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3. PHYSICAL CHARACTERISTICS OF DIAMONDS 

3.1 Introduction 

The physical characteristics of diamonds are controlled by processes operating during 

diamond growth and residence in the mantle. Diamonds may further be modified during 

transport in the kimberlite (Robinson, 1979). Previous studies of diamond characteristics 

have shown that differences exist between diamonds on an inter-cratonic scale (e.g. Gurney, 

1989; Robinson et al., 1989) as well as on a regional scale (Robinson et al., 1989). A detailed 

study of the suite of Cullinan diamonds was undertaken, firstly, in order to identify whether 

sub-populations of diamonds exist within this suite. Secondly, to detennine what processes 

were responsible for the various diamond characteristics. This helps to establish the history of 

the diamonds from their formation to extraction from the kimberlite. 

The sequence of events that affect diamonds, as proposed by Robinson (1979), are: 

crystallization, residence within the upper mantle, plastic deformation, resorption and etching, 

crystal breakage and further etching. Primary crystal form and in some cases colour is 

determined by the crystallisation environment, whilst the latter four processes are believed to 

take place during transport of the diamond to the surface. This indicates that the study of both 

'primary' and 'secondary' physical characteristics may yield important information on the 

environment of diamond formation as well as transport within the kimberlite. 

3.2 Nature of the sample 

The diamonds that make up the suite for this study were all collected from the Cullinan 

Diamond mine and provided for study by Steve Richardson, from a collection donated by De 

Beers (J-982 samples) and from Judith Milledge (M samples). The suite selected consists of 

100 whole diamonds. Of these 95 are peridotitic and 5 are eclogitic, based upon mineral 

inclusion types. The peridotitic diamonds are of the order of 2 rom in diameter and range 

from 0.033 - 0.125 carats. The eclogitic diamonds range from 0.010 - 0.024 carats. The 

peridotitic diamonds may be separated into three groups based upon their mineral inclusions. 
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There are those that contain non-touching, purple Cr-pyrope garnet and green diopside 

inclusions (Plate 3.1). Others that contain purple, Cr-pyrope garnet (Plate 3.2) and those that 

contain green diopside (Plate 3.3). The five eclogitic diamonds contain non-touching orange 

garnet and green omphacite. The sample suite selected contains a large amount of bias as the 

diamonds were primarily chosen for their mineral inclusions and secondly for their suitability 

for FTIR study (i.e. flat surfaces). This suite does not therefore quantitatively represent the 

sub-populations at the Cullinan mine. 

Also included in this study to supplement the FTIR analyses and stable isotope work 

were 19 diamonds (P samples; now broken and kept in separate glass phials) from Cullinan 

Mine, used in a previous inclusion study by Steve Richardson (Richardson et al., 1993; 

Kimberlite Research Group (KRG) database). These diamonds had all previously contained 

garnet inclusions. 

Thirteen diamonds were selected from the peridotitic suite and polished into plates 

parallel to {I OO} on two sides, in an attempt to investigate their internal chemical variations 

and growth histories (Section 4.3.1). 

3.3 Physical characteristics 

A detailed description of physical characteristics of the suite of Cullinan diamonds IS 

presented in Appendix 1. General observations of the diamond suite are presented below. 

3.3.1 Colour 

The different colours of diamonds are caused by various impurities that absorb light in the 

visible spectrwn (Harris, 1987). The most common colours of diamonds are colourless, 

yellow and brown (Harris et aI., 1975). Other colours noted are green, mauve, pink, orange, 

blue, grey and black. Of the one hundred diamonds in the suite 93% are brown (Plate 3.4), 

6% are colourless (plate 3.1) and 1 % are grey. 

14 
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The brown colour is believed to be the result of graphite localised along (111) 

epigenetic glide planes (Urusovskaya and Odov, 1964), which is suggested to fonn during 

plastic defonnation of the diamonds in the upper mantle (Harris, 1992). A common surface 

manifestation of plastic defonnation is lamination lines found on resorbed surfaces 

(Robinson, 1979). The minimum temperature and pressure for graphitisation are 930 °C and 

4 GPa, based upon the diamond stability curve (De Vries, 1975; Bundy 1980). This suggests 

that the majority of samples in this suite have experienced elevated temperatures and plastic 

defonnation. Brown diamonds may be both Type I and Type II (Chapter 4). 

Colourless diamonds may either contain very low or abundant nitrogen impurity 

(Robinson, 1979). It is thought that nitrogen in the colourless diamonds with substantial 

nitrogen impurity are associated with the sUbmicroscopic platelets, this results in absorption in 

the ultraviolet region, which does not affect colour (Robinson, 1979). Of the six colourless 

diamonds in this suite, two contain abundant nitrogen with very strong platelet peaks and four 

show no nitrogen to very little nitrogen with no platelet peaks (Chapter 4). 

The colour of the single grey diamond could be attributed to an abundance of graphite 

due to internal graphitisation along glide planes. Natural diamonds grown at low 

temperatures are usually black (Bovenkerk, 1961), which may suggest that low temperatures 

of crystallization may produce a natural grey diamond (Robinson, 1979). Another more likely 

possibility is that the diamond contains abundant black submicroscopic inclusions (Robinson, 

1979). 

3.3.2 Crystal Form 

The two primary diamond fonns are octahedra and cubes. Octahedra exhibit planar faces, 

whereas cubes tend to display rough, indented surfaces (Robinson, 1979). Primary crystal 

fonns of diamonds from southern Africa tend to be octahedra and macles (Harris et al., 1975). 

These primary fonns may be resorbed by oxidising agents; this begins at the 4-fold axis of 

octahedra and at the comers of cubes, resulting in the tetrahexahedroid (TTH) fonn 

(Robinson, 1979). Tetrahexahedroids exhibit curved surfaces. A loss of approximately 45% 

of the mass of the diamond is required to convert an octahedron into a TTH (Robinson, 1979), 

15 



Univ
ers

ity
 of

  C
ap

e T
ow

n

as shown in Figure 3.1. Due to the rough nature of the cube fonn's surfaces it is not possible 

to accurately estimate the percentage of mass lost when resorbed to fonn a TIH, although the 

conversion should involve substantially greater mass loss than an octahedron (Robinson, 

1979). 

Resorption Category 

5 4 3 2 

>99% >95% >85% >75% >65% 1-55% 

Estimated preservation values 

Figure 3.1 The stages of resorption of a perfect octahedron through to the tetrahexahedroid (from Robinson, 

1979). The percentage indicates the volume of preservation of the original octahedron. 

Diamonds may also occur as aggregates and twins. The most common of the twins is 

the made, a contact twin. This fonn is usually described as a tabular triangular crystal, with 

two (Ill) faces divided by a twin plane paranel to the faces (Harris et al., 1975). Aggregates 

are composed of two or more crystals of any shape; which are joined together along a 

common edge or face to fonn a collection of crystals (Harris et al., 1975). In this suite of 

diamonds all the aggregates occur as octahedral aggregates. Irregular diamonds are those 

diamonds that do not display any crystal faces and do not fit into any of the previously 

defined groups. In this suite, the majority of diamonds (45%) have an octahedral fonn (plate 

3.2), 15% have a TIH fonn (plate 3.4), 29% are mades (Plate 3.5), 10% are octahedral 

aggregates (plate 3.6) and one is irregular. Of the octahedra and macles, a large percentage 

(39%) show partial resorption of their surfaces. 
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3.3.3 Crystal state 

Crystal regularity refers to the deviation of a crystal from its regular crystal form (Otter, 

1990). The distortion may develop during crystal growth or from preferential resorption in 

certain directions. Most diamonds of this suite are distorted in some way from a perfect form, 

either slightly elongated and/or flattened. This departure from crystal regularity has been 

divided into three categories: A (x = y = Z), B (x = Y :#: z) and C (x »z). The majority of 

crystals (88%) are type B with 8% type A and 4% severely flattened type C crystals. This 

would suggest that the growth environment for the majority of these diamonds deviated from 

ideal crystallization conditions. 

Chinn (1995) classified the crystal state of diamonds as whole (0% volume loss), 

chipped «10% volume loss), broken (10-50% volume loss) and fragment (>50% volume 

loss). The majority of diamonds in this suite are whole (83%), whereas the remaining 17% 

are broken. Of these broken diamonds, 12 have fracture surfaces that contain a cubo­

octahedral pit, these pits are believed to have contained a mineral inclusion. This fracturing is 

indicative of differential expansion between the diamond and the mineral inclusion from 

decompression during the ascent to the surface (Sutton, 1928). These fracture surfaces are 

commonly etched and resorbed. Only five diamonds show 'fresh' fracture surfaces indicating 

that they were broken subsequent to etching and resorption; possibly during a brittle 

deformation event or during crushing processes at the mine. 

3.3.4 Surface features 

Surface features may be divided into primary and secondary features. Primary features are 

considered to have developed on the crystal surface prior to their liberation or extraction from 

a kimberlite (Robinson, 1979). Surface features may also be further divided into those that 

were caused by the growth of the diamond, those caused by deformation and those attributed 

to processes of oxidation and dissolution. 

17 
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3.3.4.1 Features associated with crystal growth 

Triangular plates are noted on some octahedral surfaces in this suite. Experimentally plates 

have been shown to fonn under conditions favouring rapid nucleation, with each plate having 

separate nucleation (Wentorf, 1965). It is likely that natural diamonds fonn in similar 

conditions. Serrate laminae are the result of the stacking of triangular plates on the octahedral 

surface (Robinson, 1979). These features are associated with diamonds enclosed within 

xenoliths (Otter, 1990) and are tenned xenolithic features. In this suite 47% of the diamonds 

show triangular plates and/or serrate laminae. 

3.3.4.2 Features associated with defonnation 

On resorbed crystals lamination lines are common, these are best seen near four~fold axial 

comers (Robinson, 1979). These lines are closely spaced and run parallel to cleavage planes 

of the diamond. They are a result of plastic slip (Harris, 1992), which occurs at temperatures 

in excess of 1000 °C at 30 kbar or at lower temperatures with higher pressures (De Vries, 

1975). Lamination lines are visible on 33% of the diamonds in this suite; all of the diamonds 

are brown except one colourless TIH. 

3.3.4.3 Features associated with oxidation and etching 

The predominant surface feature, of this type, on 26% of the diamonds from this suite is 

negatively oriented triangular pits (trigons). Trigons have been shown to develop through 

etching of the diamond. A negatively oriented triangular etch pit has an opposite orientation 

to the octahedral face, whereas a positively oriented triangular pit has the same orientation as 

the octahedral face. It is thought that steam and wet carbon dioxide gas are likely etchants, 

when temperatures are in excess of 950°C (Robinson, 1979). Trigons may be pyramidal or 

flat-bottomed. A reason for flat-bottomed trigons may be that they stopped developing on a 

surface that was resistant to etching (Robinson, 1979). 

Some diamonds in this suite also exhibit hexagonal etch pits, which are typically flat­

bottomed. They are believed to have fonned from a combination of two etchants; oxygen 

producing positively oriented trigonal pits and either steam or wet carbon dioxide producing 

negatively oriented trigonal pits at low pressures and with temperatures between 950 and 

1000 °C (phaal, 1965). Another feature exhibited on 12 of the diamonds in the suite is large 
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pits that commonly have octahedral sides. These pits are interpreted to have once contained an 

inclusion that has subsequently been liberated from the diamond (Robinson, 1979). The 

octahedral sides may be the mould of an octahedral inclusion or may reflect the cleavage of 

diamond as a piece of it was forced away as the inclusion broke free (Prinz et al., 1975; 

Robinson, 1979). Resorption channels/ruts develop along cracks or planar zones of weakness 

in the diamond. They are caused by etchants and are often seen to radiate from inclusion pits 

(Robinson, 1979). Orlov (1973) suggests that sinuous ruts form from the migration of 

oxidising fluids along cracks within the host xenolith. 

Some diamonds of this suite display fme frosting. This may occur on both TTH and 

octahedral surfaces, and is likely to be caused by rapid brief etching of the diamond surface 

(Robinson, 1979). Commonly associated with frosted diamond surfaces is the development 

of a fine, black, graphite coating. This may have been deposited during reasonably low 

temperature oxidation (Robinson, 1979). 

Knob-like asperities are also observed on a few of the diamonds in this suite. They are 

found on octahedral and TTH diamonds. These features vary from circular on TTH surfaces 

to almost triangular on octahedral surfaces, otherwise they can be irregular. This feature is 

commonly associated with graphitisation and they are always identical in colour to the rest of 

the diamond. This would indicate that they are not growth features, but resorption features 

(Robinson, 1979). 

A common feature on the TTH and partially resorbed diamonds of this suite is 

elongate hillocks. These are long semi-cylindrical to semi-ellipsoidal bands, which form 

through resorption of the diamond surface. The elongation is parallel to the growth of the 

octahedral layers and the hillocks therefore reflect a difference in the resistance to resorption 

of individual octahedral layers (Robinson, 1979). 

Corrosion sculpture is defined as fairly deep, irregular depressions on the diamond 

surface. The bottom of the depression tends to be striated. This feature post-dates resorption; 

which forms hillocks, but may occur before the development of trigons (Robinson, 1979). It 

is believed that corrosion sculpture is formed by rapid brief etching at temperatures exceeding 

950°C, with steam as a possible etchant (Robinson, 1979). 
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3.4 Discussion and conclusions 

The majority of diamonds of this suite are brown (93%), however this colour cannot be solely 

attributed to graphitisation associated with plastic deformation; as only 32% of these 

diamonds display lamination lines. Roughly a third of the brown diamonds must have 

experienced a period of deformation that either occurred before the formation of the rest of 

the suite, or these diamonds were not spatially associated with the other brown diamonds. The 

single colourless diamond that displays lamination lines was likely to have experienced 

deformation outside of the stability field of graphite. 

About 40% of the diamonds display physical characteristics indicative of partial 

resorption. Haggerty (1986) suggests that resorption occurs before the diamonds become 

entrained in the kimberlite, during their residence in the mantle. The different degrees of 

resorption would indicate however, that resorption occurs in the kimberlite, as the diamonds 

are liberated from their host xenoliths, as suggested by Robinson et al. (1989). 

It has been previously observed that trigons may post-date corrosion sculpture 

(Robinson, 1979). As demonstrated by Phaal (1965) trigons require a temperature of at least 

950 °C to form, this gives a minimum temperature of formation for corrosion sculpture. 

About 20% of the diamonds in this suite display corrosion sculpture, indicating that they were 

released at greater depths within the kimberlite compared to the rest of the suite. 

There are 57 diamonds in the suite that display xenolithic growth features such as 

sharp edges and flat crystal faces, serrate laminae and triangular plates. Of these 11 have 

trigons or hexagonal etch pits developed on their surfaces. This indicates these few diamonds 

must have been released from their host xenoliths at sufficient depths to allow for trigons and 

hexagonal etch pits to develop; however the majority of diamonds, displaying xenolithic 

growth features, were only released from their xenoliths at a late stage. 

A comparison was made between certain physical characteristics (colour, shape and 

resorption features) and the mineral chemistry of the inclusions. No correlation was observed 

between these variables. 
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two green diopside inclusions and 
!lOme small g.mphite planes. 

PIMt\' 3.2 A sharp etig",. sharp fQl.l\: 
OI:Ulh~dron endosing 111arg~. purple 
Cr-pyrope indusioll. 

"ilh ~ 
pUTk Cr-pyropt' inc1ll\ion. 

21 



Univ
ers

ity
 of

  C
ap

e T
ow

n

• 

• 

Plate 3.5 A light brown made 
containing il purple Cr-pyrope 
gamel and two light green 
diopside ia:lusioru; . 

Plate 3.6 A brown octahedral 
aggregate enclosing a larg.: green 
diopside inclusion. 

Plates3.1 - 3.6: Each diamond is approximately 2mm in its longest dimension. 
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4. FOURIER TRANSFORM INFRARED SPECTROSCOPY OF THE DIAMONDS 

4.1 Introduction 

Most diamonds show absorption in the mid-infrared range (IR), due to substitutional 

impurities. Diamonds can be divided into two broad groups; Type I diamonds display IR and 

ultraviolet (UV) absorption and Type II do not show any absorption (Robertson et al, 1934). 

These groups have been further subdivided into Types laA, laB, lb, lla and llb (Clark et al, 

1992; Evans, 1992). 

Type lla diamonds are essentially free of substitutional impurities and only display 

intrinsic lattice absorption in the 4000-1500 cm- l region due to two- and three-phonon 

transitions. Type llb diamonds contain trace quantities of boron and natural diamonds of this 

type are extremely rare. The boron causes absorption in the two-phonon region at 2460 cm- l 

and commonly imparts a blue colour to the diamond (Collins, 1982). 

Nitrogen is incorporated into the diamond lattice as single atoms substituting for 

carbon during diamond growth. The nitrogen atoms cause one-phonon transitions due to an 

alteration in the diamond lattice symmetry. Type I diamonds carry nitrogen in different lattice 

arrangements. Type lb diamonds carry nitrogen as dispersed atoms with concentrations of 

about 50-300 atomic ppm (Evans, 1992) and display absorption at 1130 cm- i
. During 

residence at mantle temperatures and pressures, the singly-substituted nitrogen atoms 

aggregate into multiples of atoms within the diamond. This occurs via a series of thermally 

controlled diffusion processes (Davies, 1980; Evans and Qi, 1982), Owing to long residence 

times of most diamonds (Richardson, 1986) there are very few natural Type lb diamonds. 

Those that do exist require a young crystallization age and/or unusually cool conditions of 

mantle storage (Taylor et aI, 1996). The first aggregates to form are A aggregates, which 

characterise Type laA diamonds (Evans and Qi, 1982). A aggregates consist of two adjacent 

nitrogen atoms (Davies. 1976; Jones et al, 1992). Type laA diamonds show strong absorption 

at 1282 cm-I, with a subsidiary absorption peak at 1215 em-i. Further aggregation leads to the 

development of B aggregates, which are characteristic of Type laB diamonds. These 

diamonds show prominent absorption at 1174 cm- l and a subsidiary peak at 1282 em-I. There 

is another contribution to the peak at 1282 em-I, the D component, whieh has been ascribed to 
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platelets (Clark & Davey, 1984; Woods, 1986; Evans et al., 1995). The B aggregates consist 

of four nitrogen atoms arranged tetrahedrally about a vacancy in the diamond structure (Jones 

et al., 1992). Type laAB diamonds contain A and B aggregates in differing proportions, with 

a large variation in nitrogen concentrations from a few hundred to several thousand ppm 

(Woods,1986). Owing to the length of time required for a complete transition from Type IaA 

to Type laB, at mantle temperatures, the majority of diamonds are of Type laAB. During the 

aggregation of pairs of A aggregates to B aggregates there is also a subordinate pairing of A 

aggregates and single, dispersed nitrogen atoms to form N3 centres (Evans & Qi, 1982; 

Woods, 1986). These centres do not display an absorption in the one-phonon region of the IR 

range, but do show absorption in the visible and UV ranges (Evans & Qi, 1982; Woods, 

1986). 

Platelets are planar features occurring in the cubic planes of the diamond, they can be 

observed by electron microscope (Evans and Phaal, 1962) and in X-ray diffraction patterns 

(Raman, 1944). They range in size from 8nm to a few ~m (Evans and Qi, 1982) and have an 

IR absorption peak at 1359-1378 cm- l (Sobolev et al., 1968), termed B'. The position of this 

peak varies with the size of the platelets, with larger peaks having lower wavenumbers 

(Hanley et al., 1977; Clackson et at, 1990). The intensity of the integrated platelet area 

(I[B')) can be directly correlated to the X-ray spike intensity (Woods, 1986). The intensity is a 

measure of the platelet concentration. 

There is a strict positive correlation between the intensity ofthe B' peak (1[B']) and the 

absorption coefficient for B aggregates at 1282 cm-} (~B[l282J) for "regular" laAB diamonds. 

