | 11.11 | 26.84 | 0.55 | 10.546] 0.03 | 100.62| 36.84
CMT 60 54.41 0.00 0.00 | 6.48 | 27.35| 0.71 | 11.64| 0.04 |100.71| 33.18
CMT 60 55.08 0.23 0.00 | 480 | 28.23 | 0.57 | 11.58 | 0.04 |100.60| 32.560
CMT 60 45.50 0.00 0.06 | 20.53 | 25.62 | 0.46 | 8.26 0.04 | 100.57| 44.09
CMT 60 45.59 0.00 0.09 | 21.09 | 23.64 | 0.72 | 9.16 0.09 | 100.62| 42.63
CMT 60 52.99 0.07 120 | 996 | 22.16 | 0.94 | 13,51 | 0.27 |101.26] 31.13
CMT 60 53.20 1.30 1.07 | 9.79 | 2221 | 0.95| 13.67| 0.18 | 102.50| 31.02
CMT 60 52.80 0.48 1.04 | 961 | 2299 | 0.97 | 13.05| 0.10 |101.20| 31.65
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CMT 60 52.96 0.07 123 | 9.12 | 23.26 | 0.96 | 12.94| 0.17 | 100.87| 31.47

CMT 60 52.88 0.00 132 | 9.20 | 23.35| 1.08 | 12.87 | 0.04 | 100.89| 31.63

CMT 60 52.58 0.00 129 | 947 | 23.34 | 1.04 | 12.74| 0.05 |100.67| 31.87

Table 4.16. Summary of Electron Probe Mictnalysis (EPMA) of major chemical elements of ilmenite
crystals from diamondiferous pipeSaocasamples (Cat 62 and Cat 5) are in normal text andCHraatxia
sample (CMT 60)s in italic text.

The lower Ti and excess Eeobservedin the analysedimenite sample(Table 4.16), reflects the
evidenceof oxidised ilmenite. The oxided sample oflmenite wasalso studied byVaerenborghet
al. (2002. TheEMPA chemicaknalysisresuts (Table 4.1% are comparable with reported previously

in theliterature fornatural iimenitgGibb and Greenwood, 1969)

As shown intable 4.16mineral chemistry b\eMPA (electron microprobe-analysi$ revealed some
reduction of TiO,, MgO, Al,O; Cr0Os; MnO and CaQ in the altered productimenite grains
probably during weathering/transformatioleading to the formation of leucoxenéccording to
(Deyse] 2007) leumxeneis fine granular mateal which isformed through extensive transformation

or weathering of ilmenit¢hat removes iron and increases the titanium content of the mineral grains
(Raoand Rao1965)

Despite the analysed rock (CATL8, see Table 4.)7s being considered asmaantle eclogite rock,
but a group of clustesinalysesof mantle Iherzolite (peridotite) garnetatawhich is rich in Cr(see
Table 4.17)were identified in this rock (CAT18). For examplaghe analysed garnet daGr,Os;
(7.61%); Cr,0O; (7.60%); Cr,O3 (7.50%); Cr,0; (6.90%) and Cr,O; (6.8%%) they may be from
Iherzolitic garne{G9). This result is in the agreementlbérzolites 01G9 garnet analysed by Gurney
and Moore, (1993)The low magnesium oxides analysed in this sample, matysed data MgO
(2.38%); MgO (2.34%)MgO (2.32%); MgO (2.35%) with elevatgercentage of FeGs¢e Table
4.17) are interpretealsa almandinegarnet orcrustal garnet This rock CAT 18 ( see Figure 3.5 (a)) is
primary mantle rockformed at great deptimd lately transported by kimberlite magma from deep
mantle deptto the surface conquentlysomeminor inclusionof the cluster of almandingarnet or
crustal garnetire present inthe CAT 18. It is questionable that some analysed data Vaw FeO

content of 3-4% are probably classified as garnets
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Table.4.17 EMPA analysis of garnet for mantle xenolitfistype Cat18), Catoca pipe

FeO MnO MgO CaO TiO, Sio, Al20; Cr,05
wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.%
11.66 0.32 19.55 3.22 0.09 41.75 23.25 0.08
11.97 0.31 19.51 3.16 0.15 41.58 23.20 0.04
11.86 0.32 19.53 3.15 0.15 41.47 23.20 0.08
11.89 0.32 19.59 3.14 0.14 41.57 23.23 0.08
11.26 0.36 19.87 3.27 0.10 41.78 23.22 0.11
12.00 0.30 19.36 3.15 0.15 41.63 23.19 0.05
3.25 0.04 12.87 16.87 0.37 54.6 5.98 0.11
3.33 0.06 12.79 16.60 0.39 54.74 6.22 0.14
3.23 0.04 12.91 16.85 0.37 54.68 5.95 0.10
3.21 0.04 12.68 16.68 0.40 54.85 6.26 0.05
12.07 0.33 19.36 3.16 0.14 41.53 23.15 0.04
11.76 0.30 19.55 3.12 0.14 41.76 23.03 0.06
11.43 0.29 19.72 3.14 0.10 41.62 23.28 0.09
11.92 0.32 19.50 3.13 0.12 41.60 23.17 0.09
11.97 0.31 19.47 3.13 0.13 41.66 23.18 0.04
11.82 0.28 19.50 3.10 0.15 41.71 23.15 0.04
11.81 0.33 19.56 3.13 0.16 41.68 23.12 0.07
11.89 0.31 19.56 3.14 0.13 41.66 23.13 0.07
11.72 0.31 19.73 3.15 0.11 41.69 23.16 0.12
11.57 0.34 19.55 3.21 0.10 41.59 23.24 0.08
3.21 0.06 12.62 16.51 0.37 54.93 6.36 0.12
3.22 0.04 12.84 16.77 0.38 54.73 6.00 0.17
36.90 0.20 2.38 3.75 0.05 37.11 21.08 0.00
36.72 0.22 2.34 3.92 0.05 37.11 2093 0.00
36.40 0.22 2.32 4.20 0.07 37.18 21.10 0.02
36.36 0.22 2.35 4.18 0.06 37.12 20.98 0.01
3.40 0.03 8.16 12.18 0.33 54.92 11.75 0.02
3.52 0.01 8.32 12.30 0.38 54.92 11.35 0.03
3.60 0.04 8.37 12.31 0.38 54.92 11.42 0.04
16.23 0.28 12.29 8.36 0.30 40.19 22.14 0.00
16.46 0.27 12.55 7.80 0.30 40.21 22.14 0.01
16.52 0.27 12.53 7.79 0.30 40.19 22.08 0.02
16.46 0.28 12.52 7.76 0.28 40.22 22.24 0.01
16.54 0.26 12.22 8.43 0.31 40.19 22.27 0.02
16.39 0.28 12.51 7.98 0.23 40.04 22.51 0.03
16.31 0.29 1157 9.26 0.21 40.17 22.07 0.03
16.28 0.28 11.55 9.27 0.20 39.98 22.27 0.02
16.25 0.28 11.58 9.19 0.21 40.07 22.29 0.01
16.37 0.28 12.00 8.67 0.28 40.13 21.92 0.03
16.26 0.28 11.74 8.93 0.21 40.25 22.30 0.01
16.35 0.26 11.86 8.95 0.22 40.31 22.38 0.01
16.45 0.28 12.55 7.87 0.31 40.21 22.28 0.03
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Table 4.17Continuel
EMPA analysis of garnet for mantle xenolitedype Cat18)from Catoca pipe
FeO MnO MgO CaO TiO, Sio, Al20; Cr,03
wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.%
16.51 0.27 12.54 7.89 0.29 40.40 22.14 0.03
16.52 0.29 12.41 8.32 0.30 40.33 22.15 0.03
16.38 0.26 12.38 8.06 0.28 40.22 22.25 0.03
15.32 0.61 15.45 5.26 0.20 40.30 20.53 2.47
15.34 0.65 15.18 5.52 0.20 40.49 20.29 2.37
15.%6 0.65 15.11 5.66 0.22 40.25 20.38 2.26
8.73 0.40 20.51 4.33 0.26 41.47 22.22 2.02
8.75 0.42 20.71 4.35 0.26 41.94 21.77 2.12
11.62 0.24 18.12 5.52 0.57 41.45 21.85 0.04
11.75 0.24 18.13 5.57 0.57 41.44 21.85 0.09
11.73 0.26 18.16 551 0.58 41.38 21.84 0.09
11.72 0.24 18.13 5.58 0.56 41.63 21.87 0.08
7.91 0.45 19.48 5.64 0.09 41.43 17.64 7.61
7.92 0.42 19.36 5.63 0.10 41.11 17.77 7.60
7.93 0.43 19.52 5.55 0.09 40.49 18.15 7.50
8.95 0.46 18.71 5.69 0.24 41.10 18.02 6.90
8.94 0.48 18.95 5.66 0.24 40.61 18.07 6.85
36.5 0.20 2.39 3.99 0.06 37.13 20.92 0.00
36.4 0.23 2.40 3.92 0.04 36.95 21.05 0.00

Table4.17. EPMA analysis of garnet %) sample reference: CAT 18

Figure 4.29. Plot of CpO; versus CaCcontent for diamond inclusion gaets from localityof Catoca The
horizontal line drawn at 2 w6 Cr,0Os is only used as an arbitrary déion between eclogitic (< 2 Wb CrOs)
and peridotitio(>2 wt.% CpOs) garnets.
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Despite mantle peridotite domitrag in Lunda province,tis newfinding (Figure 4.29)ndicates that
Angolandiamonds aralso associated witthe eclogite mantlgTable4.17) The previous study of
Correia and Laiginha$2006) showed that Angolan diamonds areassociated withthe peridotitic
mantle, and withthe eclogite garnet (< 2 Wi CrQOs). In contrastthis new finding Figure 429)
clearly demonigates that Angolan eclogite diamond garnedntairs ( <2 wt% CrOs). This resultis in
agreement witlihe work ofCookenbocand Griitter (2010), who pointed outhatthe eclogitegarnet
field have 2.0% CpOs;. The observedhigh percentagef CaO ranging between 3.5946.9% and
00.9%- 0.58% TiQ and 3.2- 36.9 % FeOof analysed eclogite garnétable 4.17), leads tothe
conclusion that these gateare derived from diamond field and this classification criteria can be
used as main target of diamond exploratioorderto discriminate the eclogite diamond garnet and
crustal garnetThe crustal garnets can have very low CaO contentsO wt%,; Cookenbooand
Grutter, 2010) and garnet eclogite Haigh % FeO and low TiQ (Table 4.17and Figure 4.30)This
resultis also in agreement of the warsk Schulze (1997).

Figure4.30. Plot of TiO, versus FO® contentfor diamond inclusion gaets of eclogit§¢sample CAT18Jrom
Catocakimberlite

As demonstrated in Figures34, 4.32and 433, iimenite fromthree pipes has different composition.
When redoxratio (Fé* ™ ) tas plotted against major chemical componé@tsO; TiO,and MgO),
theresults showthatilmenite for Catoca pipbashigh redox rati® ranging from0.3 to 0.95Although
having 2.2% of GOs, (Figure 431) and 5.56.1 % of MgO (Figure 82) but eva so, itsredoxratio
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is still high enough forthe lower survival of diamond during their journeyo surface The evidence
indicates theresorption process to be active and high, consequeriintgeto the poor diamond
preservation condition at Catocapei But the situation is different at Camutue, Caixepa and
Canmtxia, where the redox ratimostlyis less tharapproximately0.3. It can be assumed thairse
minorsimpuritiesin ilmenite sample (Figures 481, 432 and 433) for the Caixepa and Camutue may
have influenced the redox ratio to Heglstly high at 0.2 when it is pltted against major chemical
elements GO; (2.29%9, TiO, (39%) and MgO 4.7%). The decrease ifiO, content(39%) for these
ilmenites is due toan alteration(oxidation, excess B8 process in the original crystal of ilmenite.
This statement is supported Hye workof Gibb and Greenwoo(@l969) that studied ilmenite and
explained thalower Tiin natural ilmenite is associated wadh oxidation process. As demonstrated in
Figures 431, 432 and 433, it is interesting to sethe redox ratiqFe** ™ ) 4 low, 0.2 for ilmenite

of Camatxia pipgpresenting variation it€r,0;, TiO, and MgOagainstFe* ™M)H 7KH InQFUHDVH
MgO for Camatxia ilmenite is good indication factor for diamanpreservation conditiain this
region. This statement is in agreement wlithworks ofNowicki et al.(2007)

Figure4.31. Plot of Cr,O; contentagainst F& ™ ) lfon redoxratio) of imenite diamondndicator minerals
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Figure4.32. Plot of TiO, content againdte’® ™ ) kon redoxratio) ofilmenite diamond indicator minerals

Figure4.33. Plot of MgO contentagainst F& ™ ) lron redoxratio) of ilmenite diamond indicator minerals
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4.7. Diamond heterogeneous mantle model

The modelpresented hereas developedsingcalculatiors of diamond carats per hundred tonnes of
rock that each pipe prode and possible percentages of diamond brougtitetdarth ssurface by
kimberlite (Figure 4.34). These are anfidential datathat wereprovided by localgeologiss and
mining engineersThe devdoped modelthat supports the viewthat the observed variatis in
diamond grade(Table 418) and / or abundance in Lund@rovinces are associated witlthe
heterogeneousnantle so each kimberlite pipe has sampledd transported different amoumnbf
diamondfrom the deepmantle Resuls show thatthe Catoca pipés the richest pipasthis pipe has

sampled more diamordkep mantle source than any aetikmberlite in the Lucapa grahe

Figure 4.34. Developed heterogeneous model for diamondiferous kimberlites, kvesfdca (NE Angola)
showing relative locations of 5 principal pipinvestigated in this study

Kimberlite pipes Quantity diamond eachMine Diamond % on surface
production in 100 tonnes
Catoca pipe 65-720 ct/100t 0.14 x10'%
Camatxia pipe 0.07- 0.45 ct/t = 745 ct/100t 0.9 x10°%
Camutue pipe 0.0850.6¢t/t = 8.560 ct/100t 0.12 x10'%
Caixepa pipe 0.06:0.39ct/t = 839 ct/100t. 0.78 x10°%
Camagico pipe 0.06:0.085ct/t = 63.5 ct/100t... 0.17 x10%

Table4.18. Grade variations of diamonds from a single piphowsdiamond carats per hundred tonne of rock

that each pipe produseand possible percentages of diamond brought to surface by kimb8ditece of
information: local geologits in NE Angola.
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4. 8. Diamond preservation modelfor sampled kimberlites

This sectionpresens discussion anchew findingsregardingdiamond grade variation, quality, and
size distributions observed between kimberlite pipgeaiCongo Cratonin adlition, anindication of
oxygen fugacity for the samplediamondiferous kimberliteand how tis information can be used to
the benefit ofdiamond miningcompanies infuture exploration and further recommendations are
provided. This model was developed éd®nthe chemical composition of ilmenite as &emion for

the preservation of diamond index in NE Angola

limenite (FeTiQ) is one of the iroibearing minerals with iron naturally occurring in the two
oxidation states (Péand F&"). For this reasorit is a good candidate for studying thedox ratio

Fe* TFe (McCammonet al, 1998) and canbe used forin situ studiesunder pressure $edaand
Hearne, 2004)In addition, this minerals commonly found as rock inclusion in kimberlites and
volcanic rocks, and it is generally used as an indicator minerghendiamond exploration
environmentWyatt et al, 2004 and Keulert al, 2009) The oxidation state of the ilmenite mineral
inclusiors is, therefore, indicative of the oxidation state of the host kimberlite assemblage, which in
turn determines the origiand genesis or diamond preservation conditigbsrijey et al, 1993
Gurney and Zweistra, 199%nd Kozai and Arima, 2005)The preservation of diamond during
kimberlite ascent to the surface is the crucial parameter in determining diamond grade within
kimberlite pipes and the rate at which diamond crystals were resorbed depends mostly on oxygen
fugacity (McCammonet al, 1998; McCammon et al, 2001; Fedortchouk and Cani2009.
Estimation of the potential for diamond resorption by kimberlites is primdédged on the
geochemical composition of megacryst ilmenite (Haretyal, 2001). It has been revealdyy
Nowicki et al. (2007)thatin many casethe average ferric iron (B8 content of ilmenite megacryst
populations can be related to the extent ohdiad resorption and consequently it has significant
impact on diamond content, sidéstribution and value in the exploration of kimberlite deposits
(4.35)

As discussed bysurney and Zweistra (1995), the presencenafjnesium (Mg) in ilmenite can be
usedas a guide for the existence of diamond in kimberlite pipbs research elucidates further
understanding of diamond preservation and indicates that, in terms of diamond prospecting and
exploration, the presence or absencenagnesium (Mg) in ilmenitas an indicator minera not an
effective method to conclude whether host kimberlite pipe economically supports diamond mining
(Yambissaet al, 2014).A clear example of this case arises from the diamondiferous kimberlite of
Catocafor which, as showrin Figure 4.35, the majority afhemical analysis (Table 4}l of Catoca
ilmenite with an average < 6 wt% MgO, places the Catoca pgieveen thepoor diamond

preservation zong3) to the nopreservation zongb) according to Nowicket al. (2007) andGurrey
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and Zweistra (1995), but in contrast tBatocakimberlite pipeis the richest diamondiferous pipe in
NE Angola.The newfindings from this study arthat different diamond field may appearto obey
different rule sets with respect to diamond presemmaticondition by using ilmenite criteria. The
presence of high volurseof diamond at Catoca mine may be associated with mantle richness in
diamond itself. This stament can be supported with the evicke fromTable4.18 Catoca kimberlite

is the richest @¢imond pipe in NE Angola and theurthlargestdiamondprodutionmine intheworld.
Despite the Catoca pigeeing therichest in diamond withirthe Lunda diamondiferous zone, but the
resuls suggesfshown in Figure 4.35poor diamond preservation conditg This is another crucial
factor which can be interpreted to be associated with the possibility of its mantle being more
mineralized and riadr in diamondthan predicted on the basis of the@gevs MgO plot in Figure
4.35 This result is supported lile work ofBatalevaet al, (2012)who explainedhat all amount of C

can be oxidized by Béto CO, or carbonates only in rocks depleted with carbon

Figure4.35. Preservation of diamond index modeid ilustration thecomposition of ilmenite F©;vs MgOin
wt % (Catoca and Camatxia kimberlpies)

The major implication from the interpretation of EMPA data for the complex ilmenite formation
processes demonated for the Catoca and Camatkianberlites is that even with increased ferric
iron, F€*, and the lack of the original Mgrich the ilmenite at Catoca pipethe presence or

mineralization of diamond within Lucapa graben kimberlites cannot be ruled out.
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4.8.1. Classification of Angolarkimberlites based onilmenite criterion

The investigatedgeochemistry of thenite of the samplekimberlites, suggestthat Angolan pipes
fall in the kimberlite ilmenite environment, according to thigures4.36 and4.37.The geochemical
results are withinthis classification based on the work oHaggerty and Tompkins (83). As
illustrated onFigure 4.36 kimberlitic ilmenite is mostly dominated by solid solutions among three
endmember components (FeTyMgTiO; and Fg0s). This is because the oxidation state ohiin
the two endmembers (ilmenite and hematite) is eithe”'Fer F€*, and the stability of any
composition within ilmenite ternary components should depend@n(Haggerty and Togpkins,
1983). A precise classification and identification of the ilmerdburce lithology, especially in
kimberlite deposits where ilmenite issed asan indicator mineral, carmprovide a positive impact
including effective geological/mineral study for the area, diamomditglevaluation indexand direct
cost savings in dianmal exploration programes. Anomalies carbe easily recognized because non
kimberlitic ilmenites usually exhibit very low &D; contents of approximaie0.5 wt% (Wyattet al,
2003)