This does not hold for "irregular" laAB diamonds (Woods, 1986). These diamonds are highly 

aggregated with a small or deficient platelet peak. This has been attributed to catastrophic 

degradation of the platelets (Woods, 1986). During high-Pff experiments, it has been 

observed that the B' and D peaks of highly aggregated diamonds disappear at high 

temperatures (Evans et al., 1995). The D peak, at 1282 cm- l
, is therefore associated with 

platelets. With the degradation of platelets new defects develop, called voidites. These are 

believed to consist entirely of nitrogen, which grow on dislocations that bound the platelets 

and at the platelet/matrix interfaces (Evans et al., 1995). 

There is a debate on the composition of platelets; one model suggests that nitrogen is a 

major constituent (e.g.: Lang, 1964), whilst the other favours carbon (e.g.: Woods, 1986). 
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Nitrogen is only detected at low concentrations within platelets (Berger & Pennycook, 1982), 

which suggests that Woods (1986) model is correct. During the formation of B aggregates, a 

single carbon atom is released into the diamond lattice and a vacancy is created. The platelets 

are suggested to form as the single carbon atoms aggregate, with minor nitrogen also able to 

aggregate into the structure (Woods, 1986). This would explain the degradation of platelets, 

as a carbon atom would relax back into the lattice at high temperatures (Mendelssohn & 

Milledge, 1995). 

Another diamond defect is due to hydrogen. This defect is associated with peaks at 

3107 cm- I and 1407 cm- l in the IR spectrum (Chrenko et at, 1967). These absorptions are 

attributed to a C-H stretch vibration (Woods & Collins, 1983). To date there is no 

experimental data on correlating hydrogen peak intensities to hydrogen concentrations. They 

are useful for comparing different diamonds and areas within individual diamonds. Carbon 

dioxide is another defect that causes absorption in the IR range at 650 cm- I and 2376 cm- l 

(Schrauder & Navon, 1993; Chinn, 1995). No peaks have been observed at these 

wavenumbers in the current study and thus they will not be considered further. 

4.2 Quantitative analysis of IR absorption spectra 

Using methods described in Appendix 2 the nitrogen aggregation state and nitrogen 

concentration of the diamonds can be obtained. This information can be used in time­

temperature determinations for individual diamonds. The amount of nitrogen aggregation in a 

diamond is dependant upon the nitrogen concentration as wen as the mantle residence time 

and temperature. Temperature is the more sensitive of the two parameters and can be fairly 

wen estimated using a rough time constraint in the order of hundreds of millions to billions of 

years. Estimating the residence time of diamonds is less accurate as it is dependant upon 

temperature, which is time averaged. It is mostly utilised to separate ancient and more recent 

diamond populations (Mendelssohn & Milledge, 1995). 

A brief explanation of the technique win be discussed here, but for a comprehensive 

overview of this technique, the reader is referred to Mendelssohn and Milledge (1995). The 

spreadsheet developed by Mendelssohn and Milledge (1995), used in this analysis, 

investigates the following peaks: Platelet Peak ~1365 cm- I (T), Raman edge ~1328 cm-l (E), 
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laAmax ~1282 cm- l (P), Dip ~1242 cm- l (D), IaBmax ~1174 cm- I (Q) and subsidiary peaks at 

1100 cm- l (R) and 1010 cm- l (S). It is assumed that diamonds evolve in a linear combination 

from pure Type laA to Type laB; from this, simulated intermediate spectra can be used to 

estimate the amount of aggregation (Figure 4.1). It is essential to treat each spectrum 

individually as there are various changes in the spectra with differing amounts of aggregation 

or nitrogen concentration. An example of this is in samples with high nitrogen contents P, D 

and Q peaks may be off scale. Another example is in highly aggregated samples where Q 

shows a large variation and if there is less than 10% B aggregates it contributes to the peak at 

1282 cm- l
, peak E becomes unreliable and peaks R and S are small in comparison with peak 

P. The amount of aggregation also effects the position of the Q peak and the laA absorption 

at ~ 1215 cm-l is swamped by the laB absorption when laB is ~ 7% (Davies, 1980; 

Mendelssohn & Milledge, 1995). From this it is possible to use the position of Q at low 

aggregation (B<10%) to estimate the amount of aggregation. 

The nitrogen concentration of the diamonds is derived using the method of 

Mendelssohn & Milledge (1995) in the following way: 

N(ppm) = :(1282 cm- I
) x [N/mm(IaA) + N/%B x (%Bused)] 

Where: 

N/%B:::: [N(B) - N(A)]/100 

and N(A) and N(B) are experimentally derived nitrogen concentrations corresponding 

to absorption coefficients per millimetre diamond at 1282 cm- l for A and B aggregates 

respectively. 

There are a number of different absorption coefficients that can be used for the A and 

B aggregates at 1282 cm- I (e.g. Evans & Qi, 1982; Woods et al, 1990). The variation in 

temperature calculated using these methods is only a few degrees. Therefore the absorption 

coefficients :A[1282] = lImm for 150 ppm and :8[1282] = lImm for 650 ppm have been used 

(Mendelssohn & Milledge, 1995). The measured absorption is normalised to the intrinsic 

absorption of the diamond, as the actual thickness is not known. The ratio of absorption at 

1992 cm-I is 1.23/mm, which is the known absorption value due to lattice vibrations within a 

1mm diamond at that wavenumber. 
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The estimates of time-averaged mantle residence temperatures are calculated based 

upon the assumption that the formation of B aggregates from A aggregates obeys second 

order kinetics. The estimation is as follows: 

Where: 

Ntot = concentration of nitrogen (atomic ppm) 

EAIR = activation energy for A to B aggregation I gas constant (81 160 K) 

EA = 7.03 eV (Taylor et al., 1990) 

N(A) = Nitrogen occurring as A aggregates (atomic ppm) 

A = Arrhenius constant = 2.94181 x 105 s-lppm-1 

T MR = Mantle residence time 
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Figure 4.1 A composite spectrum showing the locations at which data are extracted for spectra in the IaA - laB 

aggregation series after Mendelssohn & Milledge (1995), Variations in position and intensities are also 

illustrated. T: Platelet Peak ~1365 em,l E: Raman edge -1328 cm'I, P: laAmax ~1282 cm", D: Dip ~1242 em,l, 

Q: IaBmax-1174 em'I, R: subsidiary peak at 1174 em" and S: subsidiary peak at 1010 em'l. 
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The error on nitrogen concentrations and aggregation states is difficult to quantify as it is 

dependant on the level of fit between the measured spectrum and the modelled spectrum on a 

spectrum by spectrum basis. Any spectra of poor quality (bad fit) were not included in the 

results below. The error for nitrogen aggregation and concentration is generally accepted to 

be on the order of 10 - 20%, although this is dependant on spectral quality (Fanus Viljoen, 

Pers. comm., 2005). The errors on calculated time-averaged mantIe residence temperatures 

also vary depending upon the quality of the spectra. 

4.3 Quantitative FTIR measurement of Cullinan diamonds 

4.3.1 Diamond plates 

Thirteen diamonds from the peridotitic J-982 samples were polished parallel to {I OO} on two 

sides in an attempt to study the internal chemical variation within the diamonds in detail, as 

well as to better understand the growth of the diamonds. In order to achieve this 

cathodoluminescence (CL) images of both sides of each diamond were taken and these were 

used in conjunction with FTIR traverses across the plates. Two types of CL images were 

collected, one with the electron microscope (black and white images) and the other with an 

optical microscope (coloured images). The optical CL images show inclusions within the 

diamond. Bright areas on the electron microscope images correspond to blue or yellow-green 

areas on the optical images. Bright areas correspond to nitrogen carrying diamond or Type I 

diamond (Davies et aI., 1999; Westerlund, 2000). The dark grey to black areas on the 

electron microscope images correspond to dark blue areas on the optical images. These areas 

are deficient in nitrogen or Type II diamond (Davies et al., 1999; Westerlund, 2000). Yellow­

green luminescence has been interpreted to indicate deformation of the diamond (Daniels & 

Gurney, 1999). The CL images show approximate positions of the FTIR analyses, as the IR 

microscope does not have a sensitive position control. The procedure for FTIR and CL is 

given in Appendix 2. The FTIR data for the plates is presented in Table A.2.1. 

Mendelssohn & Milledge (1995) show that growth layers are commonly inclined to 

the cut of the diamond plates therefore single IR analyses are likely to sample more than one 

type of growth zone. This leads to inaccurate results as demonstrated by the diagram of a 
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hypothetical diamond plate (Figure 4.2). This plate contains two grow1h layers of Type [and 

Type" diamond, which are inclined to the surface of the plate. The diamond core is Type I 

with a nitrogen concentration of WOO ppm with the percentage of nitrogen as B aggregates 

(%N as B) of 50''10. The outer growth layer consists of Type II diamond. Analysis (B) 

samples the diamond core giving a nitrogen concentration of 1000 ppm and 'YoN as B of 50%,. 

Analysis C samples only Type II diamond. Analysis A samples 50"10 of Type I and 50";' of 

Type II diamond; this gives a nitrogen concentration of 500 ppm and the 'YoN as B of 50"10. 

TIus overestimation of the %N a~ B combined with a lower value for the nitrogen 

concentration causes an overestimation in the estimated mantle residence temperature for that 

analysis. 

A B c 

Figure 4.1 A cross-.. crion of a hypothotical diamood plate, , howing Typo! ond Typo !I diamood. The 

locations for path' A. R and C aTe ,1>0",.., wit~ arrow.. 

Three populations of diamonds have been identifiod at Cullinan with respect to their age. The 

harzburgite paragenesis has been inferred to be 3.2 Ga.; as the neodymium and strontium 

isotope signatures of the Cullinan harzburgitic diamonds are consistent with those diamonds 

from Kimberley and Finsch (Richardson et aI., 1993). The lherzolite paragenesis ha~ been 

datod at 1.93 ± 0.04 Ga and the eclogitic paragenesis at 1.15 ± 0.06 Ga (Richardson et aI., 

1993). The age of emplacement of the pipe ha~ been dated at [.18 ± 0.03 Ga (Allsopp & 

Kramers, 1977). The residence time of the different parageneses is obtained by subtracting 

the age of the emplacement of the pipe from the age of the paragenesis. This gives the 
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residence time in the mantle of 2.02 billion years for the har7.hurgitic paragenesis and 0.75 

billion years for the Iherwlitic paragenesis. It is assumed that the ec\ogitie inclusions formed 

immediutely prior to the emplacement of the kimberlite pipe, as their ages are within error of 

one another. A residence time of 0.01 billion years has been used for the cclogilic 

pamgeneses. These residence times were initiaUy used to calculate the lime-averaged mantle 

temperatures for the pamgeneses. However, it was observed that there was very lillIe 

difference between the harzburgitic and Iherzolitic diamonds in terms of their nitrogen 

aggregation slate, content and time-avemged mantle temperatures. Evidence from the mineral 

inclusion compositions, pressures and temperutures of formation of the diamond~ (Chapters 6 

& 8), show that there are continuous, linear, chemical trends between these parageneses and 

lbat they have similar temperatures and pressures of formation. For the above reasons it is 

helieved that the harzburgitic paragenesis n:crystaUized during the formation of the younger 

lherwlitic parugenesis. Following this assumption the time,averaged mantle temperatures of 

the diamonds were recalculated using a mantle residence time of 0.75 hillion years for both 

the harzburgitic and Iherwlitic parageneses (unless stated otherwise). 

l'TIR analyses were taken at various points across the diamond plates in order to 

investigate the changes associated with growth of the diamonds. The following dia~,'rams 

(Figures 4.3 & 4.4) show the percentage of nitrogen as B aggregates versus the nitrogen 

concentration in log units for the diamond plates. Lines of constant temperature (isothenns) 

are also shown on these plots. The information has been plotted on two diagrams for elarity. 

Each diamond plate is discussed in more detail in sections 4.3.1.1 - 4.3.1.13. Included with 

the discussion and images of each of the plates are bivariate plots of the variables obtained 

from the mR analyses. "The approximate position of the FTJR analyses has been indicated 

by nwnherod boxes on the CL images. The colour of the boxes corresponds to the colour of 

the vertices on the hivariate plots. Those analyses nol plotted on the bivariate plots are 

demarcated by green boxes. The coloured arrows indicate the traverse of points ploUed in the 

bivaria.te plots. The tail of the arrows on the CL ima.ges correspond to the extreme left of the 

plots and the head of the arrows correspond to the extreme right of the bivariate plots. The 

numbers indicate the order of analyses, not the order of points on the bivariate plots. These 

lllunbers corn:spond to the analyses listed in Appendix 2 (Table A.2.1). 
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4.3.1.1 Plate 5-25 

Plate 1/982 5-25 was cut from a bro""TI, partially resorbed octahedron. which contains one 

purple Cr-pyrope inclusion, a few clear inclusions and a lot of small graphite planes. This 

plate displays a large resorh<xl. core of high luminescence that contains a!1 of the inclusions 

(Figure 4.5c). There are weU developed octahedral growth zones extending from the core to 

the edge of the diamond plate (Figure 4.5 a & b). The octahedral zones of the plates dip 

inwards from the front towards the back of the plate. 

The nitrogen concentration varies dramatically across the plate from below detection 

(20 ppm) to 294 ppm. There is vet)· lillie nitrogen in the octahedral .-:ones slJ{]"Ounding the 

core «85 ppm); this is reflected in the sharp increase in nitrogen content in the traverses 

across the plate (Figures 4.5 ej & fj.). There is a similar trend seen in the amount ofnitrogen 

as B aggregates in the trnverse across the back of the plate. with a large range of values of 0-

70"/0 (}"igure 4.5 f.ii). The trend in nitrogen as B aggregates is less pronounced in the front 

trnverses (Figure 4.5 eji). The plots of platelet intensity show that it ro!1ows an almost 

identical trend to that of the nitrogen concentrntion (Figure 4.5 eoiii & f.iii). The hydrogen 

peak inten~-ities generally increase across the core and drop off sharply on either side (Figure 

4.5 e.iv & f.iv). 

rhe large differences in nitrogen concentration and aggregation between the core and 

the rim of this diamond suggest that the core might be significantly older. It ha~ therefore 

been assumed that the core lonned at 3.2 Ga (during the growth of the harzburgitic diamonds) 

and the rim formed at 1.93 Ga (during the groWlh of the llierzolitic diamonds). This gives a 

range oftcmpcratures of 1175 - 1187 °C for the core and 1228 - 1233 "C for the remainder of 

the diamond (Figure 4.3). Alternatively if the diamond is believed 10 have completely 

recrystallized at 1.93 Ga, the range of temperatures obtained is 1204 - 1233 "C. 
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4.3.1.2 Plate 5-26 

This plate was cut from an intense brown tetrahexahedroid containing one purple Cr-pyrope 

inclusion and a large inclusion pit. There is a low luminescence, Type II resorbed core visible 

on the optical CL image of the back of the plate (Figures 4.6b&d). Strong, Type I octahedral 

growth zones are visible around the core (optical CL image, 4.6d). The garnet inclusion is 

situated in the core of the diamond and is just visible in the optical CL image (Figure 4.6d). 

The front CL image does not show any growth zones, but there is an area of low 

luminescence seemingly on top of an area of high luminescence around the inclusion pit 

(Figures 4.6a&c). The area of high luminescence is likely to be associated with a crack 

extending from the inclusion pit. 

There is a narrow range in nitrogen concentration across the plate of 71 - 114 ppm 

(Figure 4.6 ej & fj). A decrease in the nitrogen concentration is to be expected across the 

core owing to its low luminescence; however this trend is not evident. The back side of the 

plate could have been cut at the inner edge of the core, which would explain why it is not 

visible on the front side of the plate. If this is the case then the analyses through this region 

would mostly be sampling Type I material and would not reflect a decrease in nitrogen across 

this region. There is also very little change in the amount of nitrogen as B aggregates across 

the plate, with a range of 31 - 45% (4.6 e.ii & f.ii). A strong positive correlation exists 

between the nitrogen concentration and the platelet peak intensity (Figure 4.6 eoiii & f.iii). 

The hydrogen peak intensity is the only variable that shows a marked change across the core 

of the plate (Figure 4.6 e.iv & f.iv). 

The growth from the core to the rim appears to be continuous therefore the time­

averaged mantle residence temperatures have been calculated using the age of the lherzolitic 

diamonds (1.93 Ga). The range of temperatures is 1189 - 1209 °C (Figure 4.3). The analyses 

with the highest nitrogen concentrations (> 100 ppm) give a narrower range of temperatures of 

1189 - 1193 °C, which are most likely to be a more accurate reflection of the actual values as 

they are less likely to have sampled any Type II diamond. The tight cluster of points on the 

plot of %N as B vs. nitrogen concentration indicates that this diamond grew in a relatively 

constant environment with respect to nitrogen (Figure 4.3). 
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4.3.1.3 Plate 5-11 

This plate was cut from a flattened, brown octahedron. This diamond contains one large 

purple Cr-pyrope inclusion and one large olivine inclusion. During polishing, an inclusion 

escaped leaving a roughly triangular shaped pit and a crack extending to both polished 

surfaces (Figure 4.7 a & c). The inclusions are located within the core of the diamond (Figure 

4.7c). The diamond contains an abundance of graphite planes and consequently only a few 

analyses were obtained. The diamond has a large bright luminescence core, which has been 

resorbed (Figure 4.7 a & b). There is minor growth of Type II diamond around the core. 

Extending from the core is a zone made up of octahedral growth zones of variable 

luminescence (Figure 4.7 c & d). These growth zones also show some resorption, which is 

particularly evident in the lower left region of the back CL image (Figure 4. 7b). A narrow 

more defined octahedral growth zone extends to the edge of the plate. 

There is a narrow range of nitrogen concentrations of 100 - 178 ppm (Figure 4.7 

e.i). There was a slight decrease in the concentration of nitrogen in the growth medium after 

the formation of the core. The nitrogen concentration increased again during the last 

octahedral growth phase of this diamond. The trend of %N as B does not follow that of 

nitrogen concentration, and has a range of values from 78 - 88% (Figure 4.7 e.ii). There is a 

positive correlation between the platelet peak intensity, hydrogen peak intensities and 

nitrogen concentration (Figure 4.7 e.iii & iv). There is little difference in nitrogen 

concentration and %N as B between the core and rim of this diamond. This indicates that the 

core and rim grew under similar conditions in a relatively short period of time. 

The mantle residence temperatures are high, with a range of 1233 - 1262 °C (Figure 

4.3). The low luminescence growth zones visible in the optical CL image (Figure 4.7 c & d) 

indicate that the estimated temperatures are most likely to be overestimates (Evans, 1992). If 

an assumption is made that each sample included a third of Type II diamond in the analysis 

this would account for a shift in temperature from the range obtained down to a range of 1198 

- 1214 °C (similar to Plates 5-25 and 5-26). 
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4.3.1.4 Plate 75 

This plate was cut from a brown octahedron. 1111S diamond contains two green clinopyroxene 

inclusions and one small clear inclusion (optical CL, Figur~ 4.8 c & d). The front CL image 

shows that this diamood has a small, faint, irregularly shaped. high luminescenc~ core (Figure 

4.8a). Th" majority ofth" plale appears to consist of a homogeneous. less lwnin~scent zon~: 

fol1ow"d by octahedral gro'Wlh zones with varying lumincscencc along the <XIge llf lh" plate. 

Thc inclusions are located tov.'afd the edge of the p1at~ (Figure 4.8c). Lamination lines are 

seen 10 cross the growth zoncs. 'The rear CL image shows aU of the abme f<'lltuTes "xcept fllr 

the luminescent core (Figure 4.Sb). The blue-green ltuninesccnce of this diamond is most 

likely in part caused by the period of deformation it llIloorwcnt, which produced the 

lamination lines (Figure 4.S c & d). 

The concentration of nitrllgen increases from the periphery towards the centre of the 

plate (Figure 4.8 e.l & J:i). Th" range in values is SO -362 ppm, the highest ~alue of362 ppm 

was obtained from the analysis 4 in the core ofthc plate (Figurc 4.8 e.i). This indicates that 

the source mediwn hecame depleted in nitrogen with time during th~ grov.th of this diamond. 

The percentage of nitrogen i!S B agb'fegaks follows the same trend as th~ nitrog~n 

concentl'dtion, ",.jth a range in .... alu"s of 55 - 77% (Figure 4.8 e.ii & Oil. Th" range in 

temperatures obtained is 1206 -1220 "C. The platelet peak intensity for this travcrsc mirrors 

the nitrogen concentration and %N i!S B trends (Fib'llIe 4.8 e.iii & f.iii). The low absolute 

values of the platelet peak intensities may be due tll platelet peak degradation caused by 

defonnation. The hydrogen peak int"nsiiies, although low, increase iiom one side ofthe plak 

tll the llth"r. There is no apparent reason for this increase (Figure 4.8 e.iv & f.iv). 
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4.3.1.5 Plate 6-1 

This plate was cut from a brown macle containing 3 purple Cr-pyrope inclusions and four 

clear inclusions (optical CL, Figure 4.9 c & d). The CL image of the back of the plate (Figure 

4.9b) shows a crack running through a faintly discemable core that displays Type I, 

octahedral growth. The core was subsequently resorbed, which was followed by minor Type 

II growth. The larger garnet inclusion is located on the edge of the core (Figure 4.9d). The 

crack was not visible on the diamond surface. The core remaining to the left of this crack 

(viewed as shown) has been more heavily resorbed than that to the right (Figure 4.9b). Very 

faint octahedral growth zones are visible throughout the remainder of the plate and are 

truncated in some areas by Type II diamond (back CL image, Figure 4.9b). These features are 

not visible on the front CL image of the plate (Figure 4.9a). Scotch-plaid lamination lines are 

visible on both sides of the plate. 

The nitrogen content of the plate is low and ranges from 43 - 60 ppm (Figure 4.9 e.i & 

f.i). This low nitrogen content and evidence for deformation (lamination lines) may explain 

the unusual blue-green luminescence seen in the optical CL (Figure 4.9d). There is a broad 

increase in nitrogen content from the edge to the centre of the plate, with the exception of 

point Bl (Figure 4.9b). This may suggest a continuous depletion in nitrogen in the medium 

from which the diamond grew. The overall range of values for %N as B is low for this plate, 

11 - 43%, owing to the low nitrogen concentrations (Figure 4.9 e.ii & f.ii). The range of 

platelet peak intensities are low on both sides of the plate (Figure 4.9 eoiii & f.iii), which may 

indicate that plastic deformation caused catastrophic degradation of the platelet peak. The 

hydrogen peak intensities do not correlate well with the other variables (Figure 4.9 e.iv & 

f.iv). 

It does not appear that the core is significantly older than the remainder of the 

diamond. For this reason the mantle residence time used is 0.75 Ga. The range in 

temperatures obtained for these analyses is 1185 - 1221 °C (Figure 4.3). The range of 

temperatures becomes narrower (1202 - 1221 °C) by excluding the analysis B2, which falls in 

an area oflower luminescence (Figure 4.9b). It is likely that the deformation experienced by 

this diamond has caused an elevation in the aggregation, which would in turn cause the 

temperatures obtained to be overestimates (Evans, 1992). 
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4.3.1.6 Plate 8-8 

This plate was cut from a brown, resorbed macle, containing one green clinopyroxene 

inclusion and a few clear inclusions, as seen in the optical CL image (Figure 4.10 c & d). The 

clinopyroxene inclusion is located towards the centre of the plate, whilst the clear inclusions 

are situated towards the edge (Figure 4.10c). The front side of the plate gave poor FTIR 

spectra therefore only the FTIR results of the rear image win be discussed. This diamond 

appears to be made up of continuous octahedral zones of Type I diamond of identical 

luminescence; which are truncated by non-luminescent Type II diamond (Figure 4.10b). The 

growth zones are not visible on the front CL image, but lamination lines, scotch-plaid in some 

areas, are more clearly visible on this image (Figure 4.1 Oa). 

The nitrogen concentrations yield very low values across the plate, ranging from 

below the limit of detection (20 ppm) to 42 ppm (Figure 4.10 e.i). Nitrogen aggregation is 

also low, 0-34% of N as B aggregates (Figure 4.10 e.ii), as is to be expected from low 

nitrogen concentrations. The 'w' -shaped trend in nitrogen concentration may possibly be due 

to analyses 2 and 4 sampling mostly Type II diamond; this pattern is duplicated in the %N as 

B trend. The intense blue-green luminescence may be explained by low nitrogen 

concentrations coupled with intense deformation, which is evident from the lamination lines 

(optical CL, Figure 4.10 c & d). The platelet peaks are poorly developed, but do follow the 

general trend in nitrogen concentration (Figure 4.10 e.iii). There are also very low hydrogen 

peak intensities (Figure 4.10 e.iv). 

The range in temperatures obtained for this plate is 1118 - 1218 °C; the uncertainty 

associated with low nitrogen concentrations is responsible for the large range observed 

(Figure 4.4). There is no systematic variation with nitrogen concentration for the analyses 

from this plate. 
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4.3.1.7 Plate 13-1 

This plate was cut from a deep brown, elongated, highly resorbed macle. This diamond 

contained one large purple Cr-pyrope inclusion and four small colourless inclusions, all 

located in the core of the diamond (Figures 4.11c&d). The front image of the plate displays 

octahedral growth zones from core to rim of mostly Type I diamond, evident from the 

variations in luminescence (optical CL, Figure 4.11c). There is evidence for resorption and 

minor growth of Type II diamond along the edges of the growth zones (Figure 4.11a & b). 

These features are also visible on the rear image, however the truncation by Type II diamond 

is slightly more pronounced. These images also illustrate that the growth zones do not run 

perpendicularly to the surface of the plate, but instead dip outwards from the front to the rear 

surface (Figures 4.11 c & d). 

There is an unusual increase in nitrogen concentration from core to rim seen across the 

front of the plate, which suggests an increase in the nitrogen concentration in the medium in 

which the diamond grew (Figure 4.11 e.i). The traverses across the front of the plate give a 

range of nitrogen values from 49 - 213 ppm. The percentage of nitrogen present as B 

aggregates ranges from 10- 56% (Figure 4.11 e.ii), the %N as B roughly follows the trend of 

N with a general increase from core to rim. There is positive correlation between the nitrogen 

concentration trend and the platelet peak intensity (Figure 4.11 e.iii). The low platelet peak 

intensities are consistent with the low level of nitrogen aggregated as B aggregates. The 

hydrogen peak intensities are extremely low and do not mirror the trends as seen above 

(Figure 4.11 e.iv). The trends in nitrogen concentration and amount of nitrogen as B 

aggregates across the back of the plate are similar to those for the front of the plate, but the 

increase in values is not as pronounced on the right edge of the plate. The range of nitrogen 

concentrations is higher than that of the front plate (75 - 346 ppm), most likely due to 

sampling of a wider zone of relatively high luminescence and less low-nitrogen diamond 

(Figure 4.11 f.i). The range of %N as B is also narrower with higher values, 42 - 68%. This 

is positively correlated with the increase in nitrogen concentration towards the plate's 

periphery (Figure 4.11 f.ii). The platelet intensity, and to a lesser degree, the hydrogen peak 

intensity mirror the nitrogen concentration trend (Figure 4.11 f. iii & iv). The range in 

temperatures obtained for the analyses from the front and rear of the plate are 1168 - 1216 °C 

and 1191 - 1207 °C, respectively (Figure 4.3). The range obtained from the rear more likely 

closer to reality as these analyses do not appear to sample as much low-nitrogen diamond. 
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4.3.1.8 Plate 5-24 

This plate was cut from a brown tetrahexahedroid diamond, containing one purple Cr-pyrope 

and four clear inclusions. The inclusions are located in the centre of the plate (Figures 4.12 c 

& d). There is a crack running through the centre of the diamond, which was not observed on 

the surface of the rough diamond (Figure 4.12 c & d). It is most likely that it developed 

during polishing. The blue luminescence of the diamond indicates the presence of nitrogen 

and no evidence for plastic deformation is observed (Figure 4.12 c & d). The CL image of the 

front of the plate shows evidence of continuous octahedral growth (Figure 4.12a). No growth 

zones are observed on the back CL image (Figure 4.12b). 

The nitrogen concentrations span a wide range of values from 304 ppm to 1143 ppm 

and decrease sharply toward the edge of the plate (Figure 4.12 e.i & f.i). This indicates that 

the diamond grew in a medium that was depleted in nitrogen over time. The trend of %N as 

B also shows a decrease towards the edge of the plate (Figure 4.12 e.ii & fJi). The 

aggregation of this plate is high, with a range of%N as B of71 - 88% and lies on an isotherm 

of ~ 1200 °C (Figure 4.3). The trend of platelet peak intensities is identical to that of 

nitrogen concentration (Figure 4.12 e.iii & f.iii). The intensity ofplate1et peaks is high with a 

range of values of 0.52 - 3.14. The hydrogen peak intensities show an inverted trend when 

compared with the platelet peak intensities or nitrogen concentration (Figure 4.12 e.iv & f.iv); 

this suggests that as the growth medium became depleted in nitrogen as it was enriched in 

hydrogen. 

The analyses for this diamond give a narrow range for the mantle residence 

temperature of 1196-1204 °C (Figure 4.3). High nitrogen concentrations and lack of evidence 

for Type II diamond within the plate indicate that the temperatures estimated are likely to be 

realistic and not overestimated. 
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4.3.1.9 Plate 7-14 

This plate was cut from a brown strongly resorbed octahedron, containing three green 

clinopyroxene inclusions and a few clear inclusions. The optical CL images show two high 

luminescence zones near the edges of the plate, one on the back and one on the front of the 

images (Figure 4.13 c & d). These zones have sharp boundaries and the remainder of the 

plate consists of a low luminescence zone with scotch plaid lamination lines (Figures 4.13 a & 

b). The clinopyroxene inclusions are located within the areas of bright luminescence (Figure 

4. 13c). 

There is a large variation in nitrogen concentration across the plate with a range of 

values of 115 - 806 ppm (Figure 4.13 e.i & f.i). The nitrogen concentration increases from 

the area of low luminescence into the area of high luminescence and then decreases quite 

sharply as the far edge of the high luminescence zone is reached. An area of low 

luminescence may be obscured by a high luminescence 'tail' on this edge of the plate, which 

would explain this drop in concentration (Figure 4.13 a & b). The amount of nitrogen as B 

aggregates varies from 68 - 90 %, showing a flat trend as all but one analysis have %N as B 

below 80% (Figure 4.13 e.ii & f.ii). There is a strong positive correlation between the amount 

of nitrogen and the intensity of the platelet peak (Figure 4.13 e.iii & f.iii). The intensity of the 

platelet peaks is high with a range in values of 0.14 - 2.44. The plastic deformation of the 

diamond, resulting in strongly developed lamination lines, has not caused degradation of the 

platelet peaks. There is a broad correlation between the trend in nitrogen concentration and 

the hydrogen peak intensity and to a lesser degree between the platelet peak intensity and the 

hydrogen peak intensity (Figure 4.13 e.iv & f.iv). 

There is a large range in mantle residence temperatures for this plate, with values 

between 1207 - 1264 °C (Figure 4.4). Those analyses of plate 7-14 that have the highest 

nitrogen contents (> 150 ppm) give a narrower range of temperatures, 1207 - 1238 °C. The 

higher temperatures obtained are likely overestimates due to the sampling of the low 

luminescence diamond. 
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4.3.1.10 Plute 7-1 

lhis plate was cut from a brown octahedron, containing 3 green clinopyroxo:ne inclusions. 

The CL image. of the back of the plate, shows an area of extremely bright luminescen~ on 

the lower right. A sharp boundary ~parates this bright area from an area of lower 

luminescence (Figure 4. 14b). The position of the high luminescen~ area on the image of the 

back of the plate corresponds to the large clinopyroxene inclusion (Figure 4.14d), as seen in 

plate 7-14. This area is not visible on the front CL image; however the front of the plate 

shows a separate area of high lumine.<;cence, which is associated with a surface fracture 

(Figure 4.14c, optical CL1. 1bere is an unusual "swirl" luminescence visible in the duller area 

of the back CL image (Figure 4.14b). "Ibis may be associated with fracture planes and 

incllL~ions situated close to the surface, which may canse an interferen~ with the CL image. 

Scotch plaid lamimrtion is visible in the Im.ver luminescence area of the front CL image 

(figure 4.14al, which is indicative of plastic delbnnation. 

The nitrogen concentration drops off sharply from the area of high luminescence and 

remains fairly constant across the rest of the plate (Figure 4.14 e.i & fil. The range in 

concentrations is 80 - 891 ppm. The trend in the percentage of nitrob'e11 as B aggregates is 

similar to that of nitrogen concentration, with a range in values of 67 - 97% (figure 4.14 e.ii 

& (ii). There appears to be COI15iderable variation in the traverse across the high 

luminescence area on the back of the plate, with nitrogen concentrations of 141 - 891 ppm 

and the range of %N as B of 76 - 97% (Fib'me 4.14 fj & ii). lbis can be explained as some 

of the analyses fall outside the high luminescence area a~ seen on the optical CL image 

(Figure 4.14d). There is a strong positive correlation between the nitrogen concentration and 

the platelet peak intensity (Figure 4.14 e.iii & Wi); this indicates that the plastic delbrmation 

did nol canse degradation of the platelet peak. There is also a general decrease of hydrogen 

intensity across the plate, which is consistent with the other variables (Figure 4.14 e.iv & f.iv). 

There is a large variation in mantle residence temperature across the plate, with a 

range of 1214 - 1260 'C (Figure 4.4). The range of concentration of nitrogen and the %N a~ 

B in the areas of high luminescence is very variable. By excluding the~ analyses the range of 

temperatures obtained is 1214 - 1237 0c. 
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4.3.1.11 Plate 7-3 

This plate was cut from a brown, partially resorbed octahedron. This diamond contains one 

green clinopyroxene inclusion and one small clear inclusion. The CL image of the front of 

the plate shows an area of high luminescence with a sharp boundary, associated with the 

clinopyroxene inclusion (Figure 4.1Sc). Extending from this zone is a resorbed low 

luminescence zone. Octahedral growth zones continue from this zone. The high 

luminescence zone is not seen on the CL image of the back of the plate, but the other features, 

as discussed above, are (Figures 4.15b). 

There is a wide range in nitrogen concentrations across the plate, of 21 - 614 ppm 

(Figure 4.15 e.i & f.i). The nitrogen concentrations increase as the analyses move into the 

high luminescence area (Red & green traverse on front CL image, Figure 4.15a). There is a 

trend of decreasing nitrogen concentration from the irregular low luminescence zone into the 

octahedral growth zone (Blue traverses on front and back CL images, Figure 4.15 a & b). 

These trends are mirrored in the plots of%N as B (Figures 4.15 e.ii & f.ii). The range in the 

amount of nitrogen as B aggregates is 28 - 86%. There is a positive correlation between the 

intensity of platelet peaks and nitrogen concentration (Figure 4.15 e.iii & f.iii). The hydrogen 

peak intensity for the green traverse on the front CL image (Figure 4.15 e.iv) displays a large 

increase as the analyses move from the high luminescence zone into the octahedral zone. 

This does not correlate with the other variables, suggesting that hydrogen is more readily 

taken into the diamond structure during octahedral growth. 

There is a large variation in temperature across this plate as with similar plates (7-1 & 

7-14). The range in mantle residence temperature is 1196 - 1249 °C (Figure 4.4). This range 

includes a number of analyses with low-nitrogen concentrations «100 ppm), by excluding 

these analyses the estimated range of mantle temperatures is 1196 - 1210 <>C. From this it 

seems likely that the low-nitrogen analyses cause an overestimation in the temperatures. The 

amended temperature range is lower than that for Plates 7-1 and 7-14, an explanation for this 

is that the plate does not show evidence of plastic defonnation which would have increased 

the aggregation state and therefore increased the estimated temperatures. 
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4.3.1.12 Plate 5-19 

This plate was cut from a brown octahedron containing two purple Cr-pyrope inclusions, two 

clear inclusions and graphite inclusions. During polishing one of the inclusions escaped 

leaving an inclusion pit on the edge of the polished surface. The inclusions are located on the 

edges of the plate (Figure 4. 16d). The CL image of the front of the plate shows multiple non­

luminescent areas (Type n diamond), these areas are likely to have grown as individual nuclei 

with later stage of Type I growth around them. The growth zones surrounding these 'nuclei' 

appear to have uniform luminescence. Scotch-plaid lamination lines are evident across the 

front of the plate (Figure 4. 16a). Good quality spectra were only obtained for the front of the 

plate. 

The nitrogen concentrations are low and vary from 86 - 147 ppm (Figure 4.16 e.i). 

Where the analyses are close to the Type n 'nuclei' there is a drop in the concentration and 

the concentration tends to increase again away from these zones (Figure 4.16 e.i). There is a 

flat trend in the %N as B across the plate with a narrow range of high values of 92 - 99% 

(Figure 4.16 e.ii). There is poor correlation between nitrogen concentration and platelet peak 

intensity (Figure 4.16 e.iii). It seems likely that the plastic deformation, that caused multiple 

lamination lines, is responsible for catastrophic degradation of the platelet peaks. The trend in 

hydrogen peak intensities is similar to that of the nitrogen concentration (Figure 4.16 e.iv). 

The range for estimated mantle residence temperature is very high, 1281 - 1333 °C 

(Figure 4.4). The deformation would cause an increase in the aggregation of the diamond and 

this coupled with the large amount of Type n diamond sampled would have caused an 

overestimation in temperature. A decrease in the aggregation state of 25% causes a decrease 

in the range of temperatures to 1207 - 1246 °C, which is similar to the overall range obtained 

for the remainder of the plates. 
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4.3.1.13 Plate 5-2 

This plate was cut from a broken, brown tetrahexahedroid. This diamond displays a large 

hexagonal inclusion pit on the one surface and contains 2 purple Cr-pyrope inclusions, located 

in the centre of the plate, as well as numerous graphite planes (Figure 4.17c). Due to the large 

number of graphite planes the analyses on this diamond gave spectra that were irresolvable 

when run through the Opus deconvolution spreadsheet. A visual interpretation of the back CL 

image shows two areas of non-luminescent Type n diamond (Figure 4. 17b); one of which has 

a cubic shape. These two zones appear to be connected by an area of banded possibly 

octahedral, growth. There is another zone of octahedral growth that cuts the smaller banded 

zone and extends to the edge of the plate. There is also some octahedral zoning developed 

around the inclusion pit (the centre of which has some non-luminescent glue in it). It seems 

likely that the two areas of Type n diamond acted as nuclei for further diamond growth, as 

seen in plate 5-19. After a hiatus in which some resorption occurred there was a period of 

octahedral growth. This was further resorbed and a final stage of octahedral growth occurred 

around this larger nucleus. None of these features are visible in the front CL image. There is 

an unusual 'swirl' luminescence visible on this side of the plate (Figure 4.17a), it may be 

caused by the interference from a number of graphite planes, inclusions and fracture surfaces 

located close to this surface (Also seen in plate 7-1). 
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Figun 4. 17c Optical CL image of the froot ofP1Jlo 5-2 

Figure U7d Optical CL irnage of the back of Plate 5·2 
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4.3.2 Rough diamonds 

In addition to the data collected from the diamond plates the entire suite of diamonds (100 

stones) were analysed using the FTIR spectrometer. This was done in order to better 

characterize the populations of diamonds present at Cullinan. Spectra could not be obtained 

for all of the diamonds and so once the inclusions were cracked out the fragments were 

analysed again. The fragments obtained from Steve Richardson were also analysed (P 

samples). The mw data for the IR analyses is given in Appendix 2, Table A.2.2 and Table 

A.2.3. The analyses of fragments are indicated in Tables A.2.2 and A.2.3. Visual inspection 

of the spectm of the whole diamonds and fragments analysed using FTIR show that 76% are 

Type IaAB, 15% are Type n and 9010 were too distorted to distinguish Type. In order to 

obtain estimated values of the spectml peaks the spectra are deconvoluted through the Opus 

spreadsheet of Mendelssohn & Milledge (1995; Appendix 2). Analyses from about half of the 

suite had such low nitrogen contents that they would not run through the spreadsheet and are 

therefore considered to be Type n. 
A study by Deines et al. (1989) on diamonds from Cullinan and Finsch showed that 

25% of peridotitic (p-Type) diamonds were Type n, with only 1% of Type n diamonds for 

the eclogitic (E-Type) paragenesis. The P-Type diamonds make up 96% of this sample suite 

and of these diamonds 45% are Type 1. This clearly illustrates that the present suite is not 

representative of the population as a whole. Of the P-Type diamonds 40% of the lherzolite 

diamonds are Type I, and the remainder are Type n. Of the harzburgite diamonds 51 % are 

Type I, and the remainder are Type n. The Type I diamonds belong to the Type laA - laB 

series. 