Figure4.36. Ternary dagram showing the field of kimberlite ilmenite composition from Western Africa (NE
Angola samples Cat 5, Cat @2 red colourand CMT 60in back colouy, plotted as function diematite,
ilmenite and geikeilite
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Figure4.37. Ternary diagram showing the contour lines field of kimberlite ilmenite compos$itamWestern
Africa (NE Angola)plotted as function dfiematite, ilmenite and geikeilite

4.9. Viscosity modeffor sampled kimberlite rocks

The purpos of viscosity modelling in this research was to try to generate a better understankdeg of
causes of the variations in diamond abundaqaality (including absorption) and gradebserved
amongthe studied pipeBom NE Angola The quality and gradeaviation and diamond distribution is
also linked to the speed of kimberlitic magma used to transport diamond crystals from deep source
mantle to the surfacéccording to Sparket al. (2006) kimberlite magma with lower viscositgan
enable an exceptionahpid transport of diamond from tlieepsource mantle region to the surac
which isa crucial process for diamomdrvival (Wilson and Hea®007) This viscosity model assists
geologistpetrologistsand mineralogisto understand the behaviour of kierlite magma or silicate
melts (Shaw, 1972andthe dynamicandviolent eruption style ofkimberlite magmaThe viscosity
model used in thisesearch isimilar to that described bBottinga andwWeill (1972), temperature
dependence of viscosity in theonpositional silicate meltsRersikov, 2007), which is strong
viscosity model for this projectbecausehis modeldeak with chemical complex geological system
(for example kimbrlite melt emplacement even{§haw, 1972)The assumption made in this mode

is that for example this viscosity modelling deal with atmospheric pressures, and therefore it gives
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only relative viscosities of one kimberlite magma versus another, also the model does not include
allowance for the presence whter,CO, or other volates in the magmagffect of pressureso there

are several sources of uncertainty which make the viscosity modelling more qualitative than
guantitative.Another inportant limitation associated witthe viscosity ofthe analysedkimberlite
rock/magmédor this project,s lack of pure liquid or orginatomposition ofkimberlite magméiuid,

make the resulinrepresentative of the viscosiy the kimberlite magma. This ibecaus&kimberlite
magma/rocks are mostly contaminated magma/rdsgarks, 201and Sprkset al, 2009 containing
several pieces of other materials/rocks, different phases, thedafoberlite magma hasNon-
Newtonian behavior of fluide/hich is caused bgeveral factors/ contaminated matériatlusion of
foreignmaterials The shear fixe is influence the viscosity of the fluid to chari§earkset al, 2006

2009 this occursvhen the shedorceis applied to noiNewtonian fluids

Nevertheless it provides a useful comparative tool for considering compositional effects of different
sampled kimberlitesThe application othe viscosity calculation in this project is concerned primarily
with geological applications, arggveral chemical compositiorpresentative of the magmatic range

or kimberlite rock sample from different mantle depdine usedThe appropriate samples have been
selected in order to calculate the viscosity and the necessary approximations accordirquattbe

2 from Bottinga and Weill (1972). Major chemical compositions of representative magmatic/igneous
rocks areprovided in weight percent (wt %) together with the mole percentages and mole fractions
table 4.19(also see Appendix 4) of the components required for the viscosity calculSgen.

discussion in section 5.7.
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Weight | CAT | CMT | CMT | CX CMT | CMG | CM= | CAT
% 67 006 60 027 02 171 | CWA45] 50

N&a,0 0.40 | 0.07 |0.02 0.25 ] 0.12 401 |121 |0.76
MgO 28.80 | 46.28 | 32.27 | 24.55 | 2.42 15.701 20.29 | 36.11
Al,O03 3.24 |1.04 |1.84 3.83 [1.43 566 |4.65 |3.74

SiG, 32.66 | 40.72 | 34.95 | 39.89 | 80.19 | 39.16] 38.72 | 33

P,0s 0.78 ]| 0.06 | 0.17 0.34 | 0.07 035 | 0.12 |1.39
K.0 151 |0.05 |0.10 |0.20 |O0.14 0.11 |0.39 | 1.05
CaO 743 | 0.44 |3.20 [|5.59 |5.56 8.39 | 490 |6.48
TiO, 1.09 |0.06 |1.26 1.01 | 0.09 217 |0.24 |1.14

Mn3O,4 0.21 | 0.16 | 0.16 0.15 | 0.08 0.20 ] 0.11 |O.16
FeO; 10.11| 7.37 | 11.53 | 9.75 | 3.93 9.72 | 7.18 |0.24

Mole %
KAIO, 2.07 |10.29 ]0.13 0.29 [0.18 0.15 ] 0.63 1.30
NaAlO, [ 0.83 | 0.54 | 0.04 0.54 |0.24 8.78 | 2.83 1.43
CaAlLO, | 0.60 | 2.10 | 1.07 210 | 0.66 0.69 | 159 |0.77
MgAl,O4 | 0.00 | 0.00 | 0.00 0.00 | 0.00 0.00 | 0.00 | 0.00

K20 0.00 | 0.00 |0.00 |0.00 |o0.00 0.00 | 0.00 | 0.00
N&,0 0.00 |0.00 |0.00 |O0.00 |O0.00 1.39 | 0.00 | 0.00
CaO 799 |458 |260 [4.58 |5.55 10.16 | 4.75 | 5.97

MgO 46.40 | 40.91 | 51.70 | 40.91 | 3.77 26.48 1 36.58 | 52.31
MnO 0.19 | 0.20 | 0.19 0.20 | 0.18 0.20 | 0.21 |0.17

FeO 5.69 | 5.89 | 5.66 5.89 |5.51 596 |6.36 |5.12
TiO, 0.88 1084 |1.01 0.84 | 0.06 1.84 |0.21 ]0.83
Sio, 35.30 | 44.60 | 37.57 | 44.60 | 83.80 | 44.29] 46.81 | 32.07

Table 4.19. Composition of representative kimberlite magma $ypsed in sample viscosity callation. Data
from XRF analysse. CAT 67, CAT60: Catoca pipe; CX027 Caixepa pipe; CMG171 Camagico pipe
CM=CW45: Camutue pipe and CMTO0EMT02: &DPDW[LD SLSH

oQ | bv; Equation2
where:
i WKH 1HZWRQLDQ YLVFRVLW\ FRHIILFLHQW
'L : DQ HPSLULFDO FRQVW D QoverR kestiRfed Rijd-oESiEsEestRidH Q W L
;L : WKH PROH IUDFWLRQ RI RILGH FRPSRQHQW

As seen in Figure 4.38jscosity modellingesuls demonstrate thatt tem@rature of ca.1500°C all
samplessuch as Camutue (CM=CW45); Ca#o (CAT =50; CAT-67), Camatxia CMI0 and
Camagio (CMG17)and Caixepa (CX02®@xhibit modelledviscositiesof 1.5 +1 Poiseand at lower
temperatureof 1200°C all sampleprovide modelledviscositiesof 3 + 1 Poise,which means that

there is not greatdifferene in viscosityfor a given temperaturgetween samples, excepamatxia
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sampleCMTO02 which has verydifferent viscosity fronthe othersamplesThis isclearly due to the
high cornent of silicon oxide(SiO, = 80.19%) and lowmagnesum oxide (MgO = 2.42wmt %)
observed in this sampl@able 4.19 compared with the other¥iscosity is determinedmainly by
SiO,, Al,O;, MgO and CaOcontent inmagma. This is supported byGiordanoet al. (2008 and
Moussallamet al. (2016, who dated that these major chemical eleménfisiencemagmaviscosity
(Sparkset al, 2009) Whenthe temperature decreases from 1450°C to A2%Beviscosity increases
(see table 42 and 4.2) Higher levels ofilica in magmacausehigher viscositydue to thepresence
of strongSi-O bonds When water igoresent inmagmait has the ability to breaki-O bondsand
therefore the viscositydecreasefDingwell andVirgo, 1988;Giordancet al, 2008;Petford,2009.
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Figure4.38. Calculated viscosities for tygal kimberlite magmatic melt§.he plotted points correspond to
viscosities calculated at 50° intervals according to thealble 2

Temperoat_Lire loJ }| ORJ| ORJ| ORJ| oo, ORJ ORJ| ORJ
(°C and’K™) /Poise) | /Poise) | /Poise) [ /Poise) /Poise) | /Poise) /Poise) | /Poise)
CM= CAT |cwmT
16T | cMT |[cAT |[cMT |[cwos [cmG | cx 50 006
T.°C (Kt |02 67 60 5 171 027
1197.6 |6.800 | 1131 |279 |3.02 |397 |282 346 [27° [183
237 |1.68

1242.2 | 6.600 | 10.98 | 2.41 2.62 3.51 2.52 3.03

1289.5 |6.400 |10.10 | 2.70 2.93 2.96 2.59 2.43 2.70 1.56

1339.9 6200 |958 |169 |183 [252 |191 |206 |160 |1.44

1393.7 |6.000 |886 |115 |126 |220 |153 [175 [102 [1.33

14511 |5.800 [833 |095 |098 [181 [141 [142 [O79 [1.24

1512.7 | 5600 |774 |044 |o054 [170 [o093 [135 |11 111

15452 | 5500 725 [142 [179 |149 |128 |120 [150 1106

1613.8 [5.300 |661 |143 |177 |147 |143 [115 [146 [1.16

1650.1 5200 |6.16 [1.41 169 [1.1 142 |o79 [143 |1.08

1687.8 | 510 |[570 [048 |068 |095 |o0.83 |o06s |04l |1.00

1687.8 |4.900 [531 [026 |044 |072 |064 |o0.46 0.17 10.94

1810.3 | 4800 | 4.89| 0.130| o031| o052 o051 029[005 |086

Table4.20. Calculatel viscositesfor studied kimberlitenagmas samplassing model fronBottinga and Weill
(1972.
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Modelled vscosity data of kimberlite melt/magmas
Modelled using the viscosity model of Bottinga and WWgi872)

ORJ ORJ ORJ ORJ ORJ ORJ || ORJ ORJ ORJ ORJ ORJ ORJ
Temperature /Poise) /Poise) /Poise) /Poise) /Poise) /Poise) /Poise) /Poise) /Poise) /Poise) /Poise) /Poise)
Model Graphic | Model Graphic | Model Graphic Model | Graphic | Model Graphic | Graphic | Graphic
Temp./ 1047 Data(2) | data(2A) | data (3 data (3A) | Data (4) | Data (4A) | data(5) | data(5A) | Data (6) | data(6A) | data(1) data(1A)
°C (OK-l)
6.17 6.18 3.15 3.16 2.93 3 12.46 134
1197.6 6.8 8.56 8.6 6.93
553 5.5 2.73 2.70 2.50 25 11.81 12.6
1242.2 6.6 7.79 7.8 6.09 6.1
4.53 4.50 3.00 3.00 2.89 2.9 11.00 12
1289.5 6.4 7.32 7.3 5.45 5.5
3.92 3.9 1.93 1.90 1.69 1.7 10.27 11
1339.9 6.2 6.91 6.9 4.88 4.9
3.51 3.50 1.37 1.40 1.06 1 9.61 10.5
1393.7 6.0 6.32 6.3 4.43 4.4
291 2.90 1.08 1.10 0.74 0.7 8.98 9.5
1451.1 5.8 5.83 5.9 4.00 4
2.70 2.70 0.66 0.68 0.31 0.3 8.40 9.1
1512.7 5.6 5.46 5.5 3.80 3.7
- - 2.19 2.20 1.88 - 1.81 - 7.82 8.4
1545.2 55 5.17 -
- - 2.49 - 1.89 - 1.18 7.16 7.5
1613.8 5.3 4.89 -
- - 2.07 - 1.80 - 1.11 - 6.67 7.2
1650.1 5.2 4.44 -
- - 1.80 0.83 - 0.93 - 6.18 6.5
1687.8 5.1 4.08 -
- - 1.03 - 0.59 - 0.85 - 5.75 6.1
1687.8 4.9 - -
- - 1.26 - 0.45 - 0.77 - 5.31 5.6
1810.3 4.8 - -

Table4.21. Validation of vigositymodel.

published viscosity data (graphic data)
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4.10.Resultsfrom studied crystalsof diamond from Catoca kimberlite

After a detailed examination of some natural crystal of diamonds from kimberlites of NE Angola, the
optical result showthey contain evidence ofresorption characteristics on their surfacassh as
trigonal etchpits on faces, hillocks, and striation, arp steps along the edgésgure 4.39), with
tetrahexahedroid texture (pooftyeserved facets due to extreme resorpti@imilar diamond
deformation features have been describedtiyna and Koza(2008; Fedortchoulet al. (2007 and
Zhanget al. (2015). All of these deformatiooharacteristics fodiamond are interpreted as produat
interaction with their host magma during asceantl the effects of interactionwith oxygen (e.qg.
Robinson et al, 1989). The sampmd crystals of diamond (Figure.39) show tetrahedral
morphologes reflecting a complex history of growth and rounded shape due to dissolution. Similar
diamond morphologies or kimberlite induced resorption features have been described by Fedortchouk
et al. (2007) As shown in Figure 4.39, ¢éise diamond show yellowish colours whare assumete
associated with the common impurity observed of nitrogen, in various states of aggréQdton

1973. Thisis consistent witlTappert and Tappert (2011) who described that normally the diamond
in its pure form is colourless, but due to the imperfections, impurities of nitrogen, andansla$i
mantle xenolith minerajst can exhibit colourationThesefactorshave anegative influence othe

market priceof diamonds

Figure4.39. Diamond surface textures resulting from late stage etching process, poor quality. Photographs taken
on optical microscope.

The conductive geothermalr surface heat flow of 38mW/nfmegawattper square metefpr the
lithospheric mantle beneath the Lunda kimberlite province calculated by Caditio, et al. (2011)

has been considered to bigh enough for diamond formatidstachel,et al, 2003). The question
arising is whether there is additional information tle®n be obtained to ensure a cbgar
understanding of diamond preservation within Lunda province. This question is addressed in the
results and discussion relatinghtbssbaueand petrographic analyses; and fiséerogeneous mantle

model anddiamond preseation model
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Chapter Five . Discussion

This chapterlucidates and provide discussion of the resulfsom all advancedanalyticalmethods
used inthis research namelypetrography Méssbaueispectroscopy XRD, XRF and ElectrorProbe
Micro Analysis (EPMA). Some of he crucial interpretatios and discussionof microscopic
petrographicanalyses are provided inChapter Four(section4.1), and the hand specimes for

petrographicanalysisare considered in f@&pter3, Section 3.1.6 for the field work. The results of
viscosty modelling of the sampled kimberlitemagma, diamond resorptiondiamond preservation
model andimenite kimberlite classificationarediscussed in this chapter

5. 1. Discussion- petrography of the sampled diamondiferous kimberlites

Petrograplic studies of kimberlite rocks arerucial in terms of both scietific and economic
importance. In an economical contd, kimberlite depositsare the most important source of
economicdly mined diamonds in NE Angoland acrossthe world Apart from sampling and
transporting diamondsto the Earth’s surfaceclogite garnetand peridotite mantle xenolithere
derivedfrom depths greater than any other igneous rock {Riegwoodet al, 1992) The Angolan
kimberlitesalsohave scientific importance by providing ammationon the composition of the deep
mantle 400650 kn) and the melting processélat occurred between the cratonic contiteén
lithosphere (Congo Crato@nd the underlying convecting asthenospheric lmgfreightonet al.,
2008)

In order to undestand the petrography of kimberlites from MEgola, mantlexenoliths (Ptype and

E- type) and kimberlite rocks have been analysed systematic#lly.mentioned above, mantle
xenoliths (peridotite and eclogite) are the primary mantle roCk& samples ha& been well
characterised and the study has providatications(e.g. mineral deformatignof the history of
formation of the materialby using specific textural characteristics such as structure, fabric, phase
assemblage, phase relationships, read¢tgtures and chemical compositiof@sosee Appendies 1

and 2).But the problemencounterediuring analysis is that theariations in mineralogy and major
and trace element contents make it more difficult to constrain a primary kimberlitic melt coarpositi
(Mitchell et al, 2008; Caset al, 2008; Masun and Scott Smith 2008je studied kimérlite rocks

from Lucapa @abencontain mantle derived peridotite (found at Camagicam@ue, Caixepa
Camatxia mingsand eclogite rhostly found at Gtocamine) xendiths and xenocrysts of picro
ilmenite, spinel andarnet, xenoliths of PrecambriBasement and rocks from the Phanerozoic period
(Boyd and Danchin, 1980Gneiss and granites were found to be the most dominant country rock
(Dirks et al.,2003 Robles Cuzet al, 2008, 2009andPereiraet al, 2003)
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Throughout the petrograjuhstudy, it was observed thdtet sampled and examin&inberlite rocks

are contaminated by the material of intruded rocks and are strongly transformed by hydrethermal
metasomaticprocessegsee @apter Thred. It can be shown that metasomatic processesere
accompanied bghangsin mineralogy, whichareassumed to bdue tothe high-energy mechanism

of controlled kimberliteemplacement. Thibreaks up the abundant minerals redelaBom xenolith
fragmentation during eruptionncluding thephenocryst minerals, alteration of previlyusormed
mineralsand pieces of prexisting kimberlite andchangesin temperaturendpressureThese factors

have all strongly contributedto the NE Angolan kimberlite rocks being challengingto interpret
texturally, mineralogically, andompositiomlly.

After carefulinterpretation othe data obtained from tlstudied samples, the conclusidrawnis that
bothhand specimen and thin section anedys peridotite, eclogite and kimberlisge complicated by
the fact that the mantle rocks in the Lucapa Graben have experipramgbses of metasomatic
episode orlater alteration. The interesting aspdiim the analysedprimary diamond indicator
minerls suchas garnetolivine, ilmenite, chromite andpyroxenes reflectthese latemlterationor
redoxreactions These mineral reacts can be interpreted heing cruciaindicabrs of how the rich
fluid phase affected the primary mantlminerals,as shown in Chapter 4 For example thethin
sectionresuls of olivine, garnet and ilmenite in sampl€&MT 01, CW0457; CM 003 CAT 59
CMG-002 and CMT-05 and Cat 18 show that theyare transformedinto variably oxidised
kelyphitization kerpentinizationasserblages mainlycomprisedof a fine dark brown matter of
clinopyroxene, spinel, and serpentiRarticularlyclear evidence dahis canbe seerin sampleCMT-

05. In addtion, the original mantlehas been alteredr modified from the original minerals into
secondary formation phaseandother factors suchs highoxygen fugacity, metasomatose evearis
heterogeneous mantéee interpreted as major casseé diamond grade variation and quality within
Lunda province. This can be supported by the work of Haret al. (2001) who noted that altered
fluid agents (HO, CQ,) can affect the original diamonds structure, resorptiRobinsonet al. 1989)

or can impose conditions sufficiently oxidising to cause diamond breakdown to carbonate or even to
CO, (Gurneyet 4d., 1993; and Fedortchouit al.,2005) The metasomatic agent suchasbonate
carbonate melts play a prominent role in mantle metasomatism, because experimental studies
(Giuliani et al 2013)have shown that carbonate melts are the first product aflperelting of
carbonated peridotites and eclogitesl consequentifthese melts have high mobility under mantle
conditions The Carbonate melts can also derive from liquid immiscibility in,@i©h silicate or

silicatecarbonate melts (Giuliaeit al 2013)

In connectionto the problem associated with diamadn Lunda provinces the petrograpfc
informationon the studiedkimberlitic rock is crucial. The samplecrystals of diamond from Catoca

pipe (Figure 4.39) contairesorption featuregccording tothe Boyd and Gurneyl(986, at depths in
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the Earth corresponding to pressures greater than the graphite to diamond transition thésesantle
Figure 2.14), diamond may not be stab{®owicki et al, 2007). It can be arged here thatthe
processes afetasmatism evidenceffom the rock studied rocks in thjgoject Lunda lithospheric
mantle, may impose conditions sufficiently oxidigto cause diamond breakdown to carbonate or
CO,, (Harvey et al, 2001) or resorption. Teh resultfrom this research(see Chapter 4), show
indications of oxidation processes withiire sampledkimberlite magma, leadg to the interpretation
that some diamond crystals from Lunda kimberlites have experigasedption processggigure
4.39)or may havéeen converted to grapéibr CO, due tohigh oxygerfugecities.