An estimated lower limit of detection for the nitrogen concentrations using FTIR is 

~20 ppm (Fanus Viljoen, Pers. comm., 2002). The diamonds give a large spread in the range 

of nitrogen concentration from below the limit of detection to 858 ppm (Figure 4.18). The 

range is similar to that obtained for p. Type diamonds from Cullinan by Deines et al. (1989) of 

o - 1086 ppm. In that study, it was noted that the P-Type diamonds tend to have lower 

nitrogen concentrations in comparison with E-Type diamonds (Deines et aI., 1989). The 

majority of the diamonds in this study are from the P-Type paragenesis and the nitrogen 

concentmtions obtained from spectra of two of the E-Type diamonds are 118 and 488 ppm 

(Figure 4.19). The Helam and Klipspringer kimberlites have also sampled mantle in the 
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Bushveld region and their diamonds give a range in nitrogen concentrations of 0 - 2500 ppm 

(Mc Kenna, 2001; Westerlund, 2000). 

The amount of nitrogen as B aggregates also spans a large range from 34 - 99% in the 

Cullinan suite (Figure 4.18 & 4.19). Deines et al. (1989) found a similar, wide range of 0 -

99% amount of N as B aggregates for Cullinan. It was shown that the aggregation state does 

not appear to be affected by the amount of nitrogen in the diamonds in those samples from 

Cullinan and Finsch (Deines et al., 1989). Nevertheless, there is a positive correlation 

between nitrogen concentration and the amount of nitrogen as B aggregates evident in the 

majority of samples in this study. The amount of nitrogen as B aggregates from Helam is 

considerably lower, from 0 - 60% (Mc Kenna, 2001). The Klipspringer diamonds show two 

separate groups from the Main Fissure and Sugarbird Blow pipes; one with a range in %N as 

B from 10 - ~50% and the other from ~ 70 - 95%. The Marsfontein pipe does not exhibit two 

clear groups, but instead has a range of%N as B from 0 - 95% (Westerlund, 2000). Thus, the 

diamonds from Cullinan show, on average, lower nitrogen concentrations and higher amounts 

of nitrogen as B aggregates than the diamonds from Helam and Klipspringer (Mc Kenna, 

2001; Westerlund, 2000). Estimates for time-averaged mantle temperature for the harzburgitic 

and lherzolitic diamonds have been calculated using a residence time of 0.75 billion years, as 

per the diamond plates. The majority of analyses lie between the 1180 and 1240 °C 

isothenns, and span a total range from 1168 - 1304 °C. The three harzburgitic analyses that 

fall just below the 1180 °C isothenn have the highest nitrogen concentrations of the suite (788 

- 858 ppm) and are therefore not likely to have sampled any Type n diamond and are most 

likely to reflect more accurate temperatures. The group of harzburgitic analyses with very 

high %N as B (>90%) and temperatures from 1264 - 1304°C have relatively low nitrogen 

concentrations (83 - 141 ppm). One of these samples is 5-19, that was more intensively 

investigated as a plate (Section 4.3.1.). The plate showed multiple Type n areas (Figure 4.16) 

and catastrophic degradation of the platelet peaks. The other two diamonds may also have 

this unusual growth structure with extremely high %N as B aggregation giving high 

estimated-mantle residence temperatures. The two analyses obtained for the eclogitic 

diamonds give temperatures of 1263 and 1270 °C (Figure 4.19). 

The temperatures for this suite are considerably hotter than that from Helam or 

Klipspringer of approximately 1060 - 1120 °C and 1060 - 1180 °C respectively (Mc Kenna, 

2001; Westerlund, 2000). The quantity of Type n and low nitrogen growth zones in the CL 
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images of the plates indicates that it is also likely that there is a considerable amount of Type 

II or low-nitrogen diamond in the whole diamonds analysed. If this is the case the %N as B 

will be elevated relative to the amount of nitrogen in the analysis and the temperature win be 

overestimated, but by what amount is not clear. This supports the suggestion that the majority 

of temperatures obtained for this suite are an overestimation. 

The majority of diamonds show the development of platelet peaks although the range 

in peak intensity is small, from 0 - 2; with the majority of diamonds giving low peak 

intensities of <1 (Figure 4.20). There is a strong positive correlation between nitrogen 

concentration and platelet intensity; there is little evidence for catastrophic degradation of the 

platelet peaks (as seen in some of the plates, Section 4.3.1). The platelet peak positions span a 

wide range of wave numbers, from 1359 - 1383 cm-I
, but do not show any correlation with the 

estimated mantle residence temperature (Figure 4.21). There is a rough negative correlation 

between nitrogen concentration and estimated residence temperature for the diamonds (Figure 

4.22), which supports the suggestion that a number of those diamonds with considerable 

quantities of Type II growth (i.e. low nitrogen concentrations) have temperatures that are over 

estimates. 

The diamonds show a small hydrogen peak at 3107 cm-I
, with the majority of 

hydrogen intensities below 0.1. The correlation demonstrated by Westerlund (2000) between 

platelet peak intensities and hydrogen content does not hold for this suite. 
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4.4 Discussion and conclusions 

It is apparent that amongst the rough diamonds studied that there are two main types; those 

that contain nitrogen (Type I) and those that do not (Type II). Amongst those diamonds that 

contain nitrogen it was found that the hurzburgilic and iherzoJi\ic diamonds show remarkably 

similar FTlR characteristics. Continuous linear trends have also been observed between the 

mineral inclusion compositions of the two groups (Chapter 6). The calculations of tim~­

averaged mantle t~mperatures were initially pcrtOrmed using the residence ages 

corresponding to the age of the different diamond panlgeneses and then recalculated aft~r 

assuming that the older harzburgitic diamonds have recrystallized at the time of formation of 

the lherzolitic diamonds. Based on the results obtained for the time-averaged mantle 

temperatures for both sets of calculations as well as the reasons cited above it appears thal the 

majority of hurzburgitic diamond.~ have in fact recrystallized at the time of fonnation of the 

Iherl.Olitic diamonds. The plot of~/.N as R V5. nitrogen concentration ~ho",'S that the majority 

of th .. diamonds, both rough and plates, full into an "isothenna] envelope" between the 11 RO 

and 1240"C isothenn~ (Figures 4.3, 4.4, 4.18 & 4.19). 
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The diamond plates can be divided into three broad groups. The fIrst group contain 

those diamonds that show regular Type I octahedral growth (Group 1). The other two groups 

are unusual; in one group the diamonds display areas of very high luminescence (Plates: 7-1, 

7-3 and 7-14; Group 2), which may be associated with their clinopyroxene inclusions. The 

third group of diamond plates display multiple Type n 'nuclei' (Plates: 5-19 and 5-2; Group 

3). 

4.4.1 Group 1 

The majority of the diamond plates show regular octahedral growth (plates: 5-11, 5-24, 5-25, 

5-26,6-1. 7-3. 8-8 & 13-1). In this group all of the plates (except 13-1) display a decrease in 

nitrogen concentration and nitrogen aggregation from the centre to the edge of the plate. This 

trend suggests that there was a systematic decrease in the amount of nitrogen available in the 

growth medium over time. Some of these diamonds have cores (plates: 5-25,5-26, 5-11, 7-5 

& 6-1). and all except Plate 5-25 do not appear to have cores that are signifIcantly older than 

the rims of the diamonds. The cores have most likely acted as the catalyst for diamond 

growth, and in those cases where a core is not visible; it is probable that the stone was not 

polished through the centre (John Gurney Pers. comm., 2002). The cores show evidence of 

resorption, which is followed (in the majority of Plates) by Type n growth. Plates 6-1, 8-8 

and 13-1 have minor Type n growth at the edges of the octahedral, Type I growth zones. 

This style of growth points to an episodic, cyclic growth history for all of these diamonds. 

4.4.2 Group 2 

Three of the five diamond plates containing clinopyroxene inclusions show an unusual very 

bright luminescence located at the edges of the plates (7-1, 7-3 and 7-14). This bright 

luminescence is associated with considerably higher nitrogen concentrations in comparison 

with diamond surrounding these areas. The areas of bright luminescence do not appear to be 

nuclei of the diamonds, but instead appear to be related to clinopyroxene inclusions situated 
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within or on the edge of these areas. The other two plates that contain clinopyroxene 

inclusions do not display zones of bright luminescence. This may be due to the chemical 

differences between the clinopyroxene inclusions of the diamonds. Plates 7-1, 7-3 and 7-14 

have higher Ti, AI, Cr and Na and similar or lower Fe, MIl, Mg, Ca and K than plates 7-5 and 

8-8 (Table 4.1). 

Table 4.1 Showing the comparative chemistries of the clinopyroxene inclusions in cations per formula 

unit. 

Ti AI Cr Fe Mn Mg Ca Na K 
7-1cpx 0.022 0.175 0.079 0.080 0.004 0.818 0.570 0.278 0.002 
7-3cpx 0.008 0.122 0.070 0.075 0.002 0.850 0.656 0.179 0.002 
7-14cpx 0.027 0.183 0.069 0.097 0.002 0.831 0.539 0.363 0.003 
7-5cpx 0.002 0.056 0.051 0.101 0.004 1.039 0.659 0.064 0.006 
a-8cpx 0.002 0.059 0.052 0.097 0.003 0.865 0.725 0.117 0.007 

Plates 7-1, 7-5 and 7-14 aU show a similar range of temperatures with the majority 

between 1200 - 1230 °C. These plates have elevated temperatures compared to plate 7-3 

which has a corrected range of temperatures of 1196 - 1210 °C. Plastic deformation causes 

an increase in the aggregation state of the diamond and subsequently the estimated 

temperature. Lamination lines are seen in plates 7-1, 7-5 and 7-14, but not in plate 7-3. which 

would explain the lower temperatures obtained for this plate. 

4.4.3 Group 3 

There are two plates, 5-2 and 5-19 that have very unusual CL images with multiple Type II 

'nuclei' with surrounding octahedral growth and intense deformation. Analyses were only 

obtained for plate 5-19 due to the number of inclusions, graphite planes and fracture surfaces 

in plate 5-2. There are also two other rough diamonds, 5-14 and 6-3, which have similar 

nitrogen concentrations and aggregation states as these two plates (Figure 4.18). Plate 5-19 

shows extreme aggregation of 88 - 9<J01o; which may imply that these diamonds are older than 

the remainder of the suite, as the %N as B increases with time and/or temperature. Therefore 

a calculation was performed where the age of formation is changed from 1.93 Ga back to 3.2 
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Ga and the temperatures obtained are approximately 30°C lower than those at 1.93 Ga. It is 

possible that this plate is older than the remainder of the diamonds, but it seems more likely 

that the aggregation states of these diamonds are overestimated owing to the high amount of 

Type n diamond present and evidence for plastic deformation. Evans (1992) suggests that 

plastic deformation enhances nitrogen aggregation in diamonds by causing a higher 

concentration of vacancies within the diamond, but it is not stated by what degree. If the 

percentage aggregation state of these diamonds is reduced by 25% the range of temperatures 

calculated for a residence time of 0.75 billion years fans within the isothermal envelope 

obtained for the rest of the diamonds. It is possible that the enhancement of the nitrogen 

aggregation state by deformation and the overestimation of temperatures due to Type II 

diamond sampled could cause this plate to appear to have formed under very different 

conditions from the remainder of the diamonds. 

4.5 General growth history for Cullinan diamonds 

It is clear that the growth histories of diamonds are complex even within a single population 

of diamonds (Le. lherzolitic diamonds), and certainly across multiple populations at Cullinan. 

This being the case a general growth history for Cullinan diamonds is proposed. The majority 

of diamonds in this suite appear to have grown episodically with the majority of growth being 

characterised as Type I octahedral growth, under variable nitrogen concentration conditions in 

the growth mediwn. There is also evidence for resorption in some cases and occasional Type 

n octahedral growth. This cyclic growth is suggested to have occurred over an extended 

period of time from around the formation of the harzburgitic paragenesis (~ 3.2 Ga), with a 

likely period of quiescence, starting again around the time of formation of the lherzolitic 

paragenesis (1.93 Ga). Evidence points to the recrystallization of the harzburgitic paragenesis 

around the time of lherzolitic diamond formation. The heat associated with the intrusion of 

the Bushveld Igneous Complex (2.05 Ga; Tankard et al., 1982) is proposed to have 

recrystallized, and in some cases only substantially resorbed, the harzburgitic diamonds (e.g. 

Core Plate 5-25). This intrusive event may also explain why the time-averaged mantle 

temperatures and nitrogen aggregation states obtained for the Cullinan diamonds are generally 
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hotter and more highly aggregated than those obtained for the Klipspringer and Helam 

diamonds. The Cullinan kimberlite intrudes the Bushveld Igneous Complex, whilst 

Klipspringer and Helam are situated north and west of the Bushveld Igneous Complex 

respectively (Westerlund, 2000; Mc Kenna, 2001). A similar growth cycle is predicted for the 

younger eclogitic diamonds although they need to be investigated further as plates to confinn 

this. 
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5. CARBON AND NITROGEN ISOTOPES 

5.1 Introduction 

The study of mantle-derived carbon and nitrogen is important in order to help explain the 

degassing history of the Earth. Only a few mantle-derived samples can give data for nitrogen 

as it typically occurs in low concentrations and may have been contaminated by atmospheric 

and organic material. It is possible to analyse both carbon and nitrogen directly from the 

diamond crystal, due to its resistant, unreactive nature and the relatively high concentrations 

of nitrogen in the lattice. These studies also provide clues to the sources of carbon and 

nitrogen in the mantle, which are not fully understood. 

Carbon isotopes are measured relative to a known standard and reported in per mil 

(%0). The expression for carbon isotopes is: 

x 1000%0 

The PDB standard is the isotope ratio measured from belemnite of the Cretaceous Peedee 

formation (Craig, 1957). 

A wide range of values of carbon isotopic composition of diamonds has been found, 

from -35 to +3 %0 (Sobolev et at, 1979; Galimov, 1991, Kirkley et aI., 1991). There is a 

distinction between peridotitic (P-Type) and eciogitic (E-Type) diamonds. The former have a 

limited range in values, commonly between -10 to + 1 %0 with a mean of -4.6 %0 (Sobolev et 

at, 1979). This range also reflects the peak of the distribution for E-Type diamonds, which is 

also exhibited in carbonatites, kimberlite carbonates and dissolved C and CO2 vesicles in 

MORB (mid-ocean ridge basalt) and OIB (ocean island basalt) glasses (Kirkley et at, 1991). 

The E-Type diamonds have a far wider overall range of carbon isotopes from -35 to +3 %0 

(Sobolev et aI., 1979). 
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Atmospheric nitrogen is isotopically homogeneous and has a ()l~ value of 0 %0 

(Mariotti, 1983). Air is the standard used when measuring nitrogen isotopes. The expression 

for nitrogen isotopes is: 

x 1000 %0 

The range of ()l~ is large for peridotitic diamonds, + 1 0 to -24 %0 (Cartigny et aI., 

1997, ] 998b). The range for eclogitic diamonds is also wide, if the "low- () BC" group of 

Boyd and Pillinger (1994) and the cores of coated stones are included, and ranges from + 16.6 

to -10 %0 (Cartigny et aI., 1998a,b). Nitrogen isotope results for MORB (mid-ocean ridge 

basalt) are mostly positive +7.5 ±1 %0 (Exley et at, 1986). It is a possibility that fractionation 

occurs during degassing and eruption onto the sea floor (Javoy et aI., 1986); which may 

explain why the negative mode obtained for diamonds differs from that of the MORB. 

There is no consensus on the source of carbon and nitrogen for diamonds to explain 

this wide range of isotope values. The three main models will be discussed briefly here. 

5.1.1 Isotopic fractionation 

It has been proposed that relatively large isotope fractionation can occur during diamond 

formation if there is the involvement of a vapour phase (C~ and/or CO2) with the fluid at 

high temperatures (> 1 000 °C) (Bottinga, 1969a,b; Deines, 1980). The fractionation factor of 

~ 4-5 %0 could account for a range of carbon isotopes from ~ -10 to + 1 %0, assuming a starting 

isotope value of the source region of -5 %0 (Deines, 1980). It is difficult to account for the 

() BC-depleted, E-Type diamonds with carbon isotope values <-10 %0 using Rayleigh 

fractionation. 

Another problem with this model is that it requires different fractionation mechanisms 

for peridotites and eclogites. These have been explained however, by different carbonation 

and oxidation reactions for these rock types (Cartigny et at, 1998a). It has been shown that 
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carbonation of olivine occurs at lower pressures than that of clinopyroxene and/or garnet. A 

result of this is that CO2 is stable to higher pressures in edogitic rocks (Luth, 1993). This 

implies that at the same depth and oxygen fugacity, diamond can coexist with carbonate in 

eclogites whereas only carbonates are stable in the peridotite. At high temperatures (-1300 

GC) the carbonate or carbonatitic melts in eqUilibrium with eclogite release C~. This C~ 

degassing is suggested to cause the isotopic fractionation of carbon in the eclogitic rocks and 

diamonds (Cartigny et aI., 1998a). 

Nitrogen within the convecting mantle is suggested to be globally quite homogeneous 

with an isotopic value of approximately -5 %0 (Boyd & Pill inger, 1994). These authors 

believe that the nitrogen isotopic range of -12 to +6 %0 for diamonds from their "high- aBc" 

group (aBc of -6.4 to -2.9 %0) can be explained by fractionation of a relatively homogeneous 

source. Boyd et at (1994) suggest that the growth rate of a diamond may influence its 

nitrogen isotopic composition and its nitrogen concentration and that the wider range of al~ 

values obtained compared with aBc values could be a function of kinetic reactions leading to 

diamond growth. 

5.1.2 Primordial mantle heterogeneities 

The similarity in range of carbon isotopes in iron meteorites (aBC = -30 to -3%0) with that of 

diamonds led researchers to suggest that the Earth may have retained its primordial isotopic 

inhomogeneity (Deines, 1980; Deines et al., 1987). However, the range of values for 

peridotitic diamonds is consistent with a homogenised mantle, with regard to carbon. It is 

also difficult to imagine that a primordial component has been preserved since the Earth' s 

accretion (Kirkley et at, 1991). Iron meteorites are also assumed to be the cores of 

disaggregated parent bodies, which correspond to the Earth's core and not the mantle. This 

would mean that the range of isotopic values of iron meteorites would not necessarily reflect 

mantle values (Kirkley et aI., 1991). Another point of interest is that iron meteorites with low 

aBc have oxygen isotopes that are distinct from terrestrial oxygen (Clayton et al., 1976); 

therefore if the Earth had not homogenised after accretion we would expect there to be 

oxygen isotope anomalies, which are not seen (Boyd & Pill inger, 1994). 
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It is possible to produce a theoretical range of isotopic compositions similar to that of 

all diamonds if a two-stage accretionary process of the Earth occurred, with a late stage 

carbonaceous chondrite-like veneer (Javoy and Pineau, 1983). The range in carbon isotope 

values for carbonaceous chondrite is -26 to 0 %0 (Kerridge, 1985). However this material 

would have to have been kept separate from the source of peridotitic diamonds for 

approximately 2 billion years prior to the crystallization of eclogitic diamonds (Kirkley et aI., 

1991). 

Cartigny et at (1997) and Javoy (1997) suggest that the low Ol~ values obtained for 

diamonds at Fuxian, China of down to -25 %0 may indicate a primordial reservoir of nitrogen 

in the mantle, which is similar to enstatite chondrites. They suggest that in comparison to 

carbon the flux of nitrogen in and out of the mantle is very limited, which would explain why 

mantle carbon is reasonably well homogenised and would allow for the retention of material 

depleted in l~. 

5.1.3 Subduction model 

This model can account for the wide range in Ol3C isotopes in eclogitic material. The range in 

carbonaceous crustal material, both recent and ancient, is wider than that seen in E-Type 

diamonds (Kirkley & Gurney, 1989; Kirkley et aI., 1991). It is suggested that eclogitic 

diamonds are formed from crustal carbon that was carried into the mantle by a subducting 

oceanic slab (Kirkley et aI., 1991). The subducted oceanic basalt slab is potential proto lith for 

eclogite. It is essential that the slab does not completely homogenise during metamorphism, 

in order to preserve the range of isotope compositions. There are examples of high-grade 

metamorphic rocks retaining a large isotopic range, such as rocks in Naxos (Ganor et aI., 

1994) and graphites coexisting with carbonates in the Catalina Schists (Grove and Bebout, 

1995). 

A study by Boyd & Pillinger (1994) found the range of Ol~ values, obtained for a 

group of diamonds with low Ol3C values, is -3 to + 16 %0. This range of values is consistent 

with the formation of the diamond from subducted crustal material. A problem with the 
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subduction model with regard to nitrogen isotopes is that it is not clear whether the nitrogen in 

the subducting slab can be recycled into the diamond stability field (Boyd & Pillinger, 1994). 

Further evidence to support the subduction model is that eclogitic sulphide inclusions 

in diamonds from Orapa preserve mass-independent sulphur isotope fractionations, which 

have been interpreted as the recycled component of Archaean sediments (Farquhar et ai, 

2002). 

5.2 Carbon isotope results 

The analyses were performed at the stable isotope laboratory at Queen's University, Kingston, 

Canada, using continuous flow technology. A detailed methodology and tabulated data for 

the carbon and isotopes is given in Appendix 3. The stable isotope data for the diamonds is 

presented in Table A.3.2. All of the diamonds, with the exception of those diamonds polished 

into diamond plates were analysed (Section 4.3.1). These analyses included the 19 diamonds 

(now broken and kept in separate glass phials) from Cullinan Mine, used in a previous 

inclusion study by Steve Richardson (Richardson et aI., 1993). The mineral inclusions had 

already been liberated from the diamonds (See Chapter 6) and so the fragments used for each 

stable isotope analysis were unlikely to contain any inclusions. 

The range of carbon isotope values obtained is -10.3 to -1.0 %0 (Figure S.l & Figure 

5.2), with an error on the analyses of ± 0.2 - 0.3%0. This range is similar to that obtained by 

Deines et a1. (1989) of -12.34 to -1.96 %0 for diamonds from Cullinan. Whilst there is no 

difference between the mean of the E- and P-Type diamonds in the study of Deines et a1. 

(1984), they did show that a significant difference exists between the distributions of E- and 

P-Type diamonds from Cullinan. The authors found that 80010 of E* Type diamonds faU 

between -4 to -6 %0 and only 10% ofP-Type diamonds lie in that range, with the remainder 

spread across the entire range obtained. The E-Type diamonds analysed in this study fall 

within the range previously defined by Deines et al. (1984) and have a range of carbon isotope 

values from -4.3 to -6.1 %0 (mean::;: -4.92 %0). The eclogitic samples analysed in this study 

fall within the range of peridotitic samples. There is no significant difference in mean 
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isotopic composition belween diamonds of different colour and shape in this study (Table 

A3.1). 

Figure 5.1 .shows thal the mean obtained for the E-Type diamonds from this study is 

-4.92 %. (± 0.84 Ill; n = 4); this value is heavier. but within error, of the mean obtained for E­

Type diamonds by Deioes et al. (1984) of -4.74 'l6o (± 1.38 10; n = 42). The same observation 

can be made aboul the P·Type diamonds (Figure 5.2). The mean obtained from this study is 

-4.02 %0 (± 1.51 10; n - 101) and that obtained from the srndy 01" Deines et al. (1984) is -5.01 

~ (± 2.69 10; n = 20). This diffurence in mean isotope values may be relaled to the 

ditferenee in the number of diamonds analysed in lhe different studies. 

There is no particular trend evident between the oilrogen conceotralion and the (iDe 

values of the diamonds in this study (Figure 5.3). The samples titll1argely within the range 

obtained by Cartigny et aJ. (2001) for diamoods worldwide. 

" ~==~~==.~~~--~~=-~ 0<0111.0 et.] (1984): n = ~2: mean' -4 74 \., ~ • DeirJes 
This $tlJdy: n = ~; me.n: ~,92 '" • \Ilis study 

- -- - - -

, 

o 
-13 -12 -11 -10 -9 -8 ~ ~ -5 4 ~ ~ -1 a 

lI"C ("-) ¥s. PDO 

Fi~u~ ~.I A histogram of =bon i,ot<>P<' result< for Cullinan <howing 'ho ,..,'0]" obt~inod by Doino< .. 

01. (t 9M) ."d tho ""ults from thi, study for E-Type diamonds. 
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5.1. I. Mineral chemi.</ry and carbon i.wlope.< 

A number ofrelationships were established by Deines et aL (1984) for Cullinan, between /iDe 

and the mineral chemistry of the diamond inclusions. These relationships were investigated 

in this srudy, however no relationships were evident for Ihe mineral incius;nns. 

5.2. I .JXeridQtiti~_G.!\ID£l 

The diamonds containing lherzolitic garnets have a higher mean /iIJe value of -3.89 %0 (± 

1.32; n = 62) when cnmparcd with the mean of the diamonds cnntaining harzburgitk gllf11et~, 

of -4.2 'l6o (± 1.49; n = 39). Van Hecrden el al. (l99~) investigated the difference in 

paragene.~i_~ for a number of diamonds from snuthern Africa (including Cullinan). Th~ 

authors nbserved that the lherzolitie diamonds were negatively skewed Inwards lighter l)uC 

vallJC_~, whereas the har.-:burgitic diamonds are more evenly spread. The authors attribUled the 

differooce in carbon isotnpc values for Ihe twn paragcnescs In a difference in tbe meta~omatic 

histnry of their source regions. This difference is not observed in for lhe Iher-mlitie and 

harzburg;tic par-ageneses of this study, as each of the paragcnescs is negatively skewed and 

within error of one another using the standard error of skev..-ne_~s (lhermlitie diamonds: -1.5 ± 

0.3 and the hanburgitie diamonds: -1.2 ± 0.4; Figure 5.4). Deines et al. (1984) noted positive 

linear rclatinn.'ihips between the major element chemistry and !jl3e for pcridotitic garnet 

inciusion_~ from Cullinan. These trends were not observed fnr the garnet mineral inelu.~inn_~ 

from this study (Figures 5.5 and 5.6) 
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5.3 ~itrogeD isotope results 

The analyses were perfonned at the 5tabl" j,otope laboratory at Queen"s University, King,ton, 

Canada. using continuous flow te<:hnology. A detailed methodology and tabulated data for 

the carbon !IIld isotopes is given in Appendix 3. The stable isotope data for the diamonds is 

presented in Table A.3.2. Only those diamonds with signlflcant nitrogen concentrations (from 

FTiR estimates) were selected to be analysed for nitrogen isotopes. Unfortunately, due to the 

low nitrogen c,mcentrations of the majority of Ihis suite and poor sensitivity of the instrument 

used only 10 meaningful nitrogen isotopic compositions were obtained. The range in values 

obtained is wide, from -24.5 to + I 0.2 %0, with an error on the analyses of ± 0.4 - 0.5%0. 

A stlidy of I)lJC and o'5N of diamonds from a wide range of localities, including 

ClIl1inan, was ondertaken by Boyd and Pillinger (1994). Thi5 study e5tablished two groUp5 of 

diamond5 on a plot ofonC vs. oj~ (Figure 5.7), a "high_I\IlC group" (-6.4 to -2.9 w.o) and a 

"10"' - OllC gmup" (-19.4 to -9.5 %0). The "high- one group" is characterised by nitrogen 

that is generally depleted in ION relative to air, whereas the "low- 0 nC group" generally 

contain nitrogen enriched in ION relative to air. The Cullinan sample5 fall within the "high-
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il'lC group"; this group defined by Boyd and Pillinger (1994) has a range ofil'lC values 01'-

5.3 to ··2.9 %0 and a range in 1)1lN values of -12.3 to -1 %0 (Boyd & Pillinger, 1994). This 

range is narrower than that obtained in this study (I)BC: -10.3 to -I %0 and I)I~: -24.5 to 

+10.2%0), the plot of(iIlC vs. (il~ shows that the samples in this study Jilll within and extend 

the "high- I)IlC group" to much lower iSl~ values (Figure 5.7). Low I)l lN values have also 

been obtained for diamonds trom Fuxian in China (Cartigny et al., 1997) and Panda in Canada 

(We5I:erlund et aI., 2003). Tbe majority of the diamonds from Fuxian that were chosen for 

analyses were peridotitic; they yielded results for (iDe of -6.05 to +0.41"" and a range of 

is''N values of -24.2 to +7.5 "" (Cartigny et at, 1997). The authors have added their analyses 

from Fuxian to the plot of Boyd and Pillinger (1994) and the Fuxian data also falls within and 

beyond the "high- OIlC group" in a similar range to that of the Cullinan samples in this suite 

(Figure 5.7). Resull~ from a suite of peridotitlc diamonds from the Panda kimberlite in 

Canada (Westerlund et aI., 2003), also fall within and extends the "high- iSlJC group". The 

range obtained for the Panda diamonds are il1lC values of ~ -10 to 0 %0 and SI:W values of 

_25.6 to -6.8 "" (Westerlund el al.. 2003). The isotopic compositions oftlJe Panda diamonds 

were obtained using ~pot analyses across polished plates using SIMS. The range in nitrogen 

isotope values within individual diamonds varied from 0.5 %0 to 8 %0 (Westerlund et aI. , 

2(03). A general negative trend between the nitrogen isotopic composition and nitrogen 

concentration was also ohserved within individual diamonds trom Panda (Figure 4: 

We5I:erlund et aI., 2(0). 
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of Elo)d ond Pillingc-r (1'194, h&ch.:d field) and {he field oblaincd by Car<;ign}' eI ,I. (1991) fur 

diamood< from Fox,,,,, (bIOIlX fidd). Diamond.""amples from {hi, srudy. 

5.4 Discussion and conclusions 

Boyd and Pil1inger (1994) explained the isotopic compositions found in the "high­

/)IJ C group" hy isotopic fractionalion of both carbon and nitrogen from a globalJy 

homogeneous convecting manlle reservoir of - -5%0 with respe<:l to bolh elements_ Cartigny 

el at (1998) explain the development of the majority of nitrogen isotopic compositions (-10 to 

+7Wio) within the suite by isotopic fractionation of a glohally homogeneous reservoir. They 

attribute the very low nilnlgen isotope compositions to a portion of mantle bearing a primary 

61~ signature, which matches that of enstatite chondrites. Cartigny et al. (J998) suggest that 

the low values obtained in that study support the heterogeneous accretion model orthe Earth 

as proposed by Javoy et al. (1984; 1986). The way in which a portion of primltive manlle is 

proposed to escape homogenous accretion is that a small portion of suhlithospheric mantle 

remains isolated from the convecting mantle. Westerlund et al. (2003) atlrihules the wide 

variation in 61~ observed ror the Panda diamonds to differences in the source composition. 
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The authors also suggest that the negative correlation between nitrogen concentration and 

(il~ within individual diamonds and the variation in (il~ in individual diamonds may be 

related to fractionation processes. Alternatively they suggest that the trend and variations 

may be caused by changes in P-T-f02 conditions during diamond growth (Westerlund et aI., 

2003). 

Boyd et al. (1994) suggest that the nitrogen isotopic composition of octahedral 

diamonds may be controlled by the growth rate of the diamond. I~ bonds more strongly to 

the diamond surface than l~ and therefore as the nitrogen content of the diamond decreases 

the (il~ value should increase (Boyd et aI., 1994). The authors suggest that differences in 

pressure and temperature at various diamond forming regions could have a significant effect 

on the surface properties and therefore the kinetics of the diamond growth reactions. They 

suggest that this could account for a wider spread in (il~ compared with (il3c. 

The isotopic compositions obtained for diamonds in this study indicate that they fall 

into the "high- (iI3C group" as modified by Cartigny et al. (1997). The range of (iDC values 

(-to.3 to -1 %0) obtained is typical of peri doti tic diamonds worldwide (Sobolev et aI., 1979) 

and similar to the range obtained in an earlier study on Cullinan diamonds (Deines et aI., 

1984). This range in values is most plausibly explained by fractionation of carbon from a 

globally homogeneous convecting mantle «(iI3C ~ -5 %0), with a fractionation factor of ~ 4-5 

%0 (Deines, 1980; Cartigny et aI., 1998a). The wide range in nitrogen isotopic compositions 

is more difficult to account for. It appears that the growth rate and kinetics of the reaction 

only account for a variation up to ~ 8 %0 (Westerlund et at, 2003). This would not account 

for the wider range in the nitrogen isotopic values in comparison with carbon isotopic values, 

assuming a homogenous nitrogen source. The results therefore seem to indicate a primitive 

source for nitrogen in the region of Cullinan. Further studies into the how nitrogen is 

incorporated into the diamond lattice appear necessary in order to help understand the source 

of nitrogen for diamonds. 
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6. MINERAL INCLUSIONS IN DIAMOND 

6.1 Introduction 

Diamonds are metastable for billions of years unless exposed to oxidising conditions (Meyer, 

1987). Mineral inclusions completely enclosed within a diamond will not re-equilibrate with 

the surrounding environment, due to the physical strength and inert chemical nature of the 

diamond. This allows valuable chemical information to be obtained from the mineral 

inclusion, which reflects the mantle environment at the time of the diamond formation (Boyd 

et aI., 1985). The study of mineral inclusions within diamonds (referred to from here on as 

'inclusions') has increased our understanding of the chemistry of the mantle, craton 

development and diamond genesis. 

Inclusions may be proto-, syn- or epigenetic with respect to the diamond. Syngenetic 

inclusions give the most valuable information about the mineralogy and chemistry of the 

diamond growth environment, as these inclusions are co-genetic with the diamond. It has 

been observed that these inclusions often show octahedral or cubo-octahedral morphologies, 

as the greater form energy of the diamond imposes its morphology on the inclusion (Harris & 

Gurney, 1979). It is common for a diamond to contain only a single inclusion; however bi­

and polymineralic inclusions are more useful as they often allow for the temperature and 

pressure of formation of the diamond to be calculated. 

6.1.1 Inclusion parageneses 

The majority of inclusions found in diamonds may be assigned to either the peridotitic or 

eclogitic paragenesis (Table 6.1). World-wide studies have shown the most common 

inclusions of the peridotitic paragenesis are: olivine, enstatite, chrome-pyrope, chrome-spinel, 

and sulphides. Those of the eclogitic paragenesis are: omphacite, pyrope-almandine and 

sulphides (Meyer, 1987). Sulphide inclusions are the most abundant inclusions found within 

diamonds (Meyer, 1987). A study of 21 kimberlites from South Africa has indicated that 

peridotitic inclusions are approximately three times more abundant than eclogitic inclusions 
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Table 6.1 Mineral inclusions recovered from diamonds worldwide (modified from Meyer, 1987; Harris, 1992; Chinn, 1995 
with additions from Harte and Harris, 1994). 
After Westerlund,2000. 

Syngenetic inclusions 

Peridotitic Ec/ogitic 
Olivine Omphacite cpx 
Enstatite Pyrope-almandine 

Cr-pyrope Sulphides 

Cr-spinel Kyanite 
Sulphides Sanidine 
Cr-diopside Coesite 
Mg-ilmenite Corundum 
Zircon Ilmenite 
Cohenite Rutile 
Native iron Chromite 
Diamond Diamond 

Websteritic 
Cpx 
Opx 

Garnet 

Phlogopite 

lower mantle origin 

Mg-wustite 
Majoritic garnet 
Mg-Si­
perovskite 
Ca-Si­
perovskite 

Epigenetic 
inclusions 

Serpentine 
Calcite 

Graphite 

Haematite 
Kaolinite 
Acmite 
Richterite 
Perovskite 
Mn-ilmenite 
Spinel 
Xenotime 
Sellaite 
Goetite 
Cr-Sr­
loparite 
Cr­
chevkinite 

Uncertain origin 

Phlogopite 
Muscovite 

Amphibole 

Wollastonite 
Magnetite 
Titanomagnetite 
Sphene 
Apatite 
Si-Ti-K phase 
Ti-K-AI silicate 
Staurolite 
Plagioclase 
Albite 
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and are more common on a worldwide scale (Gurney, 1989). This may reflect a sampling 

bias in South Africa as eclogitic inclusions are more commonly found in bigger diamonds (>2 

mm), not usually studied for inclusions. A comparatively minor websteritic paragenesis also 

exists (orthopyroxene + clinopyroxene ± garnet), which is interpreted as intermediate between 

the peridotitic and eclogitic parageneses (Gurney, 1984). Unusual inclusion discoveries of 

ferropericlase (e.g. Scott-Smith et aI., 1984; Moore et aI., 1986; Wilding et aI., 1989 and 

Davies et aI., 1999), Mg-Si-perovskite and Ca-Si-perovskite (e.g. Harte & Harris, 1994; 

Harris et aI., 1997; Hutchinson, 1997; Davies et aI., 1999) and majoritic garnets (e.g. Moore 

& Gurney, 1985; Wilding et aI., 1989) indicate a deeper origin than previously believed for 

some diamonds. Ferropericlase and Mg-Si-perovskite are stable below 650 km (Irifune & 

Ringwood, 1993). Garnet-pyroxene solid solution occurs at very high pressures, which are 

related to depths up to 450 km (Irifune et aI., 1989). 

6.1.2 Inclusion mineralogy 

Peridotitic inclusions are similar in mineralogy to peridotitic xenoliths, however the depletion 

of magmaphile elements is more pronounced in the inclusions as they have been protected 

from re-equilibrating with the surrounding mantle. Olivine and orthopyroxene inclusions are 

Mg-rich, and display a restricted range of Mg-numbers, between 91 and 95 (Meyer, 1987). 

Cr203 is typically an order of magnitude greater in diamond inclusion olivine in comparison 

with other olivine of equivalent forsterite content (Meyer, 1987). There are two major types 

of clinopyroxene: Cr-diopside (peridotitic suite) and omphacite (eclogitic suite). The Cr­

diopside inclusions have high Cr203 concentrations, but low Na20 and Ah03 concentrations 

in comparison with the omphacite inclusions (Meyer, 1987). The omphacite inclusions are 

chemically very similar to omphacite in xenoliths, although the K content of the inclusions 

extends the range of values. Ca-rich diopside was found in diamonds from south-eastern 

Australia by Sobolev et at (1984) and was assigned to a separate calc-silicate paragenesis 

(Meyer, 1987). Two suites of garnet exist, peridotitic Cr-bearing pyrope and eclogitic 

pyrope-almandine. The Cr-pyrope garnets are characterised by high MgO (24 wt;Olo) and 

Cr203 (up to 16 wt%) and low CaO (0-6 wt%) and FeO (5-8 wt%; Meyer, 1987). In order to 
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balance the Mg due to insufficient aluminium the knorringite end-member (Mg3Cr2Sh012) is 

introduced (Meyer, 1987). Pyrope-almandine inclusions are chemically very similar to their 

xenolithic counterparts and have wide ranges in calcium and Mg-numbers. High Na in 

pyrope-almandine inclusions extends the range of Na found in eclogitic garnet xenoliths. 

Gamet and clinopyroxene of the peridotitic (or ultramafic) paragenesis have more restricted 

compositional ranges in comparison to those of the eclogitic paragenesis, as seen on Ca-Mg­

Fe diagrams illustrating worldwide compositions as reported by Meyer (1987; Figures 6.1 and 

6.2). 