The kimberlite rock texture and class#ton from this research amnsistent with those reported
previously in literature Webb et al, 2004 Caset al, 2008; Field and Scott Smith, 1998 and
Kjarsgaard,2007) Anotherinterestingaspectwhich can beargued herés that despite the study of
examinedrock textures creatingmuch difficulty in interpretation further important informationon
mineral chemistryand compositioncan help providelues aboutthe formation processin order to
avoid petrographienisinterpretation, the sampled mantle k®¢Lunda diamond provincgusedin
this projecthave been analysed systematicallydetail The study of orepolished thinsection/
microscopy involvesnot only the idetification of individual mineral grainsbut also the
interpretation ofdiamondiferous kimberliteand mineral textureand their formatiorprocessegsee
Chapter 3 and 4)

The textures describedin this research from thisection,hand specimenand EMPAanalyses are
importantaspects of the study of rocked economicabresdeposits This is because thedextures
providedevidence of the nature of processashas initial ore depositigrpostdepositional mineral
re-equilibration or metamorphisndefamation as well as meteoricweathering(Caset al, 2008;

Field and Scott Smith, 1998According toKjarsgaard(2007) who studied kimberlite rockghe
recognition and interpretation of rock textur@® tools necessary for understanding the processes
involved in the genesis ambst depositional historyof kimberlite deposits, which in turn is very
important for prospecting for econonice bodies For example thexsolution textures observed in
the studied sampl@=igure 4.26 and Figure 4.pdreindicdive of a slow or intermediate cooling rate
whereas the identifying of equilibrium mineral assemblagyeh as spinel and ilmenite (Figute6)

are necessary for understanding phase relations and the correct interpretation of geothermometric
studieg(Nowicki et al,, 2007)

Many lines of evidence indicatbat metasomaticilicate rich phasesf subcontinental lithospheric
mantle have causedthe resorption on diamonbtachel andHarris, 2009 Nowicki et al, 2007)
These fluid agest(CH, and CQ,) are @mplex due to thealteration of primarymantle minerals

assemblage&Zhanget al,, 2015) Theresults from this project confirtne presence ahfil tration of
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metasomati@gentsin the sampledock (Figure 4.11) Therefore the infiltration of metasomatior
silicate rich fluids (CH - bearing rich fluid, C@&rich fluid and carbonatitic melt) or even
hydrothermal fluid (HO) phasesjnto diamondiferous lithosphere mantle beneath of Congo Kassai
craton, has converted/transformed the original mantle pdsddiotio variably oxidized rock, these
including phlogopite, serpenised olivine, kelyphite rims on garne{figures 44 and 4.% and
carbonatesThis statement is also supporteyg evidencerom the crystak of diamondstudiedhere
(Figure4.39).Increasng carbonate activities ithe diamondiferous mantle in NE Angolauld also
increase the degree of diamond reaction with metasomatic fluids, consequently ttaisagrption

of diamond crystals even at oxygergécities belowhereaction boundary (Méammoret al.,2001).

There are @mny questions concerning diamond genesis. One of the celemiaéntss the composition

of the natural diamond crystallizatie@nvironment whichs critically seen as one of the principal
guestions in the problem of diamb genesis (Palyanand Sokol2009). However,le main source
of information about the compositiaf mantle and information about the crystallization of diamond
come fromthe mineral and fluid inclusions in diamomnhich are studied in this project. Fexample
the studied nmeral inclusionggarnet, olivine, pyroxene and ilmenitased inthis researcharealso
the same mineralthat havebeen used in order tteterminethe diamond paragenegiStachel 2003)
andto estimatethe P tand oxygen fugacitgonditions(Gurneyet al, 1993; Stachel andHarris,
(2007) whereasthe fluid inclusionsmay provide direct information about theomposition of the
crystallization(Palyanov andsokol 2009).It can behighlightedfrom this projectthat understading
thee processes isnportant for diamond exploration and assessing the potential diamondajrade

kimberlitesfrom NE Angola.

Several carbonatayers havdeen observed throughout this stidgethin sectiongesult in Chapter
four). The questiomarising is, what sortof informationcan be taken from these carbonkitgers
within the Lunda lithosphere mantlekccording toMcCammonet al. (2007 theactivity of carbonate
within the system increasavith increasing oxygen fugacity until the reaction boundamgached, at
that point thecarbonate activity becorsaunity. In additionthe increase of carbonate activity with
mantle has negative impact on diamauodvival (McCammonet al, 2001) Becausdhe mineralsand
kimberlite mantlerocks of the Congo crator{NE Angola) haveexperienced oxidation processiss
possibleto saythat many crystals of Ilnda diamonds have been absorbed &iwl resorptiormay
possiblyhavetaken place in both lithospheric mantle and during kimberlite emplacemexmtdition,
this statement is suppodby Harveyet al. (2001),who explained thatliamond has less chance to

survive ifthe kimberlite magma is highly oxidising

One of the dominant alteratigmocesse# the Lunda kimberlites intrusions tise serpentinisation of

olivine and the presence of fluid agents witkine NE Angola lithosphereOne ofthe most notable
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and clearalteration featuresis that olivine crystal pseudomorphs can be distinguished from
surrounding zones of amorphogerpentine(sample Cat 61 kb from Figure 4.2). Based on
petrogaphicanalyses,the textureobserved irsampleCat 61 bsuggestshatthe groundmass phases,

in particularthe kimberlitecarbonate mineraltiave been repted by serpentin@Vebbet al, 2004,
which implies an open chemi¢asystem in which components such asOCand CQ have been
removed by a fluid phase (Whitt al, 2012). The process okmpentinisdabn reactionshave been
suggestd to take place abw ambient temperaturesith the maximumtemperaturespproximately
500°C (Whiteet al, 2012)

Throughoutsampling activity, picroilmenite was one of the most collected misdtalan beargued
here thatmany of the picroilmenites (e.g. Figure 3.12 observed in NE Angolan pipasay not be
related withthe diamondiferougmartle. This suggestion icomparable with the work oflymova
(2012), who also suggested th#te majority of picroilmenites golid solution between geikielite
MgTiO3; and ferroilmenite) from kimberlites is not associated wiith diamondiferous mantle rac
Because nonkimberlite ilmenite contaimlow contents ofCr,Os (" Z W(Wyattet al.2003) it

is important tocharacteriserad carry outa comprehensive studile chemistry of ilmenite before the
conclusion is reached abaliamond preservatiotondition.

Throughoutthe fieldbased examination ibunda provinces, it was noticetiat the occurence of
diamondiferous pipeshew several petrographic kimberlites rocks, &meir mineralised body can be
subdivided into main stages such agroclastc kimberlite (PK), resedimenteslolcanoclastic
kimberlite (RVK), volcanoclastickimberlite (VK), and Tuffisitic kimberlites breccias (TKB) (see
table 3.3).These stages dominate kimberlites rocks within the two main geological facies (Crater and
Diatreme) n the Angola pipes (Pervoet al, 2011; Pereirat al, 2003; RoblesCruz, et al, 2008).

Understanding the textures and emplacement processes aflitigsbis important as it improves the
degree of confidence in any predictions of economic potenti&inaberlite bodies $cott Smith,
2010).The kimberlite pipes from Lunda provincesntain mantle derived peridotite and eclogitg.(e
as found at CatocaCamatxia, Caixepa and Camutkienberlite pipes) xenoliths and xenocrgaf
indicator minerals (spel, garnet, picréimenite) along with xenoliths of Bcambrian basement and
rocks from thePhanerozoiperiod Note thatgneisseand crystallineschiss werefound as the most
dominant country rocks within Lunda pipes. Angolan kimberlites present sppeiteography features
to those from Nortlwestern Saskatchewan (Canada) described by Hatvady(2001).

During field work, kimberlites andhany mantle xenoliths (eclogite and peridotite) were collected in
the crater zones at Catoca, CaximtCamagico Camutue, and CaixapThe presence of these rocks

in the Crater zones frolrunda provincegipes, howeveris interpreted asuggesting thathis zone
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may havesurvived the erosion. Thisuggestion is supported by work of Garggaal. (2003) and
Pereiraet al. (2003), who described thatiatreme kimberlites with preserved crater zones are
charateristic for the Lunda provincelut dikes and sills (Hypabyssal facies kimberlite) are also

known (for example at Catoca, Appendix 2).

In terms of anoccurrencenodeshape, the majority of the pipes from Lunda provinces show different
shapé structures (e.g. see&ion3.1.9, including elliptical or circular, irregular, with variable shape
dimensionsprobably due to the modef formation and with minor erosiorycle on crater zorse
However, pipes such as Catoca and Camafismaazambo form the except in this area as these

are mucHargerin size andesseroded (Pereirat al, 2003).

From field based investigatignit was noticedhat mostof the sampled kinberlite rocks from crater

zones are poorly sorted aimtlude tuffs and tuff breccias (pyroclastic deposits) containing fragments

of kimberlite, country rockand mantle- derived xenoliths.In many cases, graded beds and
depositionafeatures seem to bésent, thuseading to the interpretation that such tuffs are primarily
products of airfall materials. Following recognitibg Nixon (1995), kimberlites inLunda provinces

have survived erosion within confined crater zones, and consequently presenvéaciegethat have

been filled with diamondiferous, coarse to fine reworked kimberlite pyroclastic deposits,
interstratified with shale and sandstones also having kimberlites components. Similar rock sediments
have been finding in the kimberlites pipesdtad in Kaapvaal Craton (Fiedd al,, 2008; Skinner and
Clement 1979. The Lundapipes have attracted interest as they contain diamonds, garnet peridotite

and eclogite mantle xenoliths.

In contrast diatreme faciepresent alifferent case. The most camon rocks observed and analysed
are tuffisitic kimberlite breccias containing pelletal lapilli, abundant angular to rounded country rock
inclusions (variable size, seeppendix 2), and discrete and fractured grains of olivine, garnet and
ilmenite megaand macrocrysts, set in a firgrained matrix of microcrystalline carbonate, diopside
and serpentind//ilson andHead, 2007). The rounded clagtel{etal lapill) materials observed from
sampled pipes can be interpreted to be forasthe magma fluids intde into earliemvolcanoclastic

infill materids within diatreme zorsgMitchell, 1986;andKamenetskyet al, 2011).
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5. 2. Discussion- Mdssbauer spectroscopy

The following discussion is more to illustrate the promising nature of Mdssbauer spectrascopy i
diamond research than tliver firm conclusions since a great many sample analyses from each
kimberlite pipe would need to be carried out to enable certdifitgsbauer Spectroscopy (MS) has
beenwidely usedin severalgeoscientificenvironmentsd investigate materials containifge-bearing
minerals (McCammoet al, 1998 2000;Al-Rawaset al, 2008;Frostet al, 2004).Determination of

the ratio of the oxidation states of itasften presented &** ™ ) irgo et al, 1988) or F&'/Fe?*
(Sedaand Hearne 2004) fom rockforming mineralsis an important method in the study of iron
bearing material¢e.g.ilmenite, pyraxene and garnét This is becausaccurateedoxratios obtained
from Mossbauer spectroscoyf deposited mineralsan potentiallyprovide key information about
thar weatheringhistory (Sedaand Hearne 2004 Homonnnay 2009 and the diagenesis of these
materials after deposition at a particular location

With regardto the origin of megacrysts or macrocrystsgarnet pyronexe ilmenite usedin all
analytical methods from this researdhjs project highghts thosethat havecrystallisedfrom
protokimberlitemelt which imply that they could be early crystallising fim&rusion phenocryst in the
recent kimberlite magma his staément is consistent with the work of Mahotlaéhal, (2000) who
explained thatmegacryst of clinopyroxene, garnet and ilmenitere derivedat base base of
lithospheric mantledepths (250-300 km, Shirey, and Shigley 2013) from primitive or pro-
tokimberlite magmas separated from dithospheric convectingnantle at several hundreds of

kilometres degts within the mantleSee furthermore discussion in secto?.

IImenite (FeTiQ) is commonly found aarock inclusion in kimberlites and volcanic rooi&/yatt et

al., 2009, and it is generally used as an indicator mineral in diamond exploration envirgnment
(Keulenet al. 2009) Here we have used ilmenite as an indicator mineral becaugeritsiaturally
occurs intwo oxidation states (Beand Fé") andthe ratioof these two oxidation states vary under
different geological conditions.dF this reason it is a good candidate for studyadpx conditionsn

different geological environmen(Sedaand Hearne, 2004)

Tables5.1 presents aummary ofthe andysedredox rati® of ilmenite from samples taken from all
five diamondiferous kimberlite pipes studiddheseresultsand fittedMdssbaueparameters (CS, QS,
and LW) areconsistent with Mossbauéatafor natural ilmenite reported previously in the laaire
(Virgo et al, 1988; Waerenborght al, 2002; Troncheet al. 2010; Sedaand Hearng2004;Dyar et
al., 2006 Gibbet al.,1969 Daset al.,1996 and Jancik and Mashlan, 2Q08mall variations may be
observed between data sethe reasoms forvariation may be associatedtiv geological factors, such

as different pressures, temperatures, depthgyironmens and metasomatose/alteratipnocesss
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within sampled kimberlite pifg all of which can impact upon iron oxidation state and environment
within kimberlites According toDyar et al. (2006),CSis a very sensitivgparameteto the oxidation

state anatoordination number dfon in the sampleAccording to Bancroft (1979theCS in silicate
mineralsdecreaseasthe Fe coordination number decsssto about 0.2 mmisThis statement is also
supported byDyar et al. (2006) who explained th&S values predictably decrease with increasing

electron density around the nucleus which mean that so they also depend on the type and bond lengths
of ligands coordinated to the Fe atoms. All MGssbauer sgectemsuremestwere carried out at

room temperatutewhich was measured by thermome#r296 + 2K for all measurements.he

redox ratioresults(Fe€* ™M)H DUH S U&b¥BE.G&hGfitledspectraare presented in section

4.31

In order to validatehe ilmenite criteria/model fordiamond preservation conditipfFigure 4.35,
presented irChapter fouy and the observed levels of diamond resorptieigure 4.34, in Chapter
Four) from the sampled kimbeiles, MOssbauer [gectroscopywas carried outin this research to
analyse andleterminetheredox ratios(Fe”* ™ ) fdr the diffelent ilmenites, andonsequentlyhese
ratioswereusel as a means of estimatifj@. during formation and asceat kimberlite

Mossbauer spectra, shownGhapterFour, were successfullfrttedwith:

9 Two hyperfine doublets, for exampl€AT- 67 Grt), CMT 05 Grt), and(CAT-62a) (CX1)
and (CWO045b), (CW 63JCMT 01), (CX1), (CX027);

9 Three hyperfine doublet€CAT59HM1), (CAT 67NMM), (CMT58), (CX 022); (CW0045D);
(CAT 590d); (CAT=MY001C), (CAT 67M), (CMT 253, (CMT 60), CAT 5,

9 One hyperfie doublet was fitted at sample CX12ahdinterpretedas hematitenineral

Pure iimenite phasewerefitted with one doublet for Fé and one for F&. Thethird doublets fitted

to the spectrdCAT-5) and (CMT-60) for ilmenite sampleswere necessary iorde to provide robust

fits, andcan be attributed to Fepresent in the second phagasphibole) confirmed by XRD to be
present in these samplésee XRD resu$ Figure 4.2). A complex case witlthe presencef minor
inclusiors of amphibole andnagretite within an ilmenite samplewas observedfor sample CW
0045Din Figure 4.20. This result confirm®nce again that theampled kimberlite ilmenite has been
modified andoxidisedfrom its original form Highly oxidised ilmenite samples aseggestiveof poor
diamond preservatioconditions The oxidation state of iron indicates the amount of oxygen present
when a mineral is formed. If the environment vedsindant in oxygergssemblageninerals present

will contain oxidized iron, F&, whereas the reducirenvironment will havenore Fé'. The amount

of oxygen present influences the elements that interact in magma, as well as which minerals form; this

is known as oxygen fugacityl©.).
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Appropriate papers from thgrevious publishedvorks usingMdéssbauerspestroscopyin advanced
diamond research, were used in this projacbiderto compare and consequently \talidate the
calculated redoxatios of the ilmenitstudiedsamplesin this studytheiron redoxratio, expressed as

Fe¥/ ™) d.g.Fe" (F€" + Fe*), was calculated from appropriatebspectralareas The resuk are
consistent with published data for kimberlites and indicate a range of oxygen partial pressures during
kimberlite formation and ascent for different pipg@ables5.1 and 5.2). Theseresults support the
mainoriginal project hypothes concerning diamond grade variation and surface abundance.

Theiron redox ratios in ilmenite inclusions from the sampledbedrtiteshave beeriundamentdy-
important as thefiave provided qualitativestimates of the oxygen fugacity in the studiddmberlite
pipes.This statement is supported dysubstanticbody of literature which showtsatiron redox ratio
(FE'IF¢* or Fé* ™)H GHSHQ GV oRygdn\ugdey® ECan®r@net al, 1998; Quintiliani,
2005; Fedortchouk and Zhang, 2Q1Redortchouk and Canil, 2009t can therefore be confidently
concludedhat theresorption of diamond anits gradevariationwithin differentvolcanic kimberlite
pipes dependstrongly on oxygen fugacity Note tha the spectralareas ofthe F&* and Fé
componats in theMdssbauespectra fotilmenites, garnes and spined presented inChapter 4have
beenused tocdculate the iron redox ratife’* ™ )@lcCammonet al, 2001 Virgo et al., 1988;
Waerenborgtet al., 2002) It was assumedhat the recoifree fractiors of Fé" and Fé&" are equal
based orliteratureevidence fora Fey. Ti {Os solid solution(Guo et al, 1999) However, there is
also evidence suggesting thtte recoilfree fractions of Fé and F&' componentamay differ (de
Grave and Alboom1991, and Eeckhout andde Grave,2003, and this may have led to a systematic
overestimation oFe**/ F&*. Hereonly uncorrected data are pezged(i.e. f=1, see Table 5.2)t is
noted that for some of the compounds investigatedeb@rave and Alboom (1991) and Eeckhout and
de Grave (2003are syntheticand so it isexpectedthat theirrecoilfree fractionsmay be slightly
different from those of the natural minerals thhive beenstudiedin this project(ilmenite, @rnet,

pyroxene and amphibolegjwing to the presence of impurities in the natural samples

Forsample<CMT 58, CAT59HM1, CAT=MY001C andCAT 59 dit was not possible to calculatee
iron redox ratio of the ilmenite phasgsesent in these samples because tweye multiphase
materials with relatively low abundances of ilmerated high abundances of amphibdieparation
of the respectiveilmenite and amphibole=e’* compnents inthe Méssbauerspectra proved
impossibleastheir hyperfine parameters (CS, QS and L¥g closely similarGunteret al, 2003;
Daset al, 1996; Gibb et al, 1969; Virgo et al, 1988; andWaerenborgtet al, 2002. For these
spectra one P& doublet wasfitted to the combined ilmenite and amphibole *Feontributions.
Consequently it was not possible to separately assess theoRéent of the iimenite phases from
Mdossbauedataand so there is no measured ilmenite iron redox ratio available for tmepksaVve

have provided upper limits of thedex ratio (Tables.1) by assuming that all Bein the relevant
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doublets arises from the ilmenite phase. This presents an "upper redox boundary" and by no means

guantifies the iron redox ratio in these phases

Calculated Comparable Data From Literature
Kimberlite names | limeniteredox ratio References lImenite
(F€* ™)H (FE* ™)|

Camatxia (CMT 60) 0.24 Virgo et al1983 0.244
Camutue (CWO045b) 0.26 Virgo et al1983 0.265
Camatxia (CMT 253) 0.25 Virgo et al1983 0.192
Camutue (CW 63) 0.25 Virgo et al1983 0.244
Catoca (CAT 62a) 0.32 Waerenbagh et al2002 0.31
Catoca (CAT 5) 0.41
Caixepa (CX1) 0.27 Waerenborglet al2002 0.21
Camutue (CW 0045D) 0.36
Caixepa (CX 022) 0.37 0.304
Catoca (CAT 59 d) 0<Fe* ™ )D.77 N/A N/A
Catoca 0<Fe" ™ )4D.79 N/A N/A
(CAT=MY001C)
Catoca (CAT59HM1) | 0 <Fe* ™ YHD.79 N/A N/A
Catoca (CMB8) 0 <Fe" ™ )4D.93 N/A N/A

Table5.1. Comparisorof redox ratie obtainedor Lundailmenite mineral inclusionwith literature values for
ilmenites obtained from Portugal and South Africa.