6.2 Inclusions in diamonds from Cullinan mine 

Gurney et al. (1985) undertook a study on mineral inclusions in diamonds from Cullinan 

diamond mine. In that study of the 1 593 diamonds that contained inclusions, sulphides were 

the most common (~33% of the population, these were not assigned to the harzburgitic, 

lherzolitic or eclogitic parageneses). The split between the eclogitic paragenesis and 

peridotitic paragenesiS was found to be 60/40. Inclusions assigned to the eclogitic 

paragenesis are garnet (20% abundance), clinopyroxene (40% abundance), one kyanite and 

one coesite inclusion. The inclusions recovered from the peridotitic paragenesis, in order of 

abundance, were olivine (26%), orthopyroxene (12%), Cr-pyrope (1.5%), one Cr-diopside and 

one chromite inclusion. 

The major element compositions of the inclusions in the present study were 

detennined using the Cameca Camebax electron microprobe at the University of Cape Town. 

Detailed methodology is provided in Appendix 4. The diamonds selected for this study were 

specifically chosen for their rare Cr-diopside inclusions and are in no way representative of 

the entire population of Cullinan mine diamonds. They do allow for a unique opportunity to 

study the rarer lherzolite diamond paragenesis. This suite consists of 94 peridotitic diamonds 

and 6 eclogitic diamonds. All the inclusions appeared to be syngenetic upon visual 

assessment. The majority had a cubo-octahedral morphology and no cracks or proto genetic 

inclusions were observed. 
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Figure 6.1: Worldwide compositions of diamond gamet inclusions. After Meyer 1987. 
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Figure 6.2: Worldwide compositions of diamond clinopyroxene inclusions. After Meyer 1987. 
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The peridotitic inclusions that were recovered are presented in Table 6.2. It was 

initially assumed that all those diamonds that contained garnet without a co-existing 

clinopyroxene inclusion were harzburgitic and those garnet inclusions that co-existed with 

clinopyroxene were IherzoHtic. This assumption was corrected after studying the mineral 

chemistry of the garnets as some of the "harzburgitic" garnets plotted in the lherzolitic field 

and were therefore reclassified. 

Table 6.2: Number of inclusions recovered in the peridotitic assemblage 

Mono-mineralic assemblages 
Pyrope (gt) 
Cr-diopside (cpx) 
Enstatite (opx) 

Bi-mineralic assemblages 
gt-cpx 
gt-ol 
gt-opx 
cpx-ol 

Tri-mlneralic assemblages 
gt-cpx-ol 
gt-cpx-opx (gt-cpx touching) 

no. 
36 
38 
o 

no. 
19 
6 
2 
4 

no. 
1 
1 

Five of the eclogitic diamonds each contained a non-touching garnet and 

clinopyroxene inclusion and the other eclogitic diamond contained a single clinopyroxene 

inclusion (initially visually identified as Cr-diopside). Due to the crumbly nature of the 

eclogitic inclusions only four clinopyroxene inclusions and one garnet inclusion were 

recovered. This may suggest that the inclusions had experienced some late stage alteration, 

possibly through cracks in the diamond. 
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6.3 Garnet inclusions 

6.3.1 l'eridoritic garnet., 

The chemical compositions for the peTidotitie gamet inclusions can be found in Appendix 4, 

Table A.4.3. The chemical composition of 19 CT-P)'TOpeS that were 3Ilalysed in a previous 

study on Cullinan mine diamonds (Richardson et aI., 1993) have been included with these 

results. These 19 inclusions were recovered from diamonds whose fragme!l1s were used to 

supplement the samples from the current investigation for stable isotope analysis (Section 

3.2). The Cr-pyrope inciusilHlS have been plotted OIl a ternary Ca-Fe-Mg plot together with 

the fields for garnet inclusilHlS previousl)' analysed fOr diamonds fhxn Cullinan diamond 

mine (KRG database: Figure 6.3). The peridolilic inclusions lie almost entirely within tbe 

previously defined field, with a few lbeTwlitic inclusions extending the field towards higher 

Ca CO!l1cms. The range of values is 16.5 - 25 "1% for Mb>O, 4 - 12 wt"10 for FeOIo::U.I, 3Ild 0.6 -

6.7 Wl% for CaO. 

Figure 6..3 C._Mg.Fe diagram tOr ('u[[im", gamel indusions (pink circles: harzburgilio indusion., green 

squar." lherwlilic indmiOlls.. ""I id diomond: eclogitic inchnion). In.rncd field:. represent gom'" oomposition. 

obtained previoo,ly for Cullin.n mine (~.tched: oclogitic., open: pcridolilic: KRG dal.b"e). A portion of the 

plol bas been ..,1"'2«1 to .how the variation Oetw""" barz;h"'2i{io and Iherzolitic garnet inolu,ions. 
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A plot of CaO vs. Cr20) using the division of Ourney (1984) between the high "-nd 

low calcium field (09 and 0 10 Cr-pyropes); shows that the Cr-pyrope inclusions range from 

subcalcic to calcium saturated compositions (Figure 6.4). This division helween 09 and GIO 

is commonly used to separate the harzburgitic and lherwlitic parageneses (Sobolev et aI., 

1973; Harris. 1992), A /lUmber of the Cr-pyrope inclusions analysed coexisted with Cr­

diopside and are therefore classified as Iherwlitic. The majority of these inclusions lie on the 

G9 (lherzolitic) side of the line as is expected. although a few lie in the subcalcic G10 

(harzburgitic) field. These inclusions have been ditTerentiated with diamond marken; and are 

teoned "subcalcic Iherzolitic". The majority ofCr-jJ)Tope inclusions that did not coexist with 

Cr-diopside lie in the subcalcic. G 10 field, and are considered to be har-,..hurgitic. There are a 

few of these Cr-pyrope inclusirms however that piotto the calcium saturated side of the 09-

G 10 line have therefore been interpreted to be lherzolitic. 

The subcalcic group is interesting in that there are three sub-parallel linear trends from 

a region of high Cr20) and low CaO towards increasing CaO and lower Cr,O., (Figure 6.4). 

The direction of these trends from the harzburgitic inclusions (found in the older diamonds) to 

the lherzolitic inclusions (found in the youoger diamonds) is explained further in Section 6.7. 

A numher of Cr-pyrope inclusions that fall on or close to the 09-010 division have been 

marked with asterisks to differentiate them from the otheT hanhurgitic inclusions in later 

plots. There is also a group of unusual, tight ly clustered low Cr,O_, and CaU inclusions 

evident on the plot (marked with triangles). This group also appears to define a trend towards 

the calcium saturated Cr-pyrope inclusions. The range of Cr20l for the lherzolitic and 

harzburgitic inclusions is 2.4 - 10 wt"/o and 2.6 - 20 ",t% respectively. The range of CaO for 

the Iherzolitic and harzburgitic inclusions is 3 - 6.8 wt"/o and 0.6 - 5.5 wt"/o respectively. This 

is almost identical to the range obtained previously for Cr-pyrope inclusions from Cullinan 

(Cr20): 2 - 20 M% and CaU: 0.5 - 6.7 wt"/o; KRO database). 
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G9 

CaO(wt%) 

Fi~ur. 6.4 Plot of Cr,O, V!. COO fOf tho O.pympc inclusion> (green m"-"e,..: lherzolitic, J'ink markeY''' 

h ... ,buTiilic .nd ..... markeT: eclogitic. c: lh .. mlitic Cr.pyrope, 0: h..-zhurgitic C"'pyrope, 0: 'subalcic 

lhor;rolilic' CT-Pl'Tope. n: <Iow-Cr low-Co" h&l'Zbutolitic Cr-pyrope and *: 'borderii"" lhcrIDIilic' CT_pympc.). 

!Melted field, represent ~am<t incl",i"" wmpo,j{i"", C>btained previously for Cullinan mine (h.tched: edo~ilic. 

"""n: I"""idotitic; KRG dotal=.<). Arrows indio.te line", [rends. G I 0/G9 div;.;on .ft.,. Gm, .. )' (1984). 

In a number ofthc following graphs the mineral inclusion compositions are plolloo as 

cali{Hl~ rather Ihan oxides; Ihis is 10 highlight the pelrog~nelic processes resp<Hl~ible Ii" the 

compositional dilTerences between different inclusions. As expected a plot ofMg-numher y~_ 

Fe for Cr-pympe shows a negative correlation between the two variable~, with the 

harzburgitic inclusions displaying higher Mg-numbers aod lower Fe contents th"" the 

Iherzolitic inc1u~ions (Figure 6.5a). Figure 6.5b ~hows a rough negative correlation between 

Mg-numbcr and Ca. The harzburgitic inclusions are on the low Ca. high Mg-number end and 

there is a continuous trend towards the Iherzolitic inclusions with higher Ca contents and 

lower Mg-numbers. A plot of Ca vs. Fe gives a positive correlation with the harzlmrgitic 

inclusions at lower Ca and Fe contents and trending towards the lherzolitic inclusions with 

higher Ca and Fe conteots (Figure 6.5c). Figure 6.5d shows a plot of Mg vs. Ca; which has a 

hroad negativ~ cOlTelati<HL Tilt' harzlmrgitic inclusions have high Mg and low Ca and trend 

towards the Iherzolitic inclusions with lower Mg and high Ca. As is to be expected the 

harzburgitic inclu~ion~ are more 
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refractory than the Iherzolitie inclusions, in each plot the inclusions define a linear trend from 

the most sulx:a1cic inclusions to the most calcium saturated inclusions. The harzburgitic 

inclusions that fall on the G9-GIO divide ("borderline lherzolitic"; marked with asterisks) 

tend to overlap with the range of values obtained for the lherzolitic inclusions. The "subealcie 

lherzolitic" (marked with diamonds) Cr-pyropes also tend to be intermediate between the 

subcalcic harzburgitic Cr-pyropes and the lherzolltic Cr-pyropcs and cluster together on the 

plots. 

The pyrope content (100Mg! Mg -t Fe.-... -t Ca -t Mn) vs. Ti was plotted lilT the Cr­

pyrope inclusions (Figure 6.6). hom this plot it is evident thai only the lhiTmliti<:: and 

'borderline IherzoJitic' Cr-p}TOpeS (marked with asterisks) have a 'ignificant Ti content (> 

0.01 cations per formula unit). The ''true'' lherzolitic inclu,ions (i.e. those on the G9 side of 

the field) have lower pyrope contents overall than the 'subealcie lhermlitic' inclusions that lie 

in the GIO ticld (marked with diamond symbols). rhe 'borderline lherzolitic' inclusions 

(marked with asterisks) have lower pyrope contents than the more subcalcic harzburgitic 

inclusions. The range ofTi02 is from the lower limit of detection (LLD) to 0.9 wt"10 for the 

IherL.Olitie inclu,ions and LLD - 0.5 wWo for the harzburgitic inclusions. 

0.05 ~ 
'! 0,04 DO , 
• 0" § 0.03 - * iI. 

~* .~ 0,02 D , 0 
F 0,01 

, iB-~<E 
60 65 

Pyrope content (me> 'Yo) 

Figure 6.1i Plot ofTi v<. pyrope oootent for the Cr-pyrope inct""iom (green mlirLcrS; lner:;mtitic and 

pink m ... ke", h~17borgitio. ~ : lherzolilio Cr-!,)'mp<, 0 , h..-zburb>itic Cr,pyrope, 0: ' , ubcolcic lhorzolitic' 

Cr-pyrope. "', 'tow-Gr !ow,('.;t' h.nburgitic Cr-pyrop< and *: 'bocdorli"" th<rz<>litic' Cr,!,)'mp< .) 

93 



Univ
ers

ity
 of

  C
ap

e T
ow

n

NalO is typically low in peridotilic garnets, bm it is marginally higher in lhe 

Iherzolitic suite LLD 0,25 \\1% compared with LLD - 0,13 \\1% in the harzburgitic suite. A 

plot of Mn vs. ea give, a rough positive correlation, with the harzburgitic Cr-pyropes 

displaying the lowest Ca and Mn values and trending towards the lherzolilic inclusioos with 

higher Mn and ea (Figure 6.7). The MnO values are 0.2 - 0.5 wt% and 0.1 - 0.4 wt% for the 

lherzolitic and harzhurgitic parageneses respectively, which i, similar to the range previously 

obtained from Cullinan (KRG database). 

0.6 

0 aD 
'-2 0.5 
0 

• 
0 0.4 

~ 
c 

0.3 ", 0 • 0 

• 0 
c 

o~ 0 0.2 a ~ 

'" 00 
• 0.1 o/foo 0 , , a • 

8005 0.01 0.015 0.02 0,025 0,03 

Mn (cations per formula unit) 

Hgpre It. 7 ~k>t of Ca "'. '-1n fo< the Cr_pymp< inclu.";{}n< (groen m ... k= : lherml~ic and pink markes: 

Mrzbuf'iltic. n : Ih.,,-zolitic Cr_pympe, '" harzburgitio C .... pympe, 0: '",bcalcic lberzolitic' Cr.pympe. A: 

'low-C, low-C" harzburgitio Cr.pyr"l'" ond *: 'borderline lher:rolitic' C .... pyr"l"'.). 

The Aller ratio of the Cr-pyrope inclusions is used as a measure of their fertility. The 

Aller ratios of the lherzolitic inclusions range from 2 to 13.5 (highly fenile) and the 

harzburgitie inclusions range from (extremely depleted) 0.6 to 10. The range of AI,O j values 

for the lherzolitic and harzbllrgitic parageneses are 15 - 23 \-\-1% and 8 -21 wt~o respectively. 

These values are on the high end of the range for previously analysed Cr-pyropes from 

Cllllinan of 3.5 -23 \\1% (KRG database). 
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6.3.2 Eclogitic garnets 

The chemical composition for the edogitic garnet can be found in Appendix 4. Table A.4.4. 

Only one of the five eclogilic gamels was suilable for analysis. as the others crumbled upon 

liber4tion from the diamonds. This gamet fans within the area defined for eclogitic garnets 

worldwide (Meyer. 1987); however it lies just outside the range defined previously lor 

Cullinan (Figure 6.3; KRG database). It has a Mg-number of 48.3 molo/. . It has major 

element compositions of Ti01; 0.82 wt%. Aha): 22.13 wt%. Cr20J: 0.08 wt'/o. MnO 0.28 

wWo. CaO 13.87 wt% and NaO 0.09 wto/.. 

6.4 Clinopyroxcnc inclusion. 

A total of 72 peridolitic and eclogitic clinopyroxene inclusions were recovered Ii-om the 

diamonds. Sixty-eight of these are peridotitic; of tbese 27 are associated with non-touching 

Cr-pyrope inclusions. 3 are associated with oon-louching Cr-pyrope and olivine inclusions. 1 

Cr-diopside is looching a Cr-pyrope garnet and coexists wilh 2 non-tooching em;tatite 

inclusions. Two Cr-diopside incllJSions are associated with olivine inclusions, 1 Cr-diopside 

tooches an olivine incllJSion and 34 inci\r.li(K1S were the sole inclusi(K1S in the diamond. Four 

eclogitic clinopyroxene incllJSions were recovered. 3 of these coexisted wilh eclogitic garnet. 

One of the clinopyroxene inclusions recovered was believed 10 be a Cr-diopside LJPO<l visual 

assessment. although it has a chemical signature of 8/1 omphacite inclusion and ha~ been 

added to the diamonds of the eclogitic par4genesis (J982n-J3). 

6.4.1 Peridoriric clinopyroxene 

Tbe chemical compositions for the Cr-diopsidc inclusions can be lound in Appendix 4, Table 

A.4.S. The Mg-numbers of the inclusions r4nge between 89.2 - 94.0 moWo. This range is 

similar to that obtained from the limited database for peridotilic Cr-diopside inclusions from 

Cullinan of 89.9 - 93.2 moJ% (KRG database). A ternary plot of Mg. Fe and Ca shows lhe 

end-member compositions of the clinopyroxene inclusions (Figure 6.8). The Cr-diopside 
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inclusions that coexist with Cr-pyropes in the GIO field ('subcalcic Iherzo1iles', Figure 6.4) 

have been marked with diamond symbols 10 differentiate them in the following plots. 

En 

Figu •• 6.8 Plot .howing the md-mcrnbcr c"Oltlp;><ition, of Cullinan dinopyroxcoc inclusions (u: Cr_diopside. 0: 

·..,bcolcic lh.,-zolitic' Cr_diopsid .. , 0: ""'phocitc). En - En,tante, F. - F.,,-o. ilite, Hd - J--ledenberi ite. J)j -

Tliopsido. 

The range in Ti02 for these inclusions is LLD - 1.10 wl%, which is far wider than that 

obtained previously for Cullinan (0.04 - 0.27 wt%, KRG database). A ploL of Na vs. Al 

shows a strong positive trend (Figllre 6.9a). The range in values for AI;!») is 0.8 - 4.2 wt"1o 

and Na20 is 0.7 - 5 wtO;., these values extend the range previollSly obtained for Cullinan 

(AbO): 0.9 - 3.2 wt% and NaJO: 0.5 - 3.1 wt%; KRG database). A plO! ofNa vs. Fe shows 

that the range in Fe content of th~ inclusions is 1.7 - 3.6 wt% (Figure 6.9b). which is wider 

than the range obtained previously for Cullinan (2.4 - 3.5 wt%; KRG datab~). FigW'l' 6.9c 

shows a positive correlation between Mg-number and Ca A plot ofNa VS. Cr shows a rough 

positive trend (Figure 6.9d). The range in values obtain~d for, Cr20) is 0.9 - 3 wt% and MIlO 

is LLD - 0.15 ",,1"10. These are similar to values previollSly obtained for Clll1inan Cr-di<lpside 

inclusions, hut tend to extend the ranges to higher values (KRG database). The Cr-diopside 

inclusions define continuous trends and no groups are appa.-.:nt. The Cr-diopside inclusions 

that coexisted with a 'Sllbcalcic Iherzolilic' Cr-PiTope inclusion (diamond symhols. Figure 

6.4) are separated into two groups according to Mg-number, but otr..:'lwise tend 10 duster 

mid-range on the plots. 
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6.4.1 IIclogitic dinopyroxenr 

Th~ chemical compositions for the edogitic clinopyroxenes can be found in Appendix 4. 

Tabk AA.6. Only four of six inclusions were recovered from th ~ ~clogitic clinopyroxene 

inclusions. Five of these inclusions coexisted with orange eclogitic garnet inclusions and one 

was a lone inclusion in the diamond. A ternary plot shows the end""£IIemOOr compositions of 

the clinopyroxene (Figure 6.8). The range in Mg-numbers for these inclusions is 72.6 - 93 

mol%, which is similar to the range obtained for the numerous samples from th~ KRG 

database of 68-91 moW.. The high Mg-numbers obtained are due to relatively low FeO 

contents of 2-S wt~o. The majority of element oxide ranges lie towards the low end of the 

range obtained previously for Cullinan omphacitic inclusions (KRG database), The range of 

values obtain ~d for: TiD, is 0.1-0.7 wt%, AhOj is 2.4-7.9 ".t~o. MuO is 0.07-0.09 \\l%, Na,O 

is 1.9-4.3 \\l0/o and K20 is below detection to 0.03wt"1o .. The range of values obtained for 

Cr,Oj is 1.1.1) - I.S \\l% and CaO is 14 - 20 wt%, which lies toward the high end of those 

samples previously obtained for Cullinan (KRG database). 

6.5 Olivine inclusions 

Th~ olivine inclusions were predominantly colourless to pale green in colour. with the 

exception of the inclusion in diamond J-982 11-2, which display~d a strong grc~ colour, and 

was initially believed to be a Cr-diopside upon visual ass~'wtent. Fourteen olivine grains 

were reoov ~red: of those grains 4 are associated with Cr-diopside, 3 with Cr-pyrope. 6 with 

boLh Cr-diopside and Cr-pyrope and one touching a Cr-diopside inclusion. The chemical 

compositions of the olivine inclusions Can be found in Appendix 4, Table AA.7. A plot of 

CaO vs. Cr,O, for the Cr-pyropcs coexisting with olivine (Figure 6.10) shows that only one 

olivine inclusion is associated with a truly subcalcic, harzburgitic Cr-pyrope and that the 

remainder are associated with calcium saturated Cr-pyropcs. 
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l'iJU'" 6.10 PI", of C"O, v., ClIO for the Cr-pyrore inciu';<l!l' hi2hlia.htin~ the six Cr-pyrope. """"isling wilh 

oIi"i "" (hI"". diomonds: Cr.pyropes c<>cxi,[ing ,,'~h olivine, green morJ..c,,; lhcrzoliti< O.pyrope, pink morken;: 

harzburijlic Cr-py""",. red m ... ~: oci<>gitic g.met. ~: Ihc",>litic O·pyrope. P: h.ubuTb';tic C'-[l}Tope. 0: 

' . uhco.lcic lbcrzQlitic' Cr_p)ropc, 1'1; 'I"",-Cr low-C.' harzhuf\'ilk Cr-pyr<>pe and .: 'borderline Ihcrmlil;c' Cr_ 

pyropc.j. Inserted fields "'present pmet inclusion compo,iti",,> obtained perviously fOf Cullin"" mine 

(h.tched: "ciogiti". open: pcridootic; KRG dotab .. e). Gl OIG" division after Gurney (1984). 