It is noted thatn the somekimberlite iimenites studied herkigh Fe*/ TEeratios are associated with
low/moderateMgO contents Figure 4.33. The sampledkimberlite pipes and their examined rocks
that conain ilmenites witHow Fe**/ TEe (< 0.27)andhigh MgO contents, such as sam@#T 253
CW 63, CX1, CWO045tand CMT60, arebelievedto have crystallize@arly in ascent and thus under
low fO, conditions Yirgo et al, 1988; Gurney and Zweisttal995; Nowicki et al, 2007) and
consequenthhasa higher chance for diamond survival, wher€x93, CW0045D,CX022), CATS5,
CAT59d, CAT=MY001C, CAT59HM1 andCAT58 with Fe**/ TFe > 0.32 are more oxidisedTable
5.1). This evidence is also consistent éns supporte by the resuft in Figure 5.1 The two doublets
fitted to the ilmenite spectra are typical of’Fand F&" in naturalilmenites and clearly show
significant differences in the redox ratiee®/ ™Ee between the different samplese8ox differences
from naural ilmenites have also been reportedGipb andGreenwood(1969; Seda and Hearne,
(2009; Virgo et al.(1988; andGunteret al.(2003.
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Mossbauer spectroscopgsultsfrom spectrafor CMT-60, CX1 and CW045Iln Figures4.124.13
and Tables 4.2ind 4.4 showthat their ilmenites are considerably more reduced than the &R&a
and CAT5 ilmenites, as demonstrated by its highef/ ™eratios of 3.05;2.80 and 2.59 compared

2+
with 2.06 and 1.28The Mdssbaueresults forCMG-60, CX1 and CW045b ardominated by Fe
which is indicative of more reducing environments during formation and ascent, compared with
samples CAT62a and CA-5.

llmenites with a high Fe** ™ )ritio areassociated with higheesorption ofdiamond than those with

lower F€"* ™ )rhtios, i.e.moreferrousiron (F&€+). Thelower F&* ™ )retiosin ilmenites from three

of the diamond deposits studied here (Caixepa, @smnand Camatxiajives a strong indication of
good diamond preservation conditiortdowever, theCatoca samples, with their highBg®* ™ )H
ratiog suggestrelatively poor diamond preservation conditions with higher levels of diamond
resorption.In reality the resorption ishigh in the Catoca diamondiferous kimberlite which is
consistent with this view. However, ti@atoca mine stilpbroduces théighestabundance of diamond
from all of the sampled and studied kimberlite pipes in this sflidig suggest that, despite the high
levels of resorption in the Catoca diamonds, the Catoca heterogeneous mantle was rich in diamonds
prior to ascentThe crucial evidencom bothEMPA and Missbauespectroscopyor the Camutue,
Caixepa,and Camatxiakimberlite pipescan be directly linkedvith their high diamond qualityand
lower oxygen fugacity,fO,, during formation and ascent d@he kimberlite magma The main
implication from this result ishat the resorption adiamonds is high when the mantle or kimberlite
magma contains ilmenites with highe®* ™ )tdtios, and consequently this phenometesrs to
lower diamond survival, and lower quality of those diamonds which do sughewicki et al.2007).

To summarise more reduced ilmenites are indicative of higher diamond survival rates, with-higher
quality diamonds swiving; and more oxidised ilmenites are indicative of lower diamond survival
rates, with loweiquality diamonds surviving. The Catoca results can be explained if tloeaCat
heterogeneous mantle was particularly rich in diamond prior ¢enasThe obtained reswdtand
evidenceof diamond grade variation and quality from studied samples irpthbjecthavealsobeen
supported andonfirmed by local mining geologists andneralogiss in NE Angolawith whom this
author has spoken directhglthough their evidence cannot be reported here for commercial /

confidentiality reasons

Due to the complexity of emplacement of diamondiferous kimberlite deposits and consequently the
high degree of alteration that many pipes experienced duolggnc emplacemen{Kjarsgaard,
2007), the application of mineral geothermometers and oxygen barometers for the estimation of
temperature and oxygen fugacit®{) in kimberlite magmas is usually nigasible(Fedortchouk and

Canil, 2004).However, there are geible measuresof redox conditions andO, in kimberlite
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deposits, thesare Fe redox ratioFe®/ TEe in the ilmenite(Table 5.1) and chemical composition
(Table 4.16 Figure 4.35and Figure 5.). According to Nowicki et al. (2007, differencesin the
Fe*/ ™Eeratio in iimenite arendicative of differenfO, during kimberlite formation andascentalso
McCammonet al. 1998 200J]. Increasedoxygen fugacity is the main diamond destroy@uifney
and Zweistra 1995 The ilmenite samples, for this researchesent different levels of Eeand
different redox ratiosFe™/ TFe (Table 51). Theseare indicatiors that the sampled kimberlite
ilmenitesfrom NE Angolahave been modified and oxidised, to diffeyidegrees, from their original
states.This is supportecby EMPA and petrographic ressifrom this project This result isalso
supportedjualitatively by evidence from both optiaaicroscopy anelectron microprobe analysis
Chapter Fourlt is therefore arguethat °’Fe Mossbauer spectroscopy can be usegualitatively
(perhaps quantitatively) estimai®, for different kimberlite pipesral consequently assigeologiss
and mineralogistto effectively evaluate and differentiab@tweeneconomical and neaconomical
diamond depositsThe complexity ® Méssbauergectroscopyesuls for the studiedsample may be
associated with several geological factors such as different kimberlite emplacement environment
facies, different magnetitiron-containingphasegresent in sample$luid reaction process and
alteration.The valies of fitted parameters frontMdssbaue spectra obtained in this studye similar to
those published bgeveral authorsL(ith et al, 1990;Virgo et al, 1988; Waerenborgtet al, 2002
Gibbet al.,1969;Dyar et al, 2006;andMcCammonet al, 1998) The oxidation state of the ilmenite
mineral inclusios studied here aretherefore a good indicatoof the oxidation state of the host
kimberlite assemblage, which in turn determines the origin and genesis of di¢beciaend Hearne,
2004).

Figure 414 shows the spectrum f@ample (CAT 67NMM) fitted with parameters Fé (CS=1.12
QS =2.92 W=10.18 and Fé&" (CS =0.3% QS =0.75 W= 0.40 for theamphibole These parameters
are within agreement with those previously publishedSbiiter et al. 2003and Waerenborgtet al.
(2002) But the more complexsample spectrum fo€CAT 59HM1 is due to the minor inclusion of
ilmenitein theanalysed sampld.he presence of the ilmeniteidssbaueanalysis(CAT 59HMY) is
also supported by XRD reks for this sampleThe spectrum was fitted with amphiboleths main
componentThe second doubldor ilmenite inclusiols showsan excess in F& which is a crucial
indication of high oxygen fugacity, consequendlynore oxidised environment (poor pegvation
conditions of diamond)This makes interpretatiodifficult. For example, de to the complexity ahe
sample andt being more oxidisedind lack ofF€”* in thesample. t can be assumed thaetFé* may
be present in very smadimouns$ and itmay be possible that Fes in theamphibolephase and not
the ilmenite phase in this sample. Arcess of F& in ilmenite has been described Kpwicki et al.

(2007) to be associated with high resorption diamond envirosment
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As demonstrated in Fige#.15and Table 4, thegarnet spectra were fittedth one F&" doublet and
one F&" doublet according to conventional nadsl Sobolevet al, 1999).The Méssbauer spectra for
both samples (CAT 67 Grt and CMT 05 Grt) show similar degrees of asymetiysamples CAT
67 Grtand CMT 05 Grshowthe same asymmetrieature inthe Fé* doubletasin Almandine garnet
(F&AI,Siz04,) (Dachset al, 2012) The measurements show that this almandineahssall Fé'
doublet with an area of 86 of the total Fe, wibh is thestoichiometric almandine composition
(Dachset al, 2012) Thefits showa smallasymmetry overestimating the signal .5 mm § and
underestimating it for the signal at +3 mih) s the quadrupole doubleThe cause of this asymmetry
of the Fé" doubletcould havedifferent possiblesources which have beewidely reported Bull et
al., 2012;Cernéet al, 200Q andDachset al, 2012) as follows:

1.  Partial substitution of F& by Mg** which can change thehyperfine parameters and
paramagniéc relaxation of F& in the dodecahedral sit&ccording to Cernét al, (2000)the
IS and QS of Fé in the dodecahedral sites are large comg@an other minerals values of
Fe&”. Theselarge values could be indicative of the high spin ferrous iron fighly ionic
state. It is interesting to see the values of IS (1.28mm/s) and QS (3.53mm/s) from the studied
almandine garnet sample (Tabl&)4of this project are in agreement to those reported by
Armbrusteret al. (1992) andCernaet d. (2000) According to Cernéet al. (2000) who
studied similar materialshe commonly observed asymmetry in quadrupole doublets in the
room temperature spectra has its origin on the paramagnetic relaxatiorf”oih Rte
dodecahedral positioiThe degree ofspectralasymmetry is approximatelyhe same for both
samplesand as noted above, it may depend Mg** (F€") content in dodecahedral site
(Armbrusteret al, 1992, andthis reflects the characteristic for sggpin relaxation This
statenent is supported by Cerré al. (2000) who explained thathe asymmetry of Fé
doubles in almandinepyrope is induced by spispin paramagnetic relaxatiowhich means
that this asymmetry depends on ¥lgontent in dodecahedral sites and is induced by spin

spin paramagnetic redation of ions in dodecahedral sites

2.  Spectral asymmetrng often associated with intensities for a single crystal abspndech are
not thesame in all crystal direction§he observecgsymmetrymay thereforebe associated

with samplepreparatiorandpreferred orientation acfample absorbef&arg,1980).

3. Thethird possible cause of the asymmetryhe CAT 67 Grt and CMT 05 Grt spectra (Figure
4.15)is the GoldanskiKaryagin effect lansel and Vogl1976 Garg 1980 and Bullet al,
2012). The Goldarskii-Karyagin effect (GKE) is anisotropy of the recoilless fraction in
minerals or solid materials. If tHd6ssbauenucleus is within a neaubic crystal site then it

can have anisotropic meaquare vibrational amplitude and the redwle fraction will
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depend onthe orientation of thegamma ray relative to the site coordinate axes of the
absorbing nucleus (Dicksaet al, 2005). The equivalent recoilless fractions are anisotropic
and consequentlysoldanskitKaryagin effectis manifested by an asymmetrigiadrupole
doublet in polycrystalline absorbers (Batlal, 2012) To give an example of this in relevant
minerals, GKE is exhibited in the Fequadrupolar doublet proded by some almandine
garnets (Bulket al,, 2012 andDachset al, 2012.

Severalworkers havelisagreedverthe causes of the specteymmetry in almandine garseFor
example,Cerndet al. (2000) stated that thasymmetry of the lines in almandine garnet does not
change in the spectra taken at different orientations of the @&pdoribhe incident gamma rays and
similar areas of the two resondirtes, therefore the asymmetoannot result from a Goldanski
Karyagin effect whereas Bugt al. (2012) stated that the Goldansidaryagin effect was manifested
by an asymmetric quadrafe doublet in almandine garnet absorbers if the equivalent recoilless
fractions are also anisotropic in different direct{@ickson andBerry, 2005).It is not possible, from
the data available for our samples, to establish which of teegkins the okervedbehaviour;
however, our results are entirely consistent with those from the relevant literature for.gslstets
Figure 4.15 illustrates another mutbmplex fitted sample (CMT 05 Cpx) with possibility of
existence of more than three minergregnt Garnet, clhopyroxene and magnetite or hematite)
which has generated some fitting problem, despite a successful result for the analysis anthitting.
parameters of doublets 1 and 3 were fitted as clinopyroxefiegifi@ F&" and they are in agreemt
with those previously published [8obolevet al. (1999);Vieraet al. (1983); and McMammoaet al.
(1998).The fitted parameters garnet are consistent with thomported previously ihe literature
(Dyar et al, 2006; McMammoret al, 1998 Luth et al., 199Q and Sobolevet al. 1999. The major
difference from others authors is that pyroxene has bded fitith three doublets but in doast, the
pyroxenefor this research waited with 2 doubles (one for Eeand another one for £3.

The pyoxene samples used by Viestal. (1983 and McMammoret al. (1998) contain more Eé
and very small amousibf F€"* whereas the pyroxene salmfCMTO05Cpx) for this projectontain
high amourg of F€"* which means that the samples are more oxidised aoti of F&é* may possibly
havebeen transformed to Fe The fitting analysis for sample CMTO5Cymas led tcthe conclusion
that this sample may contain some minor inclusioh hematite or magnetite. Due to the limited
signal to noise ratiit was dfficult to fit spectra for both minerali.can be assumed that the’Fer
garnet is probably very smalhd may be in the same area of'Fer dinopyroxene but it is difficult
to specify the exact amourithe iron redox ratios fogarnet(Table5.2) are mdicative of low oxygen
fugacity in the Camatxia pipe, this is consistent wfitblower oxygen fugacity garnet from George

Creek,Colorado Wyoming ProvinggMcCammonretal., 1998.
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Calculated Published in Literature
Kimberlite names Garnetredox rato Garnet References
(F€* ™)H (F€* ™)H
Catoca CAT6{GnNt) 0.08 0.03 McCammoret al, 1998
Camatxia CMTO(Grt) 0.63 0.07 McCammoret al, 1998
Camatxia CMTOEGrt) 0.34 >0.10, Luth et al,1990
Camatxia CMD1(Cpx) 0.46

Table5.2. Comparisorof redox ratie obtainedfor Lunda garnemineral inclusionswith literature values for
garnet obtained from South Africa kimberlites

As stown in Figure 4.16 and Table 48dssbauer fitting pameters of spectra for sam@AT -
67M were fitted with amphibol@sa major componenand alsothe presence of Beand Fe** in
magnetite (spinel ) mineral, detected as sextets, efféittive hyperfine fields (H) of 47.8 T and
42.7 T (tesla). These values are makdser tothose published biMladdock, (1997)It can be arged
that thesamagnetic field Tesld values maygive some indicatiothat thisMagnetite may have been
under transformatioprocess intchematite during evolution through oxidation of structural® Fe
Fe**, which impliesaltered rock (Santaret al.2001)

As shown in Figure 4.16 and Table84data were fitted with Fé& and F&" doublets (land 2) for
sample CAT 67M were fitted as amphibole and this parameters are similar to those published by
Gunterat al. (2003) andVaerenborgtet al.(2002) whereas sample CMT 58 conta@rsnall amount

of ilmenite which was fitted with doublets 2 and 3, these values are cor®doalsibb and
Greenwood (1969Despite minor inclusion of iimetd was detected, at sam@&1T58 but it is hard

to tell the precidg positionwhetherthe Fe** is for ilmenite or amphiboldt can me assumed that¥e

for ilmenite (sample CMT58)may sharéhe same area for Beof amphibole (sample CMT58).

The ilmenite from sample CMT 58 caits higher levels ofFe’* which is not usualAccording to
Gibb et al. (1969) lower abundancef F€* in natural iimenite is dudigh F€*" in the kimberlite.
Based on evidence from Méssbaspectralanalysis (sample CMT 58he high F&" in the samplés
indicative of strongly oxidisingrocesesthat accurred withinthe sampled mantle. ie combination
of the observedndustrial (lower) diamondquality from theCatocamine andthe results presented
here indicate that the Catocakimberlite pipe is more gidised than the other kimberlite pipes

resulting inhigh diamond resorption (podramondpreservation environmén

As seen in Figure 4.17 and Tabl®,hoth Catoca samples are complexiltiphase sampteDoublet

1 for sampleCAT 59d was fitted withthe parameters foamphiboleand these values are in agreement
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with Waerenborghet al. (2002). Doublets with centre shiftsof 1.01 and 1.07 mm/s relative to
metallic iron, quadrupole splitting of 0.75 and 0.73 mrodsresponds to ferrous iroRe€"), andother
doublets with an isomer shifts of 0.32 and 0.32 mm/s and quadrupole splitOrs2aand 0.55 mm/s
correspond todftric iron (F&"). These values are also in agreement to thastished by Jancik and
Mashlan,(2002) Sextets 1 and 2 were fitted thviparameters of magnetite (Maddock, 1997 and
Waerenborgtet al, 2002)

As shown in Figure 4.18, tHéting of this sample CMT253) is complexand may be due teeveral
factors associated with mineral sangpuchasdistribution ororientationof paricle size in magnetic
phass, with regard tahe incidentgamma raysandorientation of the magnetization with the gamma
rays caraffectthe peakintensity Doublets land 2 wee fixed and fitted as ilmenite (Tablel4) and
component 3 was fitted as aniipble. The resuk arein resonable agreemewith Waerenborgtet al.
(2002. The spectrum is dominated by magnetic phaséiting parameters forhematite were
attemptedbut did not work during the fitting procesk.can be explained bthe complexity ofthe
spectrum, the fitting strategysed was to allow the linedth (w) to vary differently to magnetic
fitting whereusually ratio wl/w3=1 and w2/w3=1. In orddor the fitted spectrum to be reasonable
and well fitted theratio oflinewidth was increaskratio to 3 (wl/w3=3) and w2/w3 to 1.5-he main
problem associated with this spectrum is probably due tdistrébution ororientationof particlesize
in magnetic phase and compgam of the sample.lt is interesting to observe that a relatively fow
intensity magnetic and low Kmagnetic hyperfine fieldspectrumparameterappears in the altered
rock samples, which is assigned to BdlEe’™ in spinelsites(Santanaet al, 2001) The His lower
compared to thosgaluesfrom Santanaet al. (2001); and Waerenborghet al. (2002). Again, the
reason of H for sampleCMT 253)to have lower valueould be probably duto factors mentioned
already aboveat the beginning of secion 5.According to Santanat al. (2001) when the rock
samples are weatheredaltered it tends to have higler H,rangingfrom 41.7- 56.3T.

Thespectrunfor sampleCX 12N providegyoad quality datgFigure4.18) andwas fitted as hematite.
The esult seems to be reasonable with expected field (H=49.6 T for hematite) which & aiolepo
those published byVaerenborghet al. (2002. It was not possible to fit the second sextet for
magnetite becausiue to the fitting problemt(could not fit properly. Another key aspect is thatid

to the very small amount of mineradwder, itwas not possible to carry owirther XRD analysis.