The forsterile content ranges from 9(].9 to 93.3 mol%. which is within the range for 

olivine inclusions world-wide (87-97 mol%, after Stachel and l!arris, 1997a) and within the 

range previously <>btain~d f<,.. peridolilic inclusions from Cullinan (89-95 mol°;', KRG 

database)_ A bimodal distribution was obtained in a previous study of perido/itie olivine 

inclusions from Cullinan (Gurney et aI., 1985). rile more refractory olivines (94.5-95 mol% 

forsterite) were assigned to the harzburgitic paragenesis, whilst a Ie,s re[rdct0T)', intennediate 

harzburgilie paragenesis was also assigned (91-93 molo/. forsterite) and the least refractory 

olivines were assigned to the lller7.0litic pamgenesi, (90-92 molo;. forsterite). The olivine 

inclusions from this study do not exhibit a bimodal distribution, which may l>e due to the low 

numl>er of inclusions recovered: alternatively it could suggest a continuum. The olivine 

coexisting with the ,ubcalcic Cr -pyrope has the most refractory forsterile value of the group, 

of 93.3%. The remainder of olivine inclusions show a rangc offorsterilc values of90.9-92.9 

molo/.. which is similar, but wider than the range obtained for the Iherzolitic assemblage of 

Gurney et a1. (1985). 

99 



Univ
ers

ity
 of

  C
ap

e T
ow

n

The range in NiO for the olivine inclusions is OA-O.5 wt"1o. wilh Ihe exception of the 

inclusion that touches a Cr-diopsid~ (JI9R2 R-R); il has a NiO content considerahly higher than 

the remainder of the group (0.61 wt%). The ~rror on the NiO values calculated I"rom counting 

statistics on t"" dectron microprobe is 0.03 ,,1%
• The hulk ofthe values ohlained are on the 

high end of the world-wide range (0.20-0A6 wt"1o, after Stachcl and Harris, 1997a) and Ihe 

range obtained previously lor Cullinan 01" LLD - 0.4R wt"10 (KRG database). Th~ olivin~ 

inclusion that touches a Cr-diopside extenru Ihes~ ranges. The harzburgilie olivine ralls 

toward the lower end 01" this range (0.43 wt%). Th~re is no paragenesis distinction in the 

Cr20) values for these inclusions (LLD - 0.12 \\1%). The range is similar to that obtained 

previously for olivine inclusions from Cullinan (LLD - 0.15 ",10/., KRG database). The rang~ 

in MnO values of 0.08-0.14 wt"/o 1;,lIs within the world-wide rang~ and !i·om previous work 

from Cullinan (Staehel & Harris, 1997a; KRG datahas~), there is no cl~ar distinction belw~en 

th~ Iherzolilie and harzburgitic o[ivines with respect to MnO. The olivin ~ inclusioo touching 

a Cr-diopside gives the highest MnO concentration l"or th~ group, 01" 0.14 wt%. The mnge 01" 

values l"or CaO (0.01-0.12 wt"1o), fall within the wor[d-wid~ mnge and within Ihe ,dIlge 

previously obtained for Cu[linan olivine inclusions irom below detection 10 0.23 \\t% (Stachel 

& Harris, 1997a; KRG datahase). The olivine inclusion touching a Cr-diopside shows the 

highest CaO value (0.12 wt%) and the group displays a rough increase in CaO with a decrease 

in Mg-number. 

6.6 Orthopyroxene inclusions 

Four colourless enstatite inclusions were found in three 01" the diamonds; 1"0 01" thes~ 

diamonds aloo cOl)tained Cr-pyrope inclusions and the other diamond contained a touching 

Cr-pyrope and Cr-diopside inclusion. rhe chemical compositions of the orthopyroxene 

inclusions can be found in Appelldix 4, 'lable AA.8. rh ~ range 01" Mg-numbers is narrow, 

from 92.6 _ 93A mol%. and lies towards th~ low~r end of the world-wide range (92.5 _. 96 

mo[%: Staehd & Harris, 1997a) and the range for enstatite inclusions previously analysed 

from Cullinan (92.6 _ 96 mol%. KRG database). The Iwo enstalite inclusions eoexisling wilh 

Cr-pyrope have [ower Mg-numbers (92.6 - 93 mol%) than the two enstatite inclusions 
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coexisting with 1<luching Cr-ditlpside and f'r-pyrope inc1usitlns (93.1 - 93.4 mol%). MnO 

ta1ls within the range defined by the wor[o;h.vidc trend (Stachd and Harris, I 997a), with a 

range 01" 0.09 - 0.12 wt%. This range is similar to that previously obtained for Cullinan 

(MnO: LLD - 0.12 wl''Io, KRG database). cao ranges from 1.05 - 1.20 wt%. These high 

values arc indicative of enstatite crystallising in equilibrium with Cr-diopside, although three 

of the enstatitcs arc found in diamonds with Cr-pyropc and no Cr-diopside. suggesting a 

harzburgitic paragenesis. A plot of Cr:pJ vs. CaO for the Cr-pyrope inclusions coexisting 

with cnstatite shows that the one Cr-pyrope is lher.r.olitic and the other Cr-pyropes are calcium 

saturated and tic closc to the IherzoJitic boundary (Figure 6.11). The values obtained for CaU 

are on the high end of the range obtained previously for Cullinan enstatite inclusions, of 0.09-

1.45 wt"/o (KRG database). The range ofNa~O is below dete<."tion 10 0.15 \\t% and K~O is not 

detected. AhOJ has a wide range ol"values from 0.32 - 1.02 ",t% and Cr,O, ranges from O. [3 

- 0.43 ",t%. These arc within the range for enstatites worldwide (Stachel and lJarris, 1997a). 

The AbO] values obtained are within the range previously found for Cullinan (0.30 - 1.22 

wt"/o, KRG database), but thc Cr20J values obtained are lower than those previously obtained 

for Cullinan (0.21 _ (UQ wt"lo, KRG database). 

'" 
" 

~ 

# " , 
6' 
~ " u 

; 

cae (wt%) 

Figu~ 6.1 1 Plot of COO v>. 0,0, for the Cr-p)'ropc indusions hia.hlightin~ me three Cr-pyropes coexisting 

with e."atite (black tri""gte. : Cr-p)"TI¥O' e""xist~ with enstatite, ifeen m.,.ker<: lherzolitic. pi"k marke",: 

h"",bllTgitio, red marker: <clogitic). In>ertc-d fidd. repr=t gamet inclusion romposition< ~bwned previ~usly 

for cumnan. mine (hotohed: eclogitic, open: pc"Tidotitic; KRG dolOO""c). G 1 O/G9 wvi.irn .ncr Gurney (1984). 
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6.7 Discussion and conclnsions 

This study h.w highlighted a nlJll1ber of different parageneses of diamonds at Cuninan. 

The ecJogilic paragenesis has been ~hown previously 10 be tk predominant paragenesis 

(-60"10) at Cullinan (G~y et aI., 1985). It is onJy a minor component of the suite chosen for 

this study however. This ~udy has highlighted three di~tinct perid()LiLic parageneses: a low­

Cr, I()w-Ca bearing harzburgitic paragene~i~ (open triangle markers), a sub-calcic, Cr-pyrope 

bearing harzburgitic paragenesis (gt + 01 + opx - pink marker~) and a mo"" calcic, Cr­

diopside bearing lherzolitic paragenesis {cpx, gt + ()I + opx - green markers). The Cr­

diopside bearing paragenesis is extremely rare at m()st I()calities. Three major parageneses 

have been identified at Cullinan through dating studies (Richard~ et aI., 1993). The 

harzburgitic paragenesis yields an Archean age (>3000 Mal of fonnati()n and the Iher70litic 

inclusions yield a Sm-Nd i~hron age of 1930 Ma, which is -100 Ma Jess than the 

emplacement of the Bushveld C()mplex int() which the Idmberlite intTllde~ (Richardson el a!., 

1993). The eclogitic paragenesis has been dated at -1150 ± 60 Ma (Richardson, 1986), which 

wkn taking the errors into acC()llIlt just predates the emplacemenL ()f the kimberl ile pipe dated 

at 1180 ± 30 Ma (Allsopp & Kramers, 1977). 

Alth()ugh the harzburgitic and Iherzolitic inclusi()ns at Cullinan are separated by a 

largo. difference in fonnat;()n ages the majority of Cr-pyrope plots show a linear evoll.lljon 

rrom the depleted, sub<:alcic Cr-pyrope inclu~ion~ towards more fertile, calcium saturated Cr­

P}TOpe inclusions. The olivine and orthopyroxene inclusjon~ also tend to be more refractory 

if associated with subcalcic Cr-pyropes and more fertile if a~sociated wiLh Ihel"7.()jitic Cr­

pyrope or with Cr-diopside. These continuous elemental trends indicate that the harzburgitic 

and Ihel'~olitic parageneses may be petrogeneticaHy linked by fractionati()n processes. 

Burges~ and Harte (1999) studied the mineral chemistry across individual Cr-pyropes 

from peridotitic xcnoliths from Jagersfontein. rwo major trends were observed on a plot of 

CaO vs. Cr20, for the Cr-pyropes, these trends were parallel to the G I 0-G9 divide and 

perpendicular to this divide from the sub-calcic region towards the calcic region (Burgess and 

Harte. 1999; Figure 8). The authors suggest that a metasomatic fluid. as opposed to solid state 

di1To~ion, is likely to have generated the compositional changes observed in Lhc Cr-pyropcs. 

A mestasomatic melt is prefcrred as iL provides a sourcc for minor elcments {such as Tl and 
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Na) that were typically enriched in the rims of the garnets. A melt would also add elements at 

a rate that allows chemical gradients to build up between the cores and rims on the Cr-pyropes 

(Flurgess and Harte, 1999). The trend parallello the GIO-G9 divide has been explained by 

Rurgess and Harte (1999) as an infiltration of melt into existing depleted harzhurgite. The 

author's propose that the melt interacted along the grain boundaries of the harzburgite and it 

evolved towards lherzolitic equilibria. in terms of its major elements. The minor elements 

evolved through crystal fractionation. The lhermlilic paragenesis at Jagen;footein is 

intelJlreted to have crystallized Irom this melt. As this melt percolated to shallower depths it 

is suggested to have modified the existing sub-calcic Cr-pyropes toward lher.r.olitic 

compositions. This gives a trend of Cr-pyrope evolution directl)· towards the G9_Gl 0 divide. 

'Ihis infiltration also allows for the growth of Cr-diopside if the original bulk composition is 

sufficiently altered. Trends perpendicular to the GIO/CfJ divide are evident in a plol of" the 

Cr-pyropc inclusions in this study (Figure 6.4). 

It is possible that similar processes could w;count for the petrogeneti. link between the 

harzburgitic and lherzolitic paragcnescs at Cullinan. a possible sequence of enrichment is 

proposed below. Minerals of a depleted harzhurgitic source were encapsulated in diamonds at 

- 3200 Ma. This depleted harzburgite source rock was then later refertilized due to the 

infiltration of Iluid most likely associated with the intrusion of the Bushveld Complex at 

-2020 Ma. This would have led to the crystallization of the lherzolite, by modal 

metasomatism; as well as causing the existing depleted harzburgitic paragenesis to evolve 

towards more fertile .omposilions by cryptic metasomatism. The formation of the next 

diamond paragenesis at 1930 Ma would have encapsulated minerals of the new lhenolitic 

material and enri.hed har.r.burgitic materiaL 
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7. TRACE ELEMENT DATA FOR GARNET INCLUSIONS IN DIAMOND 

7.1lntroductiou 

The trace dements of garnet peridotites fmm kimherlites and associated rocle. have been 

widely studied (e.g. Frey and Green, 1974; Shimizu, 1975; Nixon et at, 1981). These studies 

identified that there are tv.'o groups of garnet peridotites with respect to REE (rare earth 

element) patterns. The first have near chondrilic REE pallerns and are lypically associated 

with sheared. fertile peridotites. The other group has strongly fractionated LREEillREE 

(light rare earth element I heavy rare earth element), and enriched LREE patterns and are 

associated with coarse granular. depleted peridotites (McDonough and Frey, 1989), These 

two patterns have been interpreted as representing a tv.'o-stage evolutionary history for garnet 

peridotites (Frey and Green. [974; Nixon et al. 1981). During the first stage partial melting 

removes a hasaltic component Il'om the peridotites, creating a depleted lithosphere. The 

second stage involves the upward migration of melt and/or f1uid~, which enriches the 

peridotites in incompatible trace elem~[]ts (e.g. Smith and Boyd, 1987: Griffin el aI., 1989a). 

Shimi7.u and Richardson (j 987) were the first authors to study sub-calcic garnet 

inclu~ions in diamond /i'om Kimberley and Finsch pipes in South Africa. They found that all 

of the peridotite ,uile gamets displa)' a general enrichment of LREE. relative to HREE and Ti 

and Zr (Xmcenlrations lhat are con~iderably lower than fertile lherzolite xenoliths. The REE 

pallerns of the inclusions and concentrate garnets indicated a close genetic link (supported by 

the major element chemi'1ry as shown hy Gurney and Switzer. 1973). Shimizu and 

RichaTd~()n (1987) indicate that these data are inconsistent with the inclusions forming in 

equilibrium with silicate or Wrbonate liquids. Instead the authors ,ugge,t that the ~uh-solidus 

meta50matisrn of a residual harzhurgite would account for the depleted signature of the 

magmaphile elements and the subsequent enrichment in the LREE and Cr contents of the 

garnet inclusions. 

More recent studies have confirmed that harzburgitic and [herzolitic garnet inclusions 

in diamond can he characterized by two main REE patterns. The harzhurgitic inclusions tend 

to display sinu~()idal REE parterns (Stuehe[ et aI., 20(4). The lherzolilic inclusions can also 

exhibit sinusoidal patterns. but more common I)' exhibit "normal"" pallern~ (Stachel et aI., 
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2004). "NOImal" patterns hav~ a p<.n;itive slop~ in the LREF. and fiat and enriched MREE to 

HREE (Stache! et aI., 2004). The5e patterns are similar to what is seen in gamets from 

peridotites. 

7.2 Trace element results 

Owing to the small size of the garnet inclusions in comparison with the spot size of the laser, 

only those grains larger than 50 )1m Were selected for trace element analysis. Only peritlotitic 

grains were lar~ enoLJSh for analysis. 'Ihe analyses were perfonned at the University of 

Cape Town using a P~rkin F.lmer Elan 6000 ICP-MS (inductively coupled plasma - mass 

spectrometer) instrument is coupletl to a Cetac LSX-200 laser ablation module that uses a 

266nm frequency qu.atlrupl~d Nd-Y AG laser. Detailed methodology is provided in Appendix 

5, the trace elcment data results ean be fuund in Table A.S.2. The spot size of the laser was 

sct to 50 )1m in ortler to compromise between the size of the ablation hole and count times 

required to obtain sufficient ablatetl material for the analyses. In a few CaSeS the inclusions 

Were big c/lOugh to allow for re-analysis of the grain with a spot size of 100 flm. In a number 

of instances the laser blasted through the grain before the analysis was compl~te, as a r~suJt 

only 25 analyses from 20 grains have been utilised. The following elements were analysed 

during the runs: Ni, La, Ce, Nd, Sm, Eu, Ud, Dy, Er and Yh. The eTTor bars indicated in the 

following REE plots ar~ one stantlard tl~viation nonnalisetl eTTors. The following in-house 

stantlards were usetl: lJG1424, MON34 and ROM33. Figures 7.1 to 7.3 show graphs of the 

REE for the standards after nonnalising to Cl-chondrite (Cl-chondrite values are from Sun 

and McDonough, 1989). The shape of the patterns will be discussed fuMher, as the actual 

concentrations ofREE are dependant on factors such as the amount ofmodaJ garnet present as 

well as the presence of clinopyroxene associated with the IherroJitic garnets (Stuehel et al.. 

2004). 
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Three main groups of REE patterns have been identified from this study (Groups 1 to 

3); in all cases tbe REE concentrations have been normalized to C I-cbondrite (Cl--chondrite 

values are from Sun and McDonough, 1989). fj must be noted that there are no definite 

anomalies present in the patterns around Eu-Gd, outside of the analytical errors applicable to 

the data. The garnets of Group 1 display sinusoidal REE patterns (Figure 7.4). This group 

corresponds to that of depleted harzburgitic garnet inclusions (Stachel et aI., 20(4). Two of 

the garnets in Group I in this study lie on the GlO/G9 line that has been used as a division 

between harzburgitic and lherzolilic garnets; the remainder are harzburgitic (Figure 7.7). The 

garnets of Group 2 have positive LREE slopes and flat MREE-HREE slopes (Figure 7.5), and 

are described as having "normal" lherzolitic trends (Stachel et aI., 20(4). 'Jbe garnets of 

Group 3 have almost nat REE patterns, similar to chondrite compositions. There is a slight 

negative slope from LREE to HREE (Figure 7.6). rhe majority of the inclusions tix Groups 2 

and 3 arc lhcrzolitic, although harzburgitic inclusions are also included in thesc groups 

(Figure 7.7). All except one of the harLburgitic indusions duster around the GIO/G9 divide 

(Figure 7.7). 
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The Cr-number of garnets (lOOCr I (er -j- AI» can be used as a proxy for the degree of 

deplelion oflhe major elemenls in the g'drnet (Stachel et aI., 2004)_ Stachel et aI. (2004) used 

the Cr-number of the garnet inclusions to investigate possible correlations betwecn major and 

trace elemenl, for a global dataset. The author> lilund lhat garnels with sinusoidal patterns 

are re,tricted to highly depleled lithologies (Cr-numbe~ up 10 -50), whilst flat or positive 

LREE-MREE slopes are restricted to less depleted rocks (Cr-numbers typically less than 30). 

This observation docs not hold for the analyses in this study. The Cr-numbers for the garnet 

grain, analysed are all below 30 with the exception of inclusion J-982 5-2Igta, which ha, a 

Cr-number of 38.5 (Figure 7.8). All ofthe harzburgiles analysed, Wilh lhe exception ofJ-982 

5-21 gla, have relatively fertile chemistries (Figure 7.7). 

A fUrther investigation between Cr-number and trace clement> was carried out b} 

Stachcl et al. (2004), using La to represent the tREE and Yb to represent BREI!. The authors 

did not observe strict linear correlations between Cr-number and the REE for both the 

harzburgitic and lbcrzolitic garnets. Stacbe! et al (2004) did however observe that the highest 

La contents occur at Cr-numbers greater than 25 and those garnets with the highest 

concentrations in MREE-HREL are restricted to Cr-numbers below 30. No correlation is 

observed between Cr-number and La (representing tREE) or Yb (representing HREE) for the 

analyses in this study. 

Stachcl et aI. (2004) suggesl that the absence of linear correlations between lhe garnet 

REE and bulk rock major elffllent chemistry (u,ing Cr-number as a proxy) indicale, that 

primary processes may be excluded as the determining factor for the varialioos in (race 

clement composition. 
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7, },} Nickel thermometry results 

Nickel was analysed in the garnets in order to obtain estimales of temperalures of formation 

using Ni-thennometry, These results will be discussed further in Chapter 8 and compared 

with the other geothermometers utilised. There is no significant differe nce between the 

lherzolitic and harzhurgilic paragene<;es wilh regard 10 Ni-Ihermomelry temperatures. The 

temperatures range from 959 - 1392 °C utilizing the Ni-thermomeler of Canil (1999), with 

the majority oftemperalure, greater than 1190 °C (Figure 7.9). ' lhe fCasons for the choice of 

the Can;[ ([999) thermometer are given in Chapter 8. 