The spectrunior sampleCX 022in Figure4.19indicates a multiphase and complex material but at
the same time the fittingesult isinteresting. Thespectrum waditted with parameter®f hematite
with 2 sextetswhich is not usuaMWhen the spectrum was fitted with paramgter magnetiteno fit
was obtained Then, the Mdssbauerspectrum was fitted as hematite and the resalt sensible
However,hematite has beemidely fitted with one sextet@ickson, and Berry2005;Greenwood and
Gibb, 1971;Waerenborgtet al, 2002). Based on the alysis and interpretatiofor this particular
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sample it can be assumed that the original magnetite was probably transformed into hematite through
progressive oxidatio of structure F& to F€* but this transformation may not be compleyed The
magneticfield values (H=49.1 T and H=51T) are comparable and supported Wrks of Santana

et al. (2001) who explained that durimgetiogenesiqorigin) the magnetite eabe transformed into
hematite viaan oxidation processSample (CX (027) in Figure 4.19contains minorinclusion of
ilmenite fitted with values fordoublets 1 and 2 @ble 4.11) that are similarto those for natural
ilmenite published by Dast al.(1996)and Gibbet al.(1969).

Anothercomplex resularose withsampleCW 0045Din Figure 4.20 The result is complex because
the sample is multi-phase material wittmore than 3 mineralshématite, magnetite, ilmenite and
amphibole) The fitting quality is thereforenot high; this is may be due to the poor signal obtained
during the MB sample analysis on instruméltiis estimated fitting value® give indicationof the
present phase in rocknfenite, and amphibole) all fitted as doublets siBsbably bdt hematite and
magndite also may be present due to the seatet'featureswhereas thagpectrum for sample CX03
from Caixepa diamondiferous pipes fitted asnagnetite lMaddock 1997.

5. 3. X-ray diffractometry (XRD)

X-ray powder diffraction (XRDhasbeenwidely discussed in the geological literatfeibb et al.
1969).In order to validate the phaseresent isample for the purpose of Méssbauer spectroscopy,
X-ray powder diffraction (XRD) was used for phase identificatioorgétalline materils present in

the samples studied, for exampkgure 4.2), CAT 5, CAT-62 and CMT 60. Complex mulihase
samples (magnetite, hematite, ilmenite, amphibole and unidentified elements) were also analysed.
These weresamplesCW045B, CX1 and CWO0045D in Figuerd.22; samples CW0045, CAT59il,
CAT50 and CX027 in Figure 4.24; and samples CAT50HM2, CATHMa, CAT50HM1 and CAT 59D
in Figure 4.24.Each crystalline solid has its own characteristica}( powderdiffraction pattern
which can be used as a fingerprint fos identification (Moecher 2004). Determination and
characterization of crystalline materialsascritical process in geologgnd in environmental and
materia science studies (Moecher 200A¥ expected, due to the complexity of kimberlite formation
andits emplacement during ascent to surfa€anijenetskyet al.,2006; Cat al.,2008) some XRD
results show the presence of njpliase material which make interpretation more difficult
However, manyXRD patternsshowthatthe dominant phase was ilmeniamphibole hematiteand /

or magnetite As explained in &ction 4.3, due to the very small amauoit mineral powdeavailable

this had to be prioritised for Mossbauer spectroscopy and therefwes not possible toarry out
XRD analysis for certaisamplesTo summariseXRD analysisproved veryusefulfor this project

due to the following reasons:
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a. Phase identification of a crystalline materials/minerals present icofimplex kimberlite
rocks and irthe peridotiteand eclogite sampled mantle.
b. Oncethe minerals phasdave beeldentified, then this processan assisbr guideto select

the right samples for Mossbauer spectrosamlysis

The man mineral phases detected in CNU, CAT 62a and CAT5, were ilmenite and hematite.
Other phases idéfied contained iron oxide and silicon oxid&s expected, hematitenagnetite
together with ilmenite, weréhe main phases observed in studiedk, although lowntensity
diffraction peaks show ttha number ophasesveredetected in CMT60.

5. 4. Electron Micro Probe Analysis (EM PA)

Major-element compositions were determined 350OL JXA8230Electron Micro Probe Analysis
(EMPA) andusingthe fourspectrometer CAMECA S%0, in the School of Chemical and Process
Engineering at the University of Leeddl silicate and oxide analyses were run using an accelerating
voltage of 15kV a nominal beam current of 30nA and a focussed béwte that Qantitative
analysis (tables 4.16 & 4.1%as accomplished by measuring the intensity of the characteristic
wawelengths for each element present in plodished thin sections (50mmx28mrsamples.The
application of EMPA in this project is important as it providestttal chemicalcomposition of Fe

present in theock. Based on thifact Mossbauedoesnot tellthe total amount of iron present

Again, the interpretations of the result from EMPA analysis acenplicated by the fact that the
mantle rocks in the Lucapa Graben have experienced later alteration, and the garnet, olivine; ilmenite
chromite crystals chestiry also reflects these later redox reactidxsdemonstrated on Figure3g,

most examined mantldlmenite from all sampled kimberlite pipes show a complex process of
formation. Theexsolved ilmenites and replacement phases are abundant with altesddiogshe
borderand discontinuitiegigure 426 (a andb), andilmenite, which apparently exsolved parallel to
rhombohedraldirections Figure 426 (a). The Textural evidence of replacement of*‘Fech
homogeneous ilmenite is probably due to the actiofiuads reaction, and it may appears to be
derive by mantle metasomatism under at high oxygen fugacity environment. In addition, this process
may take place when ferric (Fp rich ilmenite (dark grey) reacted with melt under reducing
conditions, congguently generating a slightly light Mdgch ilmenite (RoblesCruz et al., 2009). The
presence of Mn rich iimenits@mpleanin Figure 4.2§is a product of the reactiaof lately melts for
instancefluid rich in Carbon dioxide (C¢&). The major implicatin from the interpretation of this
complexity of ilmenite formation process is tleaen havingresence of morterric Fe3 and lack of

the original Mgrich ilmenite, as result it cannot be ruled out the presence or mineralization of

diamond within Lucapgraben kimberlites. Aoikilitic texture is also found where the haskocryst
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of ilmenite Figure 4.26(b) contains inclusions carbonaf@ue to tle complexity process of ilmenite
replacement(Figures 4.26 4.27; 4.28 it is difficult to establish the tirimg and whetherthis
replacement was produced before kimberlite emplacenierdan be bwever confirmed that
petrographical texturéKelyphite or corona texture) g late stage deformation process at Figure 4.26
(b) and (d).This texturethis simply reérred to a fingrained, fibrous intergrowth of migte
minerals phases includiramphibole, groxene and spinefprming a rim surrounding garhand also
similar texture was detectetdt ilmeniteFigures 4.26 (b) and Figure 4.28 (b) and (cNormally this
texture takesplace uwler lower pressure environmemiechanic and chemical deformation was

detected at sample (b) in Figure 4.27.

Though the samples have experienced metasomatic processes, the primary mineral assemblages, from
both Etypes and Rypes,are considered to be sourced frapequilibrated mantle (Nowicket al,

2007), and nothing has proved contrary from this investigation, therefore this is a good sign,
principally for calculation ofgeothermobarometry of diamond formations based on isiogx
minerals pair andor determination of oxygen fugacity which is critical parameter for diamond
preservation.Due to retaining their mantlequilibrated assemblages during and subsequent to
transportation by kimberlite magma, mantle xenoliths haegiged direct history information of the
mantle source environment in which they fornfede Figure 3.5). Based orthe mantle hypothesis,

the examined eclogite&igure 3.5Cat 18), suggests to be generated by hghssure crystallization

from peridotie generated magmas (Barét al, 2001) that rise through the lithospherghe
combination of the hand specimen descriptions and petrography exanimation suggest that kimberlite
rocks from Lunda province, NE Angola present eviderhat they are formethrough different

facies these including, the crater, diatremes layjhbyssalln addition, the evidence of dieond

grade distinction from the working model (Figuret.34), laboratory investigation, and a work
experience as a mineralogist and geolgdiave led to the interpretation that kimberlite pipes from

LP present a variation of diamond contents within sampled kimberlite mantle amdsihévidenced

on Figure4.35.

The examined petrography evidences (for example high pressure deformed iphlogdipe growth

of spinel,Figure 4.27, sample (d) and dissolution deformation of ilmenite Figure 4.27 (c), clearly
show that ilmenite (sample c) is transformed through solvent/solution process, consequently re
deposited in very fine materials as sedary minerals in various combinations of carbonates,
sulphates, or even in phosphates. Based on evidences of examined thin section, it can be highlighted
that this alteration process on ilmenite is not exsolution. According to Haggerty and Tompkins,

(1983), who studied the similar material (kimberlitic ilmenite), they explained theolution in

mineralogy for example in ilmenite, is process through which an initially homoggeelaisdution

(e.g. in thiscase islm) separates into at least two different crystalline minerals without the additio
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removal of any materials (e.g. see light oriented exsolution lamellae in an ilmenite host megacryst.
The light oriented lamellae in ilmari arethe intergrowths oftitanoferrous spinel (ulvospinel,
titanomagnetiteor magnetiteLatfard, 1995). Normally this take place when the solutsuf@stance

e.g.Spl) thatis dissolvedn anothersubstancéa solvent, e.g. ilm)forming a solution.

It can be discussed from this project that the observed crystallographically oriented spinel lamellae in
Figure 426 (a) has occurred in sommaegcrystsof ilmenite are probably due to the result of ilmenite
spinel solid solution. This argument can bepsuped also by Rao and Rao (1965), who studied the
exsolution lamellae in an ilmeeitost. His work explained that the Hapl solid solution, can be
originated due to replacement of some of th& iEins in the ilmenite structure by Cr+ (0.63A),
AI**051 A and F& (0.64 A) Fé'(0.74 A) by Md" ions. From Figure 4.30 tican be evaluated that,

due to the formation of piotite or spinel (Mg Fe) (Al, Fe, G,, elongated in [111] directions, and
oriented parallel to the [0001] plane of ilmenite, theygen positions in these planes normally
coincide in ilmenite structures (Rao and Rao (1988 sort of exsolution observed tinis Figure

4.26 can be interpreted to be from lower to intermediate cooling rate or tempesabiity of the

solutior} which result in formation of spinel, whereas gwid-solution betweemematite (hm) and

ilmenite occur at high temperaty¥eraig, 2001)

The zoning texture observed in Figure2#.(9 is crucial deformationevidence thatcan yield
considerable information on the paragenetic histfrysampledkimberlite rocks. The observed
zoning feature in Figure 4.27 (bpay bethe resultant from the mineral this mineral being unable
maintain chenical equilibrium with magma during rapid coolingccording toFrankand Raymond
(1986)the chemical zoninglevelopsvhenmineralsexist insolid solution series that crystallise with
different compositions at different temperaturéiscan be discusseddt the zoning features in
samples (a) and (b) in Figure 4.31 may support evidencheshical compositions are incompatible
in rock (chemical variationsiand the incorporation ohydrothermal fluids in kimberlite deposit,
change in local pressure and mEratureenvironmentt different period othe time of growtl{Shore
and Fowler,1996)Normally the core of mineral represerdshigh temperature original composition
and the rim a lower temperature composition of the minéththese alteration evidensalescribed
above lead to conclusion that sampled kimberlite mantle rock havedsteagly affected through

metaomatic events.

The compositions of mantle derived ilmenite from diamondiferous kimberlites sources have been
compiled from selected publishatiin section andevaluated in terms of their major element
compositions atJniversity of Leeds. Based on chemical compositiotiag project hasoncluded
thatthe imenites belong to kimberlite source, having composition 4.5 to 7 wt.% MgO (Catoca pipe)

and 8 to 13wt. MgO% (Camagico pipe) which represents the compositional range of ilmenite from
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of 14 wt.% MgO and low 415 wt.% FgOs; from Camagico pipe gflect good indication for diamond
guality reservoir and preservationndition compared to those fromatdca pipe with 4.5 wt.% MgO
and 12 38 wt.% FgO; according tadiagran4.35and Table 416.

The process of distinction of iimenites derived from tx@nlitic versus notkimberlitic rocks is crucial
process in the context of diamond exploration in regions in which ilmenites are present in relatively
low abundance but where the ilmenites are the dominant kimberlitic indicator midaraeyet al.

2007). Thechemical composition 13.9 wt.% CpO; and 4.5 16 wt.% MgO of ilmenite is similar to

those described byyatt et al. (2004) fromon-craton group | kimberlites from South Africa, but the
presence of lower 4 wt.% CrO; at Catoca pipe is inditian of diamondresorptionprocess have

taken place.

5. 5. Discussiorof studied diamond heterogeneous mantle

It is interesting tosee the resufor developed model from this project (Figut84.) demonstrates and
supports the view/hypothesis fobseved variations in diamond grade (Tadld8 and abundance
within Lunda ProvincéNE Angola)which clearly,is associated with theeterogeneous mantl€his
meansthat each kimberlite pipe has sampled & transported different amount of diamond from deep
mantle to the surfacdt can be explained in details that the resfriten developed model (Figure
4.34), from this project alssupportthe main of the original project hypotheses concerning diamond
grade variation and surface abundaicable 4.18) androabundance wiih Lunda povinces, which

are associated with the heterogeneous maotiasequently each kimberlite pipe has sampled &
transported different amount of diamond from deep mawniith depth more than 66m (Stachekt

al., 2005, Ringwoodet al., 1992 andDasgupta2013 to the surfaceBased on this result, it can be
discussed that Catoca pipe is the richest pipe among of them because this pipe has sampled more

diamond deep mantle source than anyadtimberlite in the Lucapa grab.

Theresult from Figureb.1 indicats that Catoca pipgroduce moraliamond petonne of kimberlite
rock andyet that it isalsois more oxidisedhanthe otherthreekimberlite pipesstudiedhere. The
calculated possible percegtas of diamondwithin each pipdransported to theurface are presented
in table4.18. This result is useful becausean be useth the futureto measur¢he redoxconditions
and estimat fO, for economicaldiamonddepositexploration In addition, this result is corssént
with thenew findingfrom other aniytical methods (EMPA and &&sbauérwhich shows tha€atoca
kimberlite is more oxidised with high.41> Fe* ™Ee than other kimberlites studied hewdso it is
evidenced orfrigures 4.12; 4.13 arithbles 4.34.4.
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Figure5.1. Redox ratio vEarats/100 tonnes of kimberlite rock

5. 6. Discussion ofdiamond preservation modelfor sampled kimberlites

The observed low diamond quality from Catoca pipe and high meaBated™ )rdtio of indicator
mineralsis consistenwith the model ofGurney and Zweistra (1993 he result from this research
(Figure 4.35)suppors the use of ilmenite redox tias to measure diamond qualitygdortchouk and
Zhang, 201, Robinsoret al. 1989) Applying this model to the otheofir pipes studied heiedicates
that their averagediamond quality would be greater théor Catoca diamorglon the basis of lower
measuredron redox r#éos in the ilmeni indicator minerals from these four pipesd it is als
evidenced on Figure$.32; 4.33 and5.1 whichshows that Catoca kimbe#diis more oxidised with
high 0.41> F€" "Eethanother kimberlites studied herEhe present author worked@atoca mines

a diamond selectomineralogistandgeologist The auhor haspersonallyobserved the higfraction

of poor quality diamond at Catoca mineFurthermore,verbal communications collected by the
author from local geologists and miners at the Camutue, Camatxia, Caixepa and Camagico diamond
mines indicate a highejuality of diamond from these four pipes than from the Catoca ldgpeever,
diamonds and kimberlites from the other fgoipes have not been studied academically and
consequently no literature evidence is currently available that supports the adlitkersabonsand

verbal information from local geolds)s.
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5. 7. Viscosity model for sampled kimberlite magmatic rocksand its implication on

diamond survival within Lunda province

5.7.1.0verview and discussion

This sectiorprovidesa brief review of iscosity anda discussion ofheresuls of viscositymodelling
of selectedkimberlite magma and how this may assistestimation of the possiblepeed of

transportation of theampled kimberlite which carried diamotothe Earth'ssurface.

Despite warious attempts at viscosity prediction witbome succesge.g. Shaw 1972) the detailed
viscosity studes of Bottinga and Weill (1972)evealedan easilyapplied method of modelling the
viscosity of multicomponent silicate mixtureslevant torock forming compstions. The present
research usethe model of Bottinga and Weill (1972)n order toestimatethe high temperatures
viscosity of the kimberlites studied herdhe purpose ofhis was to investigatpossiblefactors,
reasonsor explanations for thevariaions in diamond abundance and / guality (including

resorption) and gradmbserved betwesdhe five different studied kimberlite pipes

The pevious viscositystudiesof Dingwell and Virgo, 1988 Giordanoet al, 2008; Petford, 2009;
Bottinga andweill, 1972 and Wilsonand Head 200have demonstrated that magriscosityis a

crucial factor thatmight have influenced the diamond qualiand grade variation in economical
kimberlite deposits There has been considerable workpamnametrizatiorof the viscosity of silicate

and magmatic melts as a furweti of major element compositiofPersikov, 2007; Persikoand
Bukhtiyarov, 2013and Shaw, 1972)From a dynamic point of viewyarious aspects of viscosity of
kimberlite magma eruptionsan providecritical information forthe understanding of magmatic or
igneous processes, such as melt migration in source regions, magma mixing, flow differentiation by
crystal fractionation, convection process in magma chambers, dynamics and style of eruptions, flow
characeristic mechanism, the rate of cooling of magmatic intrusion and extrusion, as well as the
speed that kimberlite magma transpaliamond crystals to thearth'ssurface These phenomena are
critically dependent upon viscosity of magmatic flu@liantitatve evaluation of any of these igneous
processegan start with the estimation by modellin§) the viscosity of kimberlite silicate melts

within arelevantrangeof temperature andcompositios (Shaw, 1972; Bottinga and Weill, 1972).

The viscosity modeihg carried out herevas validatedy comparing thealculated viscositylatafor
the studied Angolan kimberlitegith the published dafor other relevant magmas from Bottinga and
Weill (1972). Resuls showsatisfactory agreement over a wide rangeisfosity fran approximately
1to 11 PoiseRigure 4.38 and Tables 4.20; 4)2As discussed previouslyiscosity modellingesuls
demonstrate that at temperatigé ca. 1500°C all samplesuch as Camutue (CM=CW45); Cedo
(CAT-67,CAT-50) Camatxia CAT6] Camagio (CMG17) and Caixepa (CX027) exhibit modelled
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viscositiesof 1.5 + 1Poiseand at lower temperatui@ ca. 1200°C all sampleprovide modelled
viscosities of3 + 1 Poise,which means thathere is nota greatdifference in viscosityfor a given
tenperaturebetween samples, excepamatxia sampl€MTO02 which hasa verydifferent viscosity
from the other sampledhis isclearly due to the high content of silicon oxi¢®iO, = 80.19%) and
low magnesum oxide (MgO = 2.42wt%) observed in this sample dble 4.20)compared with the
others Viscosity isdetermined mainhpy SiG,, Al;O;, MgO and CaCcontent in magn® This is
supported byGiordanoet al. (200§ and Moussallamet al. (2016), who stated that these major
chemical elements influence magma vEto When the temperature decreases from 1450°C to
1250°C the viscosity increasésee table 4@ and 4.2). Higher levels ofsilica in magmacause
higher viscositydue to thepresence oétrongSi-O bonds When water igpresent irmagma it has the
ability to break Si-O bondsand theefore the viscosity decreased®ingwell and Virgo, 1988;
Giordanoet al, 2008;Petford,2009).

Based on literatureeview (Wilson and Head 2007}, is suggestd that in order for diamond to
survive or be preseved kimberlite magmas/ melts would have lower viscosities and higher
buoyanciegSparkset al, 2006) which enablerapid transport from the source mantle region to the
surface.Thework of Sparkset al.(2006) andKamenetskyet al. (2011 reveas thatkimberlite magm
hasa lower viscositythan other volcanic rock such as basalt with higholatile mobililty (Scott
Smith, 1999b) The main implication is thatpid transport by magma will maximise the survival of
diamonds as they pass through unstadobel oxidising corditions of both lower pressuseand
temperature Although the range of sample compositionsed toestimate the viscositiesf the
kimberlite magmais small,the resul canstill be useful ag indicateslower viscosity, which means
that diamonds mayave been transported at higlspeed from the deep mantle tthe surface which
helped them to surviveBecause othe nature of the model used, and lindted analysed sample
size, it is suggested that future wahould investigate more sampli@ orde to have alearerpicture

regarding the viscosity of kimberlite magsia Lunda provinces

Viscosity resultsin Figure 4.38(alsosee Appendix ¥showthatthe visosity of pipes CM=CW45;
CAT-67; CAT-50; CMG171; CMT 60 and CX027are similar,whereas pip CMTO02 has ahigher
viscosity (Table 4.20 and 4.2L According to Sato @005, who also referenced aspegdaif the
viscosity modelof Bottinga and Wéli (1972) changs in melt compositioncan be the result of
crystallizationor increasein crystallinity (Moussallamet al, 2016) Silicateminerals which contain
silicon dioxide GiO,) are the most abundantompoundsin the Earth's crustKlein and Hurlbut
1993. According toPhilpottsand Ague(2011) andDeeret al (1996) silicates argartially moltenat
temperature of approximatelyl200°C and becomsolid and cooled whetemperature decrease
about 600°CFor exampleSiO, (Quartz) become stable at temperature al&@@’C (Deer et al,
1996)
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As stated aboven Chapter 4the viscosity modebf Bottinga and Weill (1972)sed in this project
hasa number ofimitations For example, ajhe modeldoes not take intoonsideration theffect of
H,0O, CGO, and other volatiles. These/d componenthave previouy beenreported tchavea major
influence on the viscosity of magma Giordano et al, 2008 Persikov, 2007; Persikov and
Bukhtiyaroy 2013. The data in Figuré.2 wastaken from the work of Petfor(2009)for basaltic
andesite magma. The main reason for using this diagram (Fddris intendedto demonstratéiow
the how the volatilecontent (HO) plays a major rolen determining theviscosity of magma
(Moussallamet al., 2016) By usingthe work of Petford (2009) mvthe viscosity ofbasaltic andesite
magmaasan examplgFigure5.2), increasing th water contenvf magmafrom 1 to 5 wt % resuls
in a decrease of magma viscosityaatemperaturef 1000°C from 3.4 to 2.3 Pa.SThe \iscosity of
basalt magnmadecreaseas pressure or water content increg8ersikovet al. 2015) This reduction
in viscosity caused by watealissolutionis due todepolymerizatiorof the silicate networkwhich
means that there wilie anincrease in the mekliasicity, normallyresulting ina decrease in viscosity
On the contrary, in ultramafic kimberlite melts, tHecesity increases as pressure or water content
increase (Persikov et al. 2015) The dissolution of D in kimberlite magmaleads to the
polymerization othe melt (decrease in its basicitfKimberlite mels are rich inMgO, CaO(Persikov
et al, 2015) and the water occurs irthe form of molecularH,O as opposed teOH groups,
consequently increasintpe viscosity of kimberlite Although the effect of pressurbas not been
consideredn this project,t is useful todiscuss here the effect of psese asanimportant parameter
in determiningviscosity. The viscosity ofboth kimberlitess and basalt magmsachangs accordingto
lithostatic pressurePersikov and Bukhtiyarov, 2013The interpretation from Figurg.3is that tte
viscosity of kimberlite magmancreasewith pressurewhereas the viscosity basaltic magmas will

decreas@s pressure increases under the gieaerperature andressureconditions.

Figure5.2. Plots showing the relationship between Mél Y L V F R V L WO\ contenBtQ@GE from a basaltic
andesite sill from MtTheron, Antarcti¢Retford, 2009)
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Figure 5.3. Dynamics of viscosity of kimberlite and basaltic magmas during their aseentrhantle to the
Earth surface crusPgrsikov and Bukhtiyarg\2013.

Based orthe work of Persikov and Bukhtiyarov2013) it is believed that under theonditions of
kimberlite origin partial meting of carbonated peridotite} depths ranging fror@50- 340 km and
pressurs ranging fronB - 10 GPa (80+100 kbar) andemperature of approximately fK WKH
volume content of crystais appraimately 10 % and consequently the viscosity ofriiedt tend to

be high(approximately 33°a-9 (Persikovet al, 2015) whereas at the neasurface during kimberlite
formation, the viscosity of kiberlite melts is lower (about 10 Pa-sjith temperature of about
115CC and presures ranging from 56800 MPa (Persikov anBukhtiyarov, 2013) Although the
effects of H,O and CQ have not been considered in this projéiag trendsin valuesof calculated
viscesity are in generalagreementwith those previoug published in literature Kigure 5.4 and

Appendix 4.

Also it is important to state some important physical parameters that magma dependg8hen the
temperaturesncreases, thisause the melb expnd and consequently the density of melt be@me
lower, but in contrast at highg@ressures, for example 9GHgersikov and Bukhtiyaron2013) the
viscosity of kimberlite magma becosikigher andthe meltbecome compressed and consequently
this lead thedensityincreasing(Persikov and Bukhtiyaro\,999). This means that that density is

another important physical property of magma which is aifloencedby both temperaturand
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pressureKimberlite melts follow the basic rules of magma physics (visedicate melt, crystals and

volatiles or gasggKjarsgaard 2007)

Figure5.4. Temperature dependence of the viscosijyPersikov and Bukhtiyarofd999),and b)Bottinga and
Weill (1972)

5. 8. Resorgion features of studied crystalsof Angolan diamond (Catoca kimberlite)

Resorption and diamondeformationcharacteristics have been discussed widely in literd@rev,
1977 Robinsonet al, 1989; Batalevaet al, 2012; Fedortchouket al, 2007 and Fedortchouk and
Zhang 201} After a detailed examination of some natural crgst#l diamondrom kimberlites of
NE Angola(Figure 4.39)the optical resuit haveprovided strong evidee thatthe studied diamoryd
containdeformations which can be integped ashowingresorption characteristics on their surfaces,
such as trigonal etepits on faces, hillocks, and striation, and sharp steps along the(edgEgure
4.39) and alsothe glosy surface features are observad these crystal®f diamond. Tle glossy
surfacefeatureson diamonds have been alslescribed by Zhanget al. (2015). These deformation

characteristics on diamond are interpreted as prsediidnteraction with their host magma during
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ascentand the effects of increasedxygen fugacity(Robinsonet al, 1989) Diamond found in

eclogite and peridotite mantle xenoliths are well preserved compared to deraanared from the
host kimberlite(Stachelet al, 2009 Stachel and Harris, 20Q7The resorptionof diamond in

kimberlite is related to higher oxygen fugacity during médence time in the transportaticof

kimberlite magma(Gurney and Zweistral995. Furthersupportfor these resorptioffeaturesbeing
associated with kimberlite magma Isecauseconductive geothermabr surface hdaflow of

38mW/nf for the lithospheric mantle beneath the Lunda kimberlite previradculated by Castilio
Oliver et al (2011) has been considered to High enough for diamond formatio(Stachelet al,

2003)

Thetetrahedral morpholodiexture observéon these diamondeflectsa complex history of growth
and rounded shapearedue to dissolution. Similar diamond morphologies or kimberlite induced
resorption features have been described by Fedortchowk. (2007) who stated that diamond
impuritiesarehigh in kimberlite magma due to the higher nitrogen content @neggtion of nitrogen
defects)than those observed in mantle due to lower nitrogen content and high aggregatien.
nitrogen is the main impurity in diamond and its concentratioreetflconditions during diamond
growth (Orlov, 1977, whereaghe state ofaiggregatiorreflects thethermal history and duration of
diamond residence in the mantle (Fedortchatkal, 2007). The crucial implication from the
observedresorption conditions ro the examined diamondis that it maybe linked with the
metasomatic events described above duthmey origin of host diamonéearing magmas, in the
kimberlite reservoir.According to Fedortchouk and Zhan@2011), Fedortchouket al. (2007,
Robinsonet al (1989, dissolution of diamond in kimberlite ocauwwhen fluid first attacks the edges
and vertices of the diamond and leaves the interior of the faces almostlintact.be assumed that
this processnay have takeplace wha the corrosive kimberlitenelt causes a variety of dissolution
features such as pits, etchings and striations to develop on the crystal faces Figure 4.39 (b) (Arima and
Kozai, 2008; Fedortchoulet al, 2005) Anotherimportant implicationtakenfrom theseresorption
processes othe deformedstudieddiamond (Figure 4.39)is thatit can helpus to understand the
mechanism ofliamond oxidation in kimberlite magmas and to determinenthm ratecontrolling
factors, IR U H [ D ®.,Slahbesiuring kimberlite ascent and emplacem@racbrichouk and Zhang

2017 and to be able to predict the degree of diamond preservation in a kimberlite reseedir35)

As shown in Figure 4.39, the crysadf diamond showellowish colours whictare believed to be
associated with the common imgyrobserved of nitrogen, imarious states of aggregatiorhis is
supported by Tappert and Tappert (2011) who described that normally the diamond in its pure form is

colourless, butan become coloured due itaperfections, impurities of nitrogeand inclusions of
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mantle xenolith mineralAny of thediamond deformation elementan havemajor negativeeffects

on market pricesf diamonds.

A critical evaluation from thexamined diamorsiin this project (Figure 4.39s that although the
morphologies @& comple, after a careful analysighe inclusions arebelieved to beEpigenetic
inclusiors - (El), whichform probably after crystallization of diamond. This is supporte&taghel
ard Harris (2007) who explained tha€l's are the result of penetratio of fluids or melts into
diamonds along crackand which may formin the Earth’s mantle during kimberlite rising or after
emplacement in the Earth’s mantlEhis study hasconfirmed that these inclusions aneeither
Protogenetic norSyngenetic inclusionsThis is because the morphology of Syngenetic inclusions
contairedin garnet cubactahedral on diamond materials these inclusforra simultaneously with
the diamondby the same genetic proce@aylor et al, 2003; Stachel and Harrjs2007) whereas
protogeneticinclusions are formedbeforeincorporation by the host diamandnd these inclusian
show dodecahedral fosiTaylor et al, 2003)

The potential rising questions regarding Catoca mantle diamond are following: Can the Catoca pipe
be classified ag dodecahedral, with high diamond dissolution process? If so, why does the pipe
contains more high percentage or volume of diamond content? If it becomes the truth that Catoca pipe
is dodecahedral, therefore it may be assumed that the original manteaethsnough for possessing

the high level of diamond content

5. 9. Comparison of Lunda pipes and geochemistry witlbther kimberlite pipes

Based on petgraphy geochemicaktudies(seeChapters Three and FQufield work studiesand

observationsof emplaementstyles of sampledkimberlitesfacies it is confirmed that kimberlites
from Lunda province aresimilar to those fromBrazl, Canada Australia, SouthAfrica and USAin

terms of their geochemistry, morphology and diamof®ttt Smithet al, 2008 Field and Scti

Smith, 1998 Musun and Scott Smift2006 Mitchell et al, 2008 and Cast al, 2008. As discussed
earlier in Sectiors 2.1,2.2 and 3.1, Lundakimberlites are referred tas Group | bodiegheyare an
ultramafic, potassic, volatidgch igneous rockwhere mostshow macrocrysts (larger graipof

mineralsof garnet, phlogopite, olivine, pyroxerand oxideminerals (hematitespinel and ilmenite)
thataresetin a finer matrix, which gives kimberlitock atypical characteristiof inequgranularto

porphyritic texture Similar kimberlitetextures havebeen found in Canadian kimberliteSofmerset
Island)(Skinner,2008;Mitchell et al, 2008 andDonnellyet al, 2010.

Diamond researchersN¢wicki et al, 2007; Stachel and Harris, 1997have describedyarnet
harzurgitesas potential indicatorsof the presence of diamond in kimberlipgpes However this

researchshowsthat the presence gfarnetharzburgites in pipes is not alwags accuraténdication
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that the pipe contagdiamondsFor examplethe Hanaus and Lauwrenskimberlites fromNamibia
contain garnet harzburgites but the pipes have dimamond (Mitchell, 1990 comparedwith the
diamondiferous kimberlitestudied in this projec{Catoca, Camatxia, Camagico, Caixepa and
Camutué. This is becausdoth Angolan pipesand South African pipesF{nsch; Frank Smith;
Kimberley and Premierand Botswaan kimberlites(Orapa, Tshabong and Jwaneagy Zimbabwe
(e.g.Colossus pipedll are located with a cool thick old lithosphere z¢oreton) whereasNamibian
pipesare derived fronoff cratoniczones(see Chapter Two)n term offormation agesmostof the
pipesdescribed here and even those diamondiferous kimbefhoes Brazil Canada, D.RCongo,
China,Russia Mali, Sierra Leone anuineaare fromthe Mezosoic eraGurneyet al, 2019 and
Harggerty,1999) in particular th€retaceous ag@ixon, 1995)

Figure5.5 showsthe ideal occurrence model and petrogenesis of kimberlites from South (@it
and Scott Smith, 1998The kimberlites fromLunda kimberlites and South Africa are similar and
bothareclassified as Group | kimberliteEigéld and Scott Smith, 1998 ag#inner, 2008)Therefore,
Figure 5.5 can be taken as an approximation of the occurrence model and petrogehegatanf
kimberlites. As discussed irSection 3.1 kimberlite pipesfrom Lunda provincesare composed of
rocks of different typesThis differentiation is probablydue to a powerful volcanic explosion that
took place LPbutvolcariclastic kimberlite (VK),wasclassified as fragmental rocks, whereas the less
explosive hypabyssdlimberlite (HK) was categorised asonfragmentalrocks. The observed and
sampledpyroclastic kimberlites (PK), resedimentgdlcaniclastic kimberlite (RVK) andnassive

volcaniclasic kimberlite (MVK) are allvariety of volcaniclastickimberlite (Kjarsgaard 2007).

As shown in Figug 5.5 the threemain zones describetere arecrater, diatreme and root zanall
have different shapes and contrasting material filling in the zonédchaclearly demonstrate that
these zones were formed by varying proesssithin oneoverall emplacement eve(Ringwoodet
al., 1992; Keshavet al, 2005. These hree mainzonesof kimberlites and their filling material
processes in theoneshave alsmccurredelsewherdCaset al, 2008;Mitchell, 1991 and Carcet al,
20049. It has been explained IScott Smith(1999)thatthe procesof formationof the root zonenay
have occurrethy sbpping whereas diatrengecurredby fluidisation and cratavccued by explosive
breakthrougl{Caset al.,2009.

According toMitchell (1991) who studied diamondiferous kimberlite$ Premier mine in South
Africa and Letseng diamond mine in Lesatk@atreme formation processwhich led toa uniform
body of kimberite pipes have a consstency of diamondgrades in diatreme facie¥he diamond
consistacy in diatreme zones have beaisoobservedn NE Angolan pips (informationobtainedas

personal communicatiorfeom local geobgists and mineralogistit Catoca, Caagico and Camutue
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mineg. The kimberlite rocks studied in this researdive been classified based on the conventional
rock nomenclaturesSparkset al, 2006;Scott Smithet al, 2008 and Cast al, 2008.

The geology of kimberlite pigeis complex. Tl kimberlites in different areas have distimpe
shapes and internal geologi¢sr examplehe Attawapiskat kimberlitesn Canada haveissimilar

infill and emplacemenfrom southernAfrican kimbelite pipes (Webbet al., 2004) and Angolan
pipes In adlition, the hypothesis of derivation of kimberlites from depths grehter400650 km
(Figure 2.3, which is greatethan for any other igneous rociRingwood et al., 1992) makes it
important to investigat&kimberlite petrogenesisof Angolan pipes and understandthe melting
processes and composition of the mantle near the cratonic lithosphere and asthenosphere boundary
Another key aspedf kimberlite magma is that its composition haselateivelylow content of SiQ

and high volatile and trace elenmecontents (Field and Scott Smith, 1998), and these chemical
constituentsinfluence the speed of kimberlite magreeplacementAn important implication in
terms of diamond preservation is that kimberlite magméth higher emplacement velocitiggovide

better diamond survival conditior(8Vilson and Head, 2007)

Figure5.5. lllustraion of kimberlite pipe and iteerminology (Field and Scott Smith, 1998)
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Theoccurencemodel ofcraterfaciesof Angolan kimberlitesis similar to those described by Skinner
(2008. From Figure 5.6, it can be seethat thecrater hole is infilled by sidwall collapse,crater
extension andlebris flow materialafter first explosion of kimberlite magmblowever, with longer
periods of time, the rest othe crater hole is loaded with resedimented vobcdastic kimbetite
materials such as debrispnglanerates and sandstone originatifigm tuffisitic ring deposits
(Skinner 2008. It can be concluded therefore that theoccurenceof craterfaciesis predominately
with resedimented material, and with less pyroclastic kimberlite as well asaviéilv hypabyssal
kimberlite material§Sparkset al, 2006;and Cast al.,2008. During sampling activity of theunda
kimberlites studied herg it was noticed by the author thatn many caseghe graded beds and
depositionalfeatureswere absent which led to theinterpretation anadonclusionthat such tuffs are

primarily airfall materials

Figure5.6. Demonstratiormodel of class 1crater formatig8kinner 2008)
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Basedon findingsandobserved evidenciom field work in Angola (Lundaprovince$, the process
of resedimeration of material on crater faciés extremely varied from th pyroclastic kimberlite
(PK) material. Fo example the major differencebserved was that the resedimented volckstic
kimberlite RVK) at Camutue Catoca Camatxia andCamagicomines was insome casesvell
beddedwhereas the PK is poorly beddatihese mingsand these kimberlitdsave featuresimilar

to those fronCanadaSouthAfrica and AustraligScott Smith1998 and 199).
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Chapter Six . Conclusiorns and suggestios for future work

Before this researcivascarried out, our understanding of tiamond \ariation grade, andiamond
survival or preservation conditions of diamond within the Lucapa Graben, Angola (Western Africa)
was poor. This projecthaspresentd answes to the questiorf the cause of problems linked to the
diamond grade variation, quisli and size distributions observed between kimberlite pipes and
diamond preservation condition ME Angola Thisis associated witkariations inoxygenfugacity,
metasomatose evenfmor preservation conditisnand theheterogeneous manti€heinteraction or
infiltrationof silicaterich liquids and hydrothermal fluidarealsothe main sources of such oxidation

processef the Lunda diamond lithosphere

The geology of Angola hascomplex history The main reason fothis complexity is due to aeries
of past tectonic eventsvhich took placeduring the period oArchaearProterozoic transitionThe
Archean of the Angolan blockuffered extension deformatiaturing the Eburnean orogerand
consequently theséectonic events have dramatically modifiedhe primary mantle petrology
(evidenced irthe thin section and rocks investigatisections ofthis researchand ultimately these
events have contributesignificant complexity to diamond exploration in Angolhis project has
concluded that Angoladiamondiferouskimberlites are associateuth extensionatectonic activity
during rifting /opening of the south Atlanticduring the in Mesozoic era in particularbarly
CretaceousThe Lucapa graben is the mgstominent geological feature #ingolaand tis tectonic
feature is zone of weakness that crosses the entire country, frobuhdg province (LP) to the SW
thatassisted the emplacement of kimberlites in Atigola. This conclusion is supported Myhite et
al. (1995 and Jelsmaet al. (2004) who exgdained that kimberlg intrusbns are favoured by
extensional tectonic activity caused durtige of a major oceanic or continental riftifgoncerning
Lunda province (the stiebl region), howeverthe basement structures are the results of connection

betwveen regional structures (major mobile zones or faults, fracture corridors) and local structures

(linear grabenyrift valleys| internal fractures and deep faults within the Lucapaidmrr and

consequently these structures hamabled kimberlite magma to redtie earth's surface (Helmstaedt
and Gurney1997) and cool to form the kimberlite deposit which incorporates the diamond reservoir
and facilitate its eonomical exploration (g. Camatxia, Caixep&atoca,Camutueand Camagico

mine).

Sampled kimberlite and mantle xenolifperidotite andeclagite) rocks from Fivalifferent diamond
mines (Camutue, Caixepa, Camatxi€amagicoand Catocphave beemanalysed systematically.
Petrograohy andboth physical and chemicanalyse$avereveakdthe complex metasomatic history

of the diamondbearing mantle in the Lunda province, whetee geochemistryresult of primary
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diamond indicatomineralsgarnet, ilmenite angbyroxenesprovedthat the Lunda diamondiferous
mantle was subjeted to significant metasomatisrithe zoning, exsolution features and chemical
changes from the studied minetraddso are cleaevidences of metasomatiseventsof usingtools
such as the electron, proton and ionnajizobes, but due o addition the petrographglso provided
evidenceof later alteration or redox reactions. This le&mlthe conclusion witlconfidence thatthe
original Lunda lithosphere mantte mantle rockqP-type, Etype and kimberlite)werealtered from

the original minerals into secondaphasesdocumentedn this project,resultaning of significant
metasomatisngeneratedorobably by fluid agents(H,O, CQ,). This result is also supported hiye
observed variatisanddiamondabundancandgrade variation withir.unda province.

The evidenceof petrographic andcchemicdly analygd garnet mantle xenoliths from the Catoca
kimberlite pipe ha& led tothe conclusion that this peridoti@nd eclogitenantle fave beensubjected
to significant metagoatism,leading toincreasingcontentsof Ca andlow Ti (e.g. sample Cat 18)
which are indicativethat resorption diamondnay havetaken place probably in the host magm
before kimberlite emplacementhis process mayave been linked with significant ircreases in
oxygen fugacityandthis, in return has increased the @uttial for diamond resorption in th@atoca

kimberlites.

Concerning diamond preservation conditioit can beconcluded that th@bserved low diamond
quality from theCatocakimberlite pipe andits high measurededox ratiosFe®* ™ )éf ilmenite
indicator mineral isn agreementvith the model ofGurney and Zweistra (199%vhich suppow the
use of ilmenite redox ratios to measure diamond qually. applying this model to the
diamondifeous kimberlite pipes studied herét, indicates that diamond quality would be gredter
Caixepa, Camatxiand Camutu¢hanfor Catoca diamon#imberlite on the basis of lower measured
iron redox rats (F€"" ™ ) kh the ilmenite inlicator minerals fronthese pipes. The author of this
thesisworked at Catoca mineasa diamondprocessor and mineralogistieologist and hagpersondly
observed the high volume pbor quality of diamonslobtainedatthe Catocakimberlite mine.

The main conclusion takenoim Figure 4.35 is thalthoughthe Catoca pipe is the richest amathg
primary diamond deposits withithe Lucgpa graben, the geochemiadlidy of ilmenitecarried out
herehas placedhe Catoca pipe withinhe poorto no preservation zone index accardito the model
(Figure 4.35). The most plausible explanation for Catoca halmdnigh level percentagevolume
(carats perl00 tonnes of minedrock) of observed diamondan be explained its own mantle was
particularly richin diamond prior to emplaement Thisindicates thatliamond concentration in the
heterogeneous mantle was much greater at this. Jtiatefore, dspite ilmenite beingiidely usedas

an indicator mineral for preservation conditiahof diamond, it is recommendd that a precise
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geochemicalstudy of ilmenite and detailed regional gmgital investigation should be carried out
before any conclusion is reached whethgpaaticular kimberlite pipe is economicallyiable for
diamond mining or whether itis infertile. The absence of mamsium (Mgirich ilmenite in
kimberlite ilmenite asan indicator mineral, inan exploration contextis not a reliable gude to

estimateor concludenvhetheror notthe host kimberlite pipe is economicaNjable.

Oneintention of the discussioand conclwsionsis to illustrate the promising nature of Mdssbauer
spectroscopyand EMPAIn diamond researchy studyingilmenite and other diamond indicator
minerals In addition, the geochemical results from EMBé&ta for analysed ilmenite, halex tothe
conclugon that Angolan pipes fall ithe "kimberlite ilmenité environmentas illustrated inFigure
4.37. The pesent research has recommendeat preciseclassification and identification of the
ilmenite source lithology, especially in kimberlite deposits wh@émenite is used as indicator
mineral, is fundamental from the perspective of economicddlgle geological and mining

exploration

The Mossbauer eermined ironredoxratio (F€* ™ )H D Q @arBmétais H@S, QS, and LW) are
consistent with Mdssbauelata for natural ilmenitereported previously in the literatur&mall
variations observed between data sets may beciassth with geological factorsuch as
heterogeneitypressure, temperatyrenvironmentand metasomatosealteration processes wiih
sampled kimberlite pipesll of which can impact upon iron oxidation state and environment within
kimberlites. In addition, itis concluded thafor some samplegor exampleCMT 58, CAT59HM1,
CAT=MYO001C and CAT 59 dit was not possible to calculatbet iron redox ratio of the ilmenite
phases because these were multiphase materials with relatively low abundances of ilmenite and high
abundances of amphibole. Separation of the respective ilmenite and amptebaiemponents in
Mossbauer spectra provemoblematicas their hyperfine parameters (CS, QS and LW) are closely
similar to each otherFor these spectrmne F&" doublet was fitted to the combined ilmenite and
amphibole F& contributions. Consequently it was not possible to separately assd3s ‘thentent

of the ilmenite phases from Méssbauer dddaltiple separabn methals, such as Frantz magnetic
and hand pick and separatarere applied in order to obtathe purest possiblgohase. It appears to

be difficult to obtain clean single phaskilmenite in some studied samplé&is projecthasprovided
upper limits of the redox ratim some ilmenitegsee Table 5.1) by assuming that all Bein the
relevant doublets arises from the ilmenite phase. This preserigpper redox boundary" amihes

not necessarily quantifyre iron redox ratio in these phases
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The hgh redox ratiosFe*/ TFe, obtained fromilmenite minerak are associated with higher MgO
contentsBased orthe Mdssbaueresuls from this project, it can bthat concludedhatthe analysed
samplesfrom the econonical diamondiferous deposits &aixepa, Camutue and Camabtxaae

believedto have crystallizedinder lowfO, conditions Mdssbauer spectifar analysedsample from

2+
Caixepa, Camutue and Camatkimberlite pipesare domnated by Fe which is indicative of a more
reducing lower fO, environmentand consequently a higher chance for diansngival becaustheir

ilmenitesredox ratios Fe®* ™ ) Hre< 0.24 whereasthe sampls from Catoca pipevith > 0.32 of

Fe* ™ )ade more oxidisesith more ferric ibn (Fé+) (seeTables 4.3; and 4.2and 5.), indicating
relatively poor diamond preservation conditions with higher levels of diamond iesorphe
resorption evidencfom thestudied crysta of diamond in thé project suppostthese observations.
Even thoughCatoca mine produsamore diamond than any otherine in the Lunda Provincehe
results of morphological studies of resorption feadlof Catocadiamond combinedwith other
results fromM ossbauerpetrography an&EMPA analyse, leads to the conclusion thaiore oxidizing
environmentsxistedin the Catoca diamondiferous kimberlite pipempared with the otherstudied

here

Becauseof the analysed samplesminerals being altered artthving undergonehemical changes
during metasomatismdetermiration of the oxygen fugacityusing chemical reacti@nis very
challenging (see Chapter Four It is suggestedthat in an economical diamondexploration
environment, Méssbauer spectroscopy shouldabkey techniquefor analysis ofiron redox in

indicator minerals frorsampled kimberlite rock

It can beconcluded with confidence that the resorptiontlud collected and studiedrystals of
diamond fromthe Catocamine may beelated to higheoxygen fugacityduring their residerecinthe
deepmantle and transpotb the surfaceandthat consequently they were exposednmre strondy
oxidising conditions outside their stability field, leading their corrosion and eventually to
resorption.Characteristiadeformation features on these diamonds are also cédnysiediltr ation of
silicaterich melts and hydrothermal fluid-during transportation bykimberlite magma This is
becausehe diamond found in the enclosed €ogite and peridotite mantle xenolitbcks do not
present such deformation featurahey are well preserved compared to diamondveied from the

host kimberlite.

At temperatureof circa1500°C theviscosity ofsampledkimberlite magmag melts for samplesuch
as Camutue (CM=CW45); Cata (CAT-67,CAT-60 and CAT 18)Camagio (CMG17), and Caixepa
(CX027)all fall in awindow of vscosity of 1.5 + PPoiseand atlower temperatureof aboutl200°C

all samplesfalls in a window of iscosity of 3 + 1 Poise This means thathere is nota great
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difference in viscosityfor a given temperaturbetween samples, excePamatxia sampl€€MT02
which hasa verydifferent viscosity fronthe other sampléThis difference between CMTO02 and other
analysedsamples isdue to thehigh content of silicon oxide, (S¥O= 80.19wt %) and lower
magnesiumoxide (MgO = 2.42wt %) observed in thiparticularsample(seeTables 4.20; 4.2). It

has been concluded that thiscosity modellingused in this reseal hasgiven qualitativeindicatiors

/ suggestions thahe studied kimberlitepipesprobably have low visosities and higlfiuidities that
enablel rapid transporof diamond from the source mantle region to the surface and consequently
maximise the surval of Lunda diamonds as they pasgs$brough unstable combinatiorasoccurat
lower pressure and temperature conditidghgen with this new resultt is recommendd thatdue to

the limitations of the data used in this projedt is not possiblgo reacha firm conclusion forthe
effects of kimberlite magma viscosity on thpeed of transpotb the surfaceandthe relationship
beteen this and the quality and quantityd@mond observedn order toreacha firmer conclusion,
more samples are required be studied systematically. The next viscosity study for kimberlite
samples from Lunda province should be focused on this question. It is important to understand the

viscosity processes of kimberlite magma andhigglication in the economical geolpg

The viscosity results obtainddr the studied kimberlites pipes shdow viscosity,neverthelesshe
high resorption andimpurity of diamondsobserved at the Catoca mine show tetrahexahedral
morphology characteristics which are probably products of irtterawith their host magma, higher
nitrogen content or aggregation of nitrogdefects duringascent; and oxygen fugacitinother
limitation of the viscosity model used in this project is that it does not take into consideration the
effects of HO and CQ which are reported to have a major influence on the viscosity of mdgma
addition, the modellingriscosityused in this research also did not considehedeffect of pressure.
The effect of pressure on kimberlite magma is important because it profimation about the
behaviour of kimberlite magma at depths below the Earth's surface. For exdfigples 5.3
demonstratethat atthe pressure ranging to-B0 GPa (80+100 kbar), temperaturapproximately

f Khe viscosity of kimberlite melt tends be approximately 3#a-swhereas at pressures
ranging from 50400 MPa, close tosurface during kimberlite formation, the viscosity of kimberlite
melts can be estimated to be lower approxiety 10 Pa-swith temperature about 1150 °@.
Thereforeit is crucial for this project to recommendzgain thanext viscosity study for kimberlite
samples from Lunda provincéauld includethe effects oH,O, CQ, and pressure this modelling
becausat is necessaryn order to understand more quantitativetyw thekimberlite magma behaved

during its ascent to thearth ssurface and consequently how diamond may have been affected.

Based on alevidencs finding in thisproject, it can be&oncludedand summarisethat theobserved
diamond grade variatienand abundance within the Lucapa graberare associated with factors

including metasomatism evegtvariable preservation conditia) dilution of ore with country rock,
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andthe heterogeneous mantl@hijch means thatach kimberlite pipe has sampled and transported
different amounts of dianmd in the mantle to the surface) awodygen fugacity Which was
successfully measured lsing redox ratioFe®* ™e) of ilmenitesinclusions in the host kimberlite
rock, through combining the following advanced methods in diamond rese&fehMdssbauer
spectroscopy, EMPA, XRD, XRF and petrography.

This project has concluded that the origin of megacryst mines#ld in this research are from
primitive or protokimberlite magmas that separated from -Btimspheric convecting mantle at
several hundreds of kilometres depth

(Words count 75.180
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Appendix 1. Summary of the main thin sections and microscopic featas of the textural types of kimberlite present at Lunda Province

Sample number 1. Reference Catl8. Rock name; Eclogite (mantle xenolith). Locality Catoca Kimberlite.

Minerals Modal % Occurrence | Grain size | Grain Cleavage| Colour in p | Alteration features Zonation | Overall rock
fabric texture
1 | Clinopyroxene| 3050 vol.% | Phenocryst “4mm Subhedral | 2 nearly | Light-green | Deformationgrowth None _ _
Anhedral | at 90r and serpentinisation lgi?u‘igra“”'a’
2 | Garnet 3045 vol.% | Phenocryst | “3mm Anhedral | None Grey Kelyphite texuture None
(oxydation process)
3 | Rutile "4 vol. %, Phenocryst | 0.7#4 mm [ Anhedral | None Black-red Growth None
4 | Spinel/ "2 vol. % Phenocryst | 1-3mm Anhedral | None Black Rims Possible?
llImenite
Samplenumber 2. Refeence CAT-61. Rock namepyroclastic kimberlite. Locality - Catoca Kimberlite.
Minerals Modal% Occurrence | Grain size | Grain Cleavage| Colour in pp | Alteration features Zonation | Overall texture
fabric
1 | Carbonate 1025 vol.% | Phenocryst/ | 0.5 2mm | subhedral | None Colourless | Reaction/ rims Yes _
Groundnass anhedral el 2l U
2 | Olivine 20-35 vol.% | Phenocryst “3mm Anhedral | None Colourless Fracture, rims and None inequigranular
reactions texture
3 [ Garnet "9 vol. %, Phenocryst | “2mm Subhedral | None Grey Fractures and rims None
4 | Orthopyroxen | 5-10 vol.%, | Phenocryst | 0.7-1 Anhedral | 1 perfect | Colourless - None
e
5 | Spinel/ilmenit | "2 vol. %, Phenocryst | “Imm Anhedral | None Black Fractures None
e
6 [ Clinopyroxene| "5 vol.%), | Phenocryst | 0.7mm Anhedral |2 at90r | Light green | Fluid reaction/ fracture| None
7 | Phlogopite "6 vol. %, Phenocryst | 1-4mm Subhedral | 1 pefect | Colourless | Reaction/fractures Yes?
8 | Serpentine 15-20 vol. Groundmass| 00.51mm | Anhedral | None Colourless | Reaction/ rims Yes
%, / Phenocryst
Samplenumber 3. Reference  CATF22. Rock name; eclogitémantle xenolith). Locality - Catoca Kimberlite.
Minerals Modal % Occurrence | Grain size | Grain Cleavage| Colour in pp | Alteration features Zonation | Overall rock
fabric Twining | texture
1 | Clinopyroxene| 10-25 vol.% | Phenocryst | 0.4-3mm Anhedral | 1 Good | Light green | Rim reaction and,
cleavage fractures illed by Kpht
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Appendix 1. Continue. CAT-22, mantle xenolith.

garnet 18-20 vol.%, | Phenocryst | 1.5mm subhedra| None Grey Cracks filled with
I Kelyphite and calcite
anhedral porphyroblastic
lImenite 1-3 vol. %) Phenocryst | 0.7mm Anhedrd | None Black None
Kelyphite “30vol.%. | Groundmass| Very fine - Dark-brown
Phlogopite ” Y R O| Groundmass| Very fine - 1 perfect | Colourless | Fractures
cleavage
Calcite 10-15 vol.% | Phenocryst | 1-2mm Subhedra| Perfect | Colourless | Minors reactions alap | Twining
I cleavage cleavage with Opx
Samplenumber 4. Reference CMT-02. Rock name; Peridotite Locality- Camatxia Kimberlite.
Minerals Modal % Occurrence | Grain size | Grain cleavage | Colour in | Alteration features Zonation | Overall rock
fabric pp /twining | textue
Kelyphite 3040 vol.% Complex Very fine No None Brown-red - None
structure, grained visible Inequigranular
fine grained | materials texture
Garnet 105 vol.% Phenocryst [ “3mm Anhedral | None Grey Kelyphite texture None
Carbonate 20-35 Groundmass| 0.01+ Anhedral | None Colourless | Growth Possible?
(calcite) vol. %, /Phenocryst | 0.51mm
Clinopyroxene| 15-10 Phenocryst | “9mm Anhedral | 1 perfect | green Reaction/ rims ath None
vol. %
lImenite "1% Phenocryst | "1 vol. % | Anhedral | None Black None
Samplenumber 5 Reference CMT05. Rock name; Peridotite Locality- Camatxia Kimberlite .
Minerals Modal % Occurrence | Grain size | Grain cleavage | Colour in | Alterationfeatures Zonation | Overall rock
fabric pp /twining | texture
Olivine 20- 30 vol. %) | Phenocryst/ Anhedral None Colourless | Simplectite texture None
groundmass
Clinopyroxene| 3085 vol.% | Phenocryst | 0.221mm | Anhedral | 1 good Light Reaction arond grain | None
cleavage | green porphyroblastic
Kelyphite " YRO Groundmass Ver_y fine - Red Reaction Rims on None to
grains orange garnet
spinel/ilmenite| "3vol. %, Phenocryst | 06 Amm | Anhedral | None Black Growth features Possible | Inequigranular
? texture
garnet 15-20vol. % Phenocryst | “9mm Anhedral | None Grey Reaction/ims and None

irregular fractures
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Appendix 1. Continue

Serpentine " YRO Groundmass| Fine grains| Anhedral - Colourless | Reaction process -
/phenocryst
Sample number 6. Referene  CMT-01. Rock name; eclogite Locality - Camatxia Kimberlite.
Minerals Modal % Occurrence| Grain Grain cleavage| Colour in | Alteration features | Zonati | Overall rock
size fabric pp on/twi | texture
ning
Olivine 25-32vol.% | Phenocryst | 1-4mm Anhedral | None Colourless | symplectite texturand | None
fractures porphyioblastic
Clinopyroxene| 2080 vol.% | Phenocryst | 1-3mm Anhedral | One Light ReactionKelyphite None to
and Garnet cleavage
spinel/ilmenite| "5vol. %, Phenocryst | 0.62mm | Anhedral | None Black Poikilitic teexture - Texture.
Kelyphite 10-17 vol. % | Complex 0.4-2 mm - - Orangered | Reaction/ rims on None
structure, garnet
fine grained
phlogopite " YRO Phenocryst | 0.44 mm | sub One Colourles None
anhedal perfect
Serpentine 10-20vol.%. Groundmass| Very fine - - Colourless None
Materials
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Appendix 2. Summary of hand specimen descriptionf sampledand studied samples

Order

Sample
Ref:

Pipe
Name

Borehole/
Sample
Ref:

Depth,
M

Qt

Description of Rock (grain size, morphology,and texture) and nomenclature for kimbelite (petrographic Facies)

Catl8

Catoca

Mina NE
parte,

horiz.
930 m,
KBM
complex

Mantle eclogitic (bimineralic eclogite). Bimineralic eclogite consisgolely of garnet and clinopyroxe (omphicie
exhibiting cleavage)The garnetexturesshow symmetric patterns across the erdggitezone;only in few cases
slight asymmetries are observed on this hand specimen. The patweeh ischaracterized bwn alignment. Grair
fabric euhedral and anhedraiextures are present (grains rourgliand angular} well sorted.Medium - coarse
grained rock, closely packedery dense rock and groundass crystallinity is weldedsreen-brown coloured

rock. The garnetaind clinopyroxenites gias are interlocking crystalsGarnetcontains elongatgdarallel grainin

shape within fine grain of pyroxeng&his bimineralic eclogite rocks is similar to those from premier kimberlite
Kaalvallei kimberlite(South Africa, Dudla et al. 2006, Viljoenet al. 2005), South Eastefharwar craton (Sout
India, Babuet al.2008) and also those described by Hanraha and Brey (2009)

Cat22

Catoca

047/351

508.2

Mantle Eclogitic included in kimberlite magma. This rock has a mixte of minerals, but eclogit®omprise mainly
garnet and pyroxene (bimineralic eclogite) and kimberlite part composed by chrome diopside, phogopite, py
and also with garnet. Grain fabboth euhedral and anhedral texture are presgnaifisroundingand angulart is
well sorted, mediumcoarse grained rockClosely packed density, tligoundmass crystallinity is weldeGreen
brown coloured rockColour dark (kimberlite) and brown (eclogitePorphyritic texture and grains anesll
interlocking The boundary between eclogite and kimberlite is irregular fornitas visible on naked eye.
Nomeclature Kimberlitic: Hypabyssal Facies (HF).

Cat23

Catoca

035/315

Horiz.
860.5

Mantle Eclogitic( bimineralic eclogite composed solely by garnet ansmphicite) Note that it is possible that &
few accessories minerals phase saghrutile, ilmenite suphides aatiminous spinefay be present, so it requirg
further investigtion. Phaneriticor porphyritic texture.

Grain fabric- subhedral texturera present well sorted Medium- coarse grained rock, grains angular and also
interlocking texturecloselypacked very dense rock and ground mass crystallinity is welded. Gnemwn
coloured rock

Cat24

Catoca

075/385

69.1

GarCpx rock (Mantle Eclogitic). Mantle Eclogitic(bimineralic eclogite composedolely bygarnet and
omphicite). Phaneritic textureGrain fabric- bothsubhedral and anhedral texture are presemstl sorted.Medium-
coarse grained rocigrains angulaand alsanterlockingtexture closelypacked very dense rock and ground mass
crystallinity is welded. Greebrown coloured rock. Note that Clinopyroxene is slightly modef2liaopyroxene
exhibiting a symplectite textur&Vith clinopyroxene clearly growing from the gartleat is breaking down. The
symplectite texturenay be due to eeactionbetween adjacent phases oeksolutionof a rapidly coolingsolid
solution

Cat29

Catoca

047/351

595.9

Matle peritotitic (Iherzolite ). Phaneritic and porphyritic textur&rain fabric - bothsubhedraland anhedral texture
are present well sorted. Medium- coarse grained rock, grains angular antdidocking textureclosely packed
very dense rock and ground mass crystallinity is welded. dremm coloured rock. Note &t Clinopyroxene is
slightly moderatblinerals: garnet, chrome diopside, phogopite, pyroxedigsine (serpentenise), limenitspinel
Colour: Dark coloured rock
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Appendix 2. Continue. Summary of hand specimen description of sampled and studied samgle

Cat50

Catoca

033/35

506,3

1

Coherent Kimberlitt e (CK).Nomeclature Kimberlitic: coherentis applied to rocks formed by the solidification
magma lacking evidence for magmatic fragmentation or disruption (pyroclastic features, ScotteSaiifi909.

Hypabyssal Facies (HF) from dyke.Texture Porphyritic (large phenocrystountry rock within groundmass, we
sorted, closely packed and groundmass crystallinity is welded tekimerals: garnet, chrome diopside, phogopi
pyroxene, Olivine (domirant mineral in the rock but mostly is serpentenise), limenite, perovskite? Spoleli:

Dark coloured kimberlite

10

Cat53

Cat-5

Catoca

050/37

483,0

Coherent Kimberlitte (CK). Nomeclature Kimberlitic: Hypabyssal Facies (HF) from dyke. Coherentis applied to
rocks formed by the solidification of magma lacking evidence for magmatic fragmentation or disruption (pyri
features, Scott Smitbt al2008). Texture: Porphyritic (large phenocrystountry rock within groundmas well sorted,
closdy packedand groundmass crystallinity is welded textiWénerals: garnet, chrome diopside, phogopite, pyroxe
Olivine (dominant mineral in the rock but is serpentenise), limenite, perovskite? spailel?: Dark

11

Cat58

Catoca

050/37

543,0

Coherent Kimberlitte (CK).Nomeclature Kimberlitic: Hypabyssal Facies (HF) from dyke. Texture: Porphyritic
(large phenocrystsountry rock within groundmass, well sorted, closely packed and groundmass crystallinity is
texture. Minerals: garnet, chromediopside, phogopite, pyroxeneQOlivine (dominant mineral in the rock but
serpentenise), limenite, perovskite? spin€@lour: Dark coloured kimberlite

12

Cat59

Catoca

033/35

344.4

Tuffisitic kimberlite breccia (TKB). Nomeclature Kimberlitic: Diatr eme Facies (DF). TexturePorphyritic (large
phenocrysteountry rock within fine groundmass, closely packed and groundmass crystallinity is welded €peture.
fabric is well sortedMinerals: garnet, chrome diopside, phogopite, pyroxetigine (domirant mineral but is
serpentenigd, ilmenite and sedimentary minerals (biotite and qua@a)our: light green colouredock

Cat60

Catoca

Mine
NW

horiz.
900 m

Pyroclastic Kimberlite. (PK). Nomeclature Kimberlitic: Crater Facies (CF). Texture: Inequiganular &
porphyritic.groundmass crystallinity is holecrystalline, loosglsicked (density) and grain fabric is moredately sor,
Minerals: limenite ,garnet, chrome diopside, phogopite, pyroxédkyine (dominant mineral in the rock but is
serpentaise) and hamatite red colour ( due to oxidation process, garfieeRet with fluid to ptoduce Bé&Colour:
Light brown coloured kimberlite

13

Cat61

Catoca

Mine SW

horiz.
900 m

Pyroclastic Kimberlite. (PK). Nomeclature Kimberlitic: Crater Facies (CF).Texture: Inequigranular & porphyritic.
groundmass crystallinity is holecrystalline, loosglsicked (densityand grain fabric is moredatedprted Minerals:
IImenite ,garnet, chrome diopside, phogopite, pyroxedieyine (dominant mineral in theock but is serpentenise) ang
hamatite red colour ( due to oxidation process, garrfétr€act with fluid to ptoduce B&Colour: Light brown
coloured kimberlite

14

Cat62

Catoca

Mine SW

horiz.
900 m

Pyroclastic Kimberlite. (PK). Nomeclature Kimberlitic: Crater Facies (CF). Texture:Inequigranular & porphyritic.
groundmass crystallinity is holecrystalline, loosglgicked (densityand grain fabrieuhedral and anhedral are preser,
is moredately sortedMinerals: limenite ,garnet, chrome diopsidghogopite, pyroxeneQlivine (dominant mineral in
the rock but is serpentenise)

15

Cat 67

Catoca

037/34

612.8 m

Coherent Kimberlitte (CK)Nomeclature Kimberlitic: Hypabyssal Facies (HF) from dyke. Texture: Porphyritic
(large phenocrystsountry rock vithin fine groundmass, closely packed and groundmass crystallinity is welded te
grain fabric euhedral and anhedral are presentis well sorted Minerals: garnet, chrome diopside, phogopi
pyroxene,Olivine (dominant mineral in the rock but igrpentenise), limenite, perovskite? spineColour: Dark
coloured kimberlite
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Appendix 2. Continue. Summary of hand specimen description of sampled and studied samples

Order

sample
ref.

Pipe
name

Depth
m

Qt

Description of Rock (grain size, morphabgy, and texture) and nomenclature for kimbelite (petrographic Facies)

CX 012

Caixepa

60.84m

1

Pyroclastic Kimberlite (PK). With inclusion of mantle xenolith (Ptypes) Nomeclature Kimberlitic: Crater Facies (CF)
Texture: Inequigranular or porphyritipwith large phonocrysts of ilmenite and garnet within fine grained materials .
groundmass crystallinity is holecrystalline, loosglsicked (density) and grain fabric is moredately soiNgderals: Olivine
(but is serpentenise)lmenite ,garnet, alome diopside, phogopite, pyroxene ( Clinopyroxene) and hamatite red colour ( du
oxidation process, garnet¥eeact with fluid to ptoduce Bé(Hematite) Colour: Grey coloured kimberlite. This rock
contains more visible green chrome diopsideMWWD OV & U*

CX 022

Caixepa

30m

Pyroclastic Kimberlite (PK) . With inclusion of mantle xenoliths (ptypes).Nomeclature Kimberlitic: Crater Facies (CF)
Texture: Inequigranular or porphyritigroundmass crystallinity is holecrystalline, loosglgcked (density) and grain fabric ig
moredately sortedinerals: limenite ,garnet, chrome diopside, phogopite, pyroxene ( Clinopyroxene) and hamatite in re
colour ( due to oxidation process, garnet'Feact with fluid to ptoduce F&(Hematite).Colour: Grey coloured kimberlite.
This rock contains some visible white components, proluitjte?

Note that calcite may be a late generated mineral

CX12

Caixepa

54.90m

Pyroclastic Kimberlite (PK) . Also this rock contains a inclusion of mantlecenolith (P-types). Nomeclature Kimberlitic:
Crater Facies (CF) Texture: porphyritic (arge phocryst of chrome diopside with groundmaggjundmass crystallinity is
holecrystalline, looselypacked (density) and grain fabric is moredately solderals: [Imenite ,garnet, chrome diopside,
phogopite, and hamatite in red colour ( due to oxidation process, gafhegde with fluid to ptoduce Bé(Hematite).
Colour: Grey coloured kimberliteélhis rock contains some visible veins of white mate, probablycarbonateMote that
carbonete may be a late generated mineral

CX009

Caixepa

57m

Pyroclastic Kimberlite (PK) . With inclusion of mantle xenoliths (Rtypes). Nomeclature Kimberlitic: Crater Facies
(CF).Texture: Inequigranular porphytic. groundmass crystallinity is holecrystalline, loosglsicked (density) and grain fabric
is moredately sortedilinerals: Pyroxene (cpx), llmenite ,garnet, chrome diopside, phogopite, pyroxene ( Clinopyroxene)
hamatite in red colour ( due to dsition process, garnet¥eeact with fluid to ptoduce Be(Hematite).Colour: Grey coloured
kimberlite. This rock contains some visible white components, probalidpnatethe late generated mineral

CX030

Caixepa

76.7m

This rock is the mmbination of tuffisitic andpyroclastic Kimberlite (PK) rock, devrived at boundery between diatrem and
Crater phase. dominantly by Inequigranular porphyritic resulting in magacryst of garnet, ilmenite and olivine are paced
fine ground mass materiaf serpentne and carbonete.thaig fabric is moredatelyl he equilibrium between Olv and Grt is
visible but it most of these minerals are altered by hydrothermal fuid.

CXo027

Caixepa

“45m

Tuffisitic kimberlite breccia (TKB)derived from diatreme &es. This rock is composed by several minerals including Grt, C
Spl and pyroxene. The handspecimenisll sortedgrain fabric is moredatelgind crystalline rock, with minor alteration.

porphyritic is is the main texture, Grey to light green coloukeadberlite rock. Oxidation process may have taken place in th|
took, where the ilmenite grains contains solamellaefeatures
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Appendix 2. Continue. Summary of hand specimen description of sampled and studied samples

Order | sample | Pipe Deph | Qt | Description of Rock (grain size, morphology, and texture) and nomenclature for kimbelite (petrographic Facies)
ref. name M

1 CWO045 | Camutue | 140.55 | 2 | Pyroclastic kimberlite, Texture: porphyritic vhere phocryst of llmenite and garnet in fogr@undmass)groundmass
crystallinity is holecrystalline, moderapacked (densityand grain fabric is moredately sorted
Minerals: lImenite,garnet, olivine, phogopitegl(e to oxidation process, garnet Feact with fluid to ptoduce Be(Hematite).
Colour: Grey coloured kimberlite. This rock contains some visible fractures filled carbonate of white materials.

2 SSCM | Camutue | 149m 1 | Tuffisitic kimberlite breccia (TKB). Diatreme Facies ( DF) Texture: Porphyritic (large phenocrysts of country rd€neises)
within fine groundmass, closely packed and groundmass crystallinity is welded texture. grain fabric is weNgwtats:
garnet, pyroxene, and)livine (dominant mineral in the rock but is serpentenise), limenite, biotite and quarézelso
present)Colour: light green coloured kimberlite

3 CMK Camutue | 98m 3 | Pyroclastic Kimberlite. (PK). Texture: Inequigranular & porphyriticgroundmass crystallinity is holecrystalline, loosely
packed (densityand grain fabric is moredately sortdtinerals:, pyroxene, limenite garnand altered livine and hamatite re
colour ( due to oxidation process, garnet'Feact with fluid to ptoduce B&Colour: Light brown coloured kimberlite

3 CM917 | Camutue | 102m 3 | Pyroclastic Kimberlite. (PK), diatre me facies. Texture:lnequigranular & porphyriticgroundmass crystallinity is

1 holecrystalline, looselypacked (density) and grain fabric is moredately soltéiderals:, pyroxene, Iimenite garnand altered
livine and hamatite red colour ( due to oxidatprocess, garnet Faeact with fluid to ptoduce Bé&Colour: Light green /brown

4 CW45 | Camutue | 98m 2 | Pyroclastic Kimberlite. (PK). Crater, facies rock, composed by several minerals including Grt, Olv, Px and minor oxides

CM minerals probably Spl dim. /grain fabric is slightly moredatelyith minor alteration due to the fluid migration in crack mar]
rock (oxidation procesdnequegranular is is the main texture on this rock, light green/brown coloured kimberlite rock.

5 CMO003 | Camutue | 139m | 2 | A mixure of PK rock with some inclusion of mantle xenolith (Ptype), derived from diatreme This is composed mainly by
Olv, Gnt, Px, and minors oxides minerals (ilmenite and spimbf gran fabric is poorly sorted, probably due to the
alteration/oxidatiorprocess in this rock. The megacrysts minerals (Olv, Gnt) are supported by fine matrix of altered
Olv/serpentine and carbonate. porphyritic is the main texure in this rock

6 CM N1 | Camutue | ~50m | 1 | Pyroclastic kimberlite with some inclusion of Rtpe. This is crater facies rockwith Grt, Olv and Ilm as main minerals.

P-type Inequigranular texture, the groundmass crystallinity is holecrystalline (allcrystahtirely crystalline, not glassinoderate
packed (density). Most of-B/pe minerals are altered
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Appendix 2. Continue. Summary of hand specimen description of sampled and studied samples from Camatxia kimberlite
Order | Sample | Pipe Depth | Qt | Description of Rock (grain size, morphology, and texture) and nomenclature for kimbelite (petgraphic Facies)
ref. name m
1 1 | Mantle eclogitic (bimineralic eclogitg from crater facies, composed by garnet and clinopyroxe (exhibiting cleavage) with

CMTO.1 | Camatxia| 45.84m oxide minerals (rutile or spinelf5rain fabriceuhedral and anhedraixturesare present (grains rounding and angugorly
sorted. Medium coarse grained rock, moderate packed and ground mass crystallinity is moderate alietaestgl areentirely
crystalline, not glass), inequigranular textu®een-brown coloured rock. The garnet and clinopyroxene grains are interlock
crystals, but this rock is less dense than theggpE from Catoca.

2 CN 130m | 2 | Pyroclastic Kimberlite (PK), derived from diatreme facies. These rocks are composed by [InQ&rSpl and pyroxene, but
and Camatxia most od Olv brom both rock is altered. The rocks are modsoatedand thegrains fabric is moredatelgnd crystalline rocks,

MZ 110m with minor alterationporphyritic is is the main texture, Dark, grey to light green coloured kiitdeock. the minerals alteratiol
are evidence of Oxidation process may have taken place in these took,

3 CMT 02 1 | Mantle eclogitic (bimineralic eclogite from Crater Facies (CF)
Camatxia| 27m Texture: Inequigranular,groundmass crystallinity is halgystalline, looselypacked (density) and grain fabric is moredately
sorted Minerals: ,garnet, , pyroxene ( Clinopyroxene) This rock is high oxidised, due to oxidation process, where the ga
Fe?* reacted with fluid to ptoduce Fekelyphite mateials. Colour: brown rock. This rock contains alteration process
4 CMT 2 | Pyroclastic Kimberlite (PK) with a inclusion of mantle xenolith. Nomeclature Kimberlitic: Crater Facies (CF)

003 Camatxia| 35 m Texture: porphyritic texture, where therlge phocryst garnet, pyroxene and olivine of with groundmass of carbonate serpg

and Thegroundmass crystallinity is holecrystalline, loosg@gicked (density) and grain fabric is poor sorted.

CMTO04 The inclusion of Ptype is composed byimenite ,garnet, pyreene. this rock is more oxidised, and it can be assumed that
Hamatite may be present in red colour ( due to oxidation process, gafhesdee with fluid to ptoduce Bein Hematite or
kelyphite).Colour: brown coloured kimberlite and green on sidenaintle xenolith inclusion |

5 CMTO05 1 | Mantle eclogitic (bimineralic eclogit§ from crater diatreme facies, composed by garnet and clinopyroxe (exhibiting clea
Camatxia| 55m Reaction kelyphite rims and irregular fractures on garnet are evideng@afion process in this rocKhe grainfabric euhedral
and anhedrakextures are present (grains rounding and angular), also poorly sorted rock. Mediarse grained rock, modere

packed and ground mass crystallinity is poor/moderate weldledrystal areentirely crystalline, not glass), inequigranu
texture Greenbrown coloured rock. The garnet and clinopyroxene grains are interlocking crystals, but this rock is less

than those Hype from Catoa.The visible reaction kelyphiteims on garnet is , probably the late generated mineral/product

6 CMT 1 | Tuffisitic Kimberlite (PK) devrived from diatreme facies. the main textureagppyritic because the large phenocrysfts

60 Camatxia| 77.m fragmented country rock, and minerals (ilmenita;net, proxene, phogopite, pyroxene) within fine groundmass of serpentir

This tock is well or closely packed and groundmass crystallinity is welded texture. The graiedledcal and anhedral are
presentit is well sorted. Similar grain texturdserved at Catoegdample Cat 67Some visible alteration of minerals by
hydrothermal fuid are present in this rock
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Appendix 2. Continue. Summary of hand specimen description of sampled and studied samples, from Camagico pipe

Order | sample | Pipename | Depth| Qt | Description of Rock (grain size, morphology, and texture) and nomenclature for kimbelite (petrographic Facies)
ref. M
1 CMG Camagico | 95m | 1 | Pyroclastic kimberlite with inclusion of P-type, Texture, from crate facies Inequigranular & prphyritic is the main texture.
002 the nmegacryst of garnet, olivine , and oxides minerals are all supported by groundmass of serpentine and very firfe grg
carbonate. The grain fabric is moredately sorte but in some atgpg)Pis poor sorte@he groundmass crystallinity is
holecrystalline, poor to modergtacked (density).
The rims on garnet are evidences of oxidation process, the original gafhetaienave reacted with fluid to ptoduce®*Fe
Hematite? and fine rich ion kelyphite material. Calodark-grey coloured kimberlite.
2 CMG | Camagico | 87m |2 | Pyroclastic kimberlite with inclusion from Crater faciesTexture: Porphyritic where large phenocrysts of Garnet and olivi
006 are within fine groundmass of serpentine. groundmass crystattirtikyis moderate packed. The grain fabric is moderate to
sorted textureMinerals: garnet, pyroxene, an@livine are dominant mineral in the rock but is serpentenise is present in tk
rock, llimenite,light green to brown coloured kimberlite.
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Appendix 3. The occurrence model of Angolan pipeéexample ofCatocakimberlite pipe).

Reference. This diagramas given by a geologist colleague calRatvovat Catoca mine, during filed trip in Angola, in 2012. It was modified from original
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Appendix 4. lllustration of validation of the viscosity model and comparison of theesearch model (lata from this project) with those published
viscosity data. The result shows satisfactory agreement ovemade range of viscositiesNote that datalabeled as data from my graphic are from this
project and those datafrom graphic are those published byBottinga and Weill (1972)
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Appendix 5. Summary of hand specimen samplefhotos)used this project.
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Appendix 5. Continue of hand specima& samples (photos) used this projec
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Appendix 6. Age of African crustal basementThese ages are for the time of crustal formation or
the time of thermal or tectonic crustal reworkiva( Hinsbergen, et al., 2011)
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