No trend is evident between Cr-number and temperdture ror the Ihermlitic garnets 

(Figure 7.9). A strong po,illvc correlation exi~ts ben',-een Cr-number and lemperature for lhe 

harzburgitk garnets however (Figure 7.9). This suggests that there is an increased >Dlmion of 

Cr-spinel into the harzburgitic garnet' ",ilh increa,ing pressure and temperature (Griltter and 

Sweeney, 20(0). Stachel et a1. (2004) found that the [herzoHtic and harzhurgilic gamets 
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displayed a rough negative correlation, which indicates a decrease in the degree in chemical 

depletion with an increase in temperature. 
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Figun 7.9 A plot of temperature (using Ni thermomet!)") V1l. C,-numb .. f,.. tho ~omot, . 
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7,3 Discussion and conclusions 

St.achel et a1. (2004) have proposed a model to explain the differences observed between the 

two main REE patterns observed (i.e. sinusoidal and flat "normal" patterns) for garnet 

inclusions in diamonds world-wide. The author:> did not consider disequilibrium models aJler 

work by Van Onnan et a1. (2002) has shown that there is no difference in the diffusion rates 

bemeen LREE and llREt:. Instead, Stachcl et a1. (2004) suggest metasomatism by CHO­

fluids with highly fractionated trace element compositions (high ratio of LREE to MREE, 

HREE and other HFSE) to account for the sinusoidal patterns of the hanburgitic garnets. The 

authors suggest that the metasomatism affecting the lherzolitic garnets is supersolidus 

percolation of melts that re-fertilize the diamond oources in both major and trace elements. 
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These melts are characterised by a moderate enrichment of LREE over MREE, HREE and 

HFSE. This style of metasomatism is also suggested to affect the harzburgitic garnets at 

temperatures above 1190 °C, introducing HREE and possibly re-fertilizing the bulk rock 

major elements. Stachel et at. (2004) have indicated that these two models should be viewed 

as end-members of a continuum rather than separate processes. 

The garnets with sinusoidal patterns (Group 1) are mostly harzburgitic (with two 

grains plotting on the boundary separating the G 1 0 and G9 fields; Figure 7.7). These grains 

have high Ni-thermometry temperatures (1161 - 1378 °C). At these temperatures it is likely 

that the source gamet would be affected by melt metasomatism, which is likely to have re­

enriched the garnet in both major and trace element chemistry. The major element chemistry 

indicates that these inclusions are relatively fertile. It is therefore likely that the depleted 

harzburgite source region underwent a degree of major element enrichment before these 

inclusions were encapsulated by the diamonds (Figure 7.7 & 7.8). The Group 1 patterns do 

not exhibit strong LREE enrichment like the majority of sinusoidal patterns, which may also 

indicate a transition between CHO-fluid metasomatism and supersolidus metasomatism. 

The garnets with "normal" lherzolitic REE patterns (Group 2) have Ni-thermometry 

temperatures of 1077 - 1306 °C, and all except three inclusions have temperatures greater 

than 1190 °C. Four of the garnets in this group straddle the G 1 0/G9 divide, whilst the other 

four plot in the lherzolitic field (Figure 7.7). The garnets have fertile major element 

compositions, flat REE patterns and high temperatures of formation, which suggests that the 

source peridotite would have been affected by melt metasomatism. 

The Group 3 patterns are enriched in LREE and have similar HREE in comparison 

with Group 2. These garnets have the widest range of Cr-numbers (12.1 - 38.5), although all 

but two garnets have Cr-numbers less than 17. A similar REE pattern has been shown by 

Stachel and Harris (1997b) for one high-Cr lherzolitic garnet, although the authors do not 

explain its origin. This author is not aware of any other work illustrating similar patterns for 

garnet inclusions in diamonds or peridotites. It seems likely that these patterns represent 

further enrichment of the source peridotite by supersoUdus melt leading to garnet that is 

slightly enriched in the LREE with comparison to the MREE and HREE. 

The continuous major element trends between the harzburgitic and lherzolitic 

inclusions lead to the suggestion that a melt has caused the initial depleted harzburgitic source 
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to evolve towards lherzolitic compositions. A number of the harzburgitic inclusions that 

display typically sinusoidal "depleted" patterns have in fact got relatively fertile major 

element compositions (compared with the harzburgitic suite as a whole, Chapter 6) and high 

temperatures suggesting the influence of melt metasomatism (Figure 7.7 & 7.8). A significant 

proportion of the garnet grains analysed exhibit flat REE patterns in conjunction with high 

temperatures and these patterns are also suggested to be caused by melt metasomatism 

(Stachel et at, 2004). The REE patterns support the suggestion that a melt, most likely 

related to the intrusion of the Bushveld Igneous Complex, has refertilized the peridotitic 

mantle in this region. It is suggested that the diamonds with depleted harzburgitic inclusions 

formed at -3.2 billion years. A metasomatic event most likely at -2.05 billion years 

metasomatised the depleted source rock by varying degrees. Shortly after this another suite of 

diamonds formed encapsulating more fertile harzburgitic inclusions as well as lherzolitic 

inclusions. 
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8. MINERAL INCLUSION GEOTHERMOBAROMETRY 

8.1 Introduction 

Mineral inclusions in diamond not only provide a unique opportunity to understand the 

chemistry of the earth's upper mantle, but they also allow information to be obtained on the 

temperatures and pressures of formation of diamonds. Non-touching inclusions cannot re­

equilibrate once enclosed in a diamond and are thus useful for giving estimates of the 

temperatures and pressures of formation of diamonds. It must be noted that a true 

temperature of formation will only be obtained if the minerals are in chemical equilibrium to 

begin with. This is not always the case as inclusions may be incorporated at different times, 

under different chemical conditions or at different temperature conditions. Touching mineral 

inclusions are able to equilibrate and therefore give temperature and pressure estimates after 

the formation of the diamond. The number of inclusions liberated from the diamonds in this 

study allows for a number of different geothermometers and geobarometers to be utilized. 

These will be discussed briefly in the sections below. 

8.1.1 Gt-cpx exchange geothermometers 

There have been a number of calibrations of the gt-cpx exchange thermometer (Raheim and 

Green, 1974; Mori and Green, 1978; Ellis and Green, 1979; Saxena, 1979; Krogh, 1988; Ai, 

1994; Berman, 1995; Krogh, 2000). These thermometers are based upon the temperature 

dependence of the Fe2
+ -Mg cation exchange between garnet and clinopyroxene. This reaction 

is more sensitive to temperature than pressure as the reaction involves little changes in 

volume compared with entropy. The thermometers ofElIis and Green (1979), Ai (1994) and 

Krogh (2000) have been applied to the mineral chemistry data. 

The experimental geothermometer developed by Ellis and Green (1979) used basaltic 

compositions and compositions within the CaO-MgO-FeO-Ah03-Si02 system. The range of 

temperatures and pressures used were 750 - 1300 °C and 24 - 30 kbars. The experiments 

showed that K<J is strongly dependant upon the Ca concentration in garnet and clinopyroxene. 
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This was attributed to non-ideal Ca-Mg substitution. They treated the dependence of l~ on 

Xca as rectilinear. Ellis and Green (1979) state that InKo is not solely dependent on the Ca 

content of garnet. Instead the Xca tenn of their geothennometer represents the net effect of 

the influence of different solid solutions on InKd. 

Krogh (1988) used the experimental data of Raheim and Green (1974), Mori and 

Green (1978) and Ellis and Green (1979) to derive a geothennometer. Krogh (1988) suggests 

that the substitution of Ca into the octahedrally co-ordinated site in garnet would lead to an 

expansion of the site, as the Ca2+ ion is considerably larger than the Fe2+ and Mg2+ ions. This 

may lead to a distortion of the structure owing to the varying sizes of the octahedraHy co­

ordinated sites. The smaller Fe2+ and Mg2+ ions may subsequently occupy sub-sites within 

the expanded octahedral sites. This would occur to a larger extent with the Mg2+ ions owing 

to their smaller size in comparison with the Fe2+ ions. This would occur up to a maximum Ca 

content where Mg and Fe would occupy the sub-sites randomly. This theory supports a 

curvilinear relationship between InKo and XCa, in contrast to the rectilinear relationship 

suggested by Ellis and Green (1979). Krogh (1988) applied the geothermometer to eclogites 

from the Tromso Nappe Complex in Scandinavian Caledonides; and concluded that InKo is 

not dependent on the Mg-number of the garnet or the Na content of the clinopyroxene (within 

the experimental range: Mg-number (gt) 0.17 - 0.55 and Na < 0.44 atoms per fonnula unit). 

Ai (1994) investigated previously published experimental data over a range of 10 - 60 

kbar and 600 - 1500 °C. Ai (1994) also found no relationship between calculated 

temperatures and the Na content of clinopyroxene. However in contrast to Krogh (1988), Ai 

(1994) demonstrated a negative relationship between InKo and the Mg-number of gamet. Ai 

(1994) applied a curvilinear relationship between InKo and Xca and assumed a linear 

dependence of InKo on Xca. A strong negative, linear correlation is evident between InKo and 

Xca at a number of temperatures when the Mg-number of gamet is > 75 - 80 (Figure 1; Ai, 

1994). The correlation does not appear to hold for Mg-number's of garnet < 75 - 80. 

Krogh (2000) presents the results of mUltiple regressions of an extended database 

covering a range of temperatures from 600 to 1740 °C and pressures from 10 to 60 GPa. This 

thermometer includes a curvilinear relationship between InK.i and Xca; it also takes into 

account the negative relationship between InKo and Mg-number of gamet. A further 

consideration in this derivation is the effect of the Mn content of garnet on the Ko value. As 
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with other authors the Na content of clinopyroxene is shown not to affect the Fe2+-Mg 

equilibrium in the range ofNa: 0 - 0.51 atoms per formula unit. 

The geothermometer of Krogh (1988) are subparallel when plotted against Krogh 

(2000). Ai (1994) generally has lower temperatures than this determination. The Ellis and 

Green (1979) geothermometer tends to overestimate the temperatures in the intermediate 

range in comparison with the Krogh (2000) geothermometer, for a wide range of 

compositions. 

8.1.2 Pyroxene solvus geothermometry 

Pyroxene thermometry is a powerful method for the estimation of temperatures of 

equilibration of natural IherzoHtes as it is less sensitive to uncertainties of Fe2+lFe3+. A 

number of researchers have done experimental studies on the orthopyroxene and 

clinopyroxene solid solution series in order to develop geothermometers based upon the 

diopside-enstatite miscibility gap. Two pyroxene thermometry is usually based on the 

exchange of the enstatite component between clinopyroxene and orthopyroxene, which is 

described by the equation: 

M~Sh06 +4 M~Sh06 

Opx +4 Cpx 

Various geothermometer formulations have been produced based on experimental 

studies (e.g. Wood and Banno, 1973; Saxena and Nehru, 1975; Lindsley and Dixon, 1976). A 

problem with these formulations is that little was known about the effect of Fe2+ and A13+ on 

the above reaction. Davidson and Lindsley (1985) found that Ca is strongly decreased in 

clinopyroxenes and is increased in the coexisting orthopyroxene in the presence of Fe2+. The 

Ae+ effect is still not well understood and in a more recent study (Brey and Kohler, 1990) it 

was ignored because of a lack of accurate thermodynamic data. The geothermometers 

developed by Brey and Kohler (1990) are utilised in this study. They are based on reversed 

experiments of Brey et al. (1990) from natural lherzolitic compositions in the pressure and 
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temperature range from 10 - 60kbar and 900 - 1400 °C. The one geothermometer is a 

pyroxene solvus thermometer (TBKN) that uses (lnK!i instead of InK!, as the relationship is 

linear between (lnK!i and Iffemperature (T) for the CMAS and CMASCr systems. The 

authors then fitted the midpoints of the experimental brackets for the CMS, CMAS, and 

CMASCr systems to the following equation: 

T = (a + b P) I (c + (lnKii 

Where Ki = acpxen I aOP\n = (1- CaM2t px I (1- CaM2t px, this is based upon the 

assumption that Ca is restricted to the M2 site of pyroxenes and that MgMI cpx I MgM10px is 

approximately unity (Bertrand and Mercier, 1985). A correction for Na was introduced for 

the natural system, which greatly improved the calculated T versus the experimental T. The 

other thermometer developed by Brey and Kohler (1990) is based upon the Ca content of 

orthopyroxene (T Ca-in-opx). The authors advised that the Ca-in-opx thermometer be used with 

caution, as they had not devised a correction for the influence of Na on the Ca content of 

orthopyroxene in natural compositions. 

Nimis and Taylor (2000) have synthesised clinopyroxene at a pressure and 

temperature range of 0 - 60 kbar and 850 - 1500 °C in the CMS, CMAS-Cr and in more 

complex Iherzolitic systems. They have developed a Cr-clinopyroxene barometer (discussed 

further in 8.1.6) and an enstatite-in-clinopyroxene thermometer for Cr-diopsides derived from 

garnet peridotites. The authors have stated that in natural peridotitic rocks aOP\n is close to 

unity and not very sensitive to temperature and compositional variations. This simplifies the 

Ki term in the expression ofBrey and Kohler (1990) and gives: 

T = (a+bP) I (c+(ln acpxeni, where aCP\n = (1- Ca - Na)*(I- Y:z(AI + Cr + Na) 

A number of minor components were taken into account (Na, Fe, Ti, AI, K and Cr) 

and the thermometer reproduced the experimental temperatures to ± 30°C. 
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8.1.3 Gamet-olivine Fi+ -Mg geothermometry 

The distribution of Fe2
+ and Mg between garnet and olivine is based upon the exchange 

reaction: 

3Fe2Si04 + 2Mg3AhShOl2 +-+ 3M~Si04 + 2Fe3AhShOl2 

Fayalite + Pyrope +-+ Fosterite + Almandine 

A thermometer based upon this exchange reaction was devised by O'Neill and Wood 

(1979). It is a widely used geothermometer as it can be used for lherzolitic and harzburgitic 

assemblages. O'Neill and Wood (1979) conducted reversed experiments in the FMAS 

system, at 30 kbar and temperatures ranging from 900 - 1400 °C. The authors found that 

In-Ki of the above equation was dependent upon temperature, the Mg content of olivine and 

the Ca content of garnet. A simple, non-ideal, solution model best described the experimental 

data. This produced a geothermometer that works best for temperatures below 1300 °C, 

where "Kt is substantially greater than 1. The pressure dependence of the equation raises the 

temperature by 3 - 6 °C per kilobar. 

8.1.4 Ni geothermometry 

Griffin et al. (1989b) and Ryan et aL (1996) developed an empirical calibration single garnet 

geothermometer based upon the Ni-Mg exchange between garnet and olivine, which may be 

expressed by the following reaction: 

garnet + olivine garnet + olivine 

Griffin et al. (1989b) showed that the partitioning of Ni between Cr-pyrope and 

olivine is strongly temperature dependent (using conventional geothermometers). The 

microprobe analyses of the grains also showed that the range of Ni contents in peridotite 
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olivine (3000 ±300 ppm) is narrow compared to that in peridotite garnet «10 - 120 ppm). 

The authors found that garnet accepts more Ni into its structure as the temperature increases 

and that the relationship between log K<t (where K<t = ppm Nigt I ppm Niol) and lIT is linear 

over a temperature range of ~ 700°C. The thermometer is reported to have produced 

estimated temperatures with an average error of ± 50°C. Ryan et al. (1996) used a wider 

range of garnet compositions to refine the geothermometer of Griffin et at (I 989b ). The 

authors also reported an error on the calculation of ± 50°C, but showed that the temperatures 

estimated by Griffin et al. (l989b) are lowered by ~35 °C at low temperatures and by ~O °C 

at high temperatures. 

Sources for error for the empirical Ni-in-garnet geothermometers are that existing 

major element geothermometers are used to derive the formulations. The conventional 

geothermometers are known to contain sources of error, which may be compounded in the use 

of the empirical Ni-in-geothermometer. Also the results obtained will be strongly dependent 

on the geothermobarometer used (Finnerty and Boyd, 1987). 

Canil (1994) studied the partitioning of Ni between olivine and garnet in two multi­

component synthetic compositions as a function of temperature and pressure. In the 

experiments Canil (1994) doped the starting compositions with NiO above natural levels to 

allow for analysis of the products on the electron microprobe. The author suggested that the 

elevated Ni contents did not change the partitioning model that occurs at trace levels, as Ni 

substitution in Mg-Fe-Ni olivine obeys Henry's law to concentrations up to 60 molo 

(according to Beattie, 1993). Henry's law states that at high dilution the activity coefficient 

~i for trace component i in phase j is constant, such that the activity aii of i in j is directly 

proportional to its concentration )Qj in j. This is defined by: ai j = kj)Qi. Two Ni partitioning 

experiments were carried out on natural fertile peridotite at 1600 and 1700 °C, in order to 

ensure a high enough concentration of NiO was partitioned into garnet for electron 

microprobe analysis (Canil, 1994). These results were criticised by Ryan et al. (1996) 

because the Ni content of 1700 ppm used in Canil's (1994) experimental runs is far greater 

than natural compositions «10 to 120 ppm). They also observed that the application of the 

experimental calibration to a typical natural lherzolite with an equilibration temperature of 

~1400 °C would predict a Ni content of ~250ppm. Canil (1996) responded to the criticism 

stating that Brey and Kohler (1990) had shown Fe2+.Mg exchange garnet olivine 
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geothennometry to have errors up to ± 113°C. If this error is taken into account then the 

empirical and experimental Ni geothennometers are within error of each other at 1400 °C. 

The experimentally derived Ni geothennometer reportedly reproduced 90% of the 

experimental data to within ±90 °C. It agrees with the Ni geothennometer of Griffin et at 

(1989b) to within ±50 °C (between 900 and 1200 0q. Outside of this range the experimental 

calibration gives lower temperature estimates at high temperatures and higher estimates at low 

temperatures in comparison to the empirical calibration. Canil (1999) then repeated the 

experimental calibration of the Ni thennometer at natural abundances. Once again the 

thennometer showed different results to the thennometer of Ryan et al. (1996) and very 

similar results to that of Canil (1994). 

8.1.5 Garnet-orthopyroxene geobarometry 

This is typically based upon the pressure sensitive solubility of garnet in orthopyroxene 

coexisting with garnet defined by the following exchange reaction: 

Enstatite + MgTs garnet 

Nickel and Green (1985) produced a geobarometer based upon the solubility of garnet 

in enstatite. The authors take into account the presence of minor amounts of Ti, Cr, Na and 

Mn in both orthopyroxene and garnet. The experiments were conducted in the CMAS, 

FMAS, CFMAS, CMASCr systems in the pressure range of 10 to 35 kbar. They report the 

experimental data is reproduced to within ±3 kbar. 

Brey and Kohler (1990) tested a number ofgeobarometers using the experimental data 

of Brey et at. (1990). They identified a need for a new barometer, which is capable of 

reproducing experimental conditions for all available systems, and over the whole pressure 

range applicable to natural peridotites. They calibrated a garnet-orthopyroxene geobarometer 

applicable to these conditions, using experimental data from MAS, CMAS, FMAS and 
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CMASCr. They report that the experimental data of Brey et al. (1990) is reproduced to 2.2 

kbar (1<1). 

8.1.6 Cr-in-clinopyroxene barometer 

Brey et al. (1990) showed that the Cr content of clinopyroxene in equilibrium with garnet is 

also pressure sensitive and that in complex system lherzolitic compositions Cr is more soluble 

in clinopyroxene than in orthopyroxene (Nimis and Taylor, 2000). Peridotitic garnets have 

relatively low Na contents and therefore the exchanged Cr component must be Tschermakitic 

(e.g. CaCrAISi06) in which Al substituting for Si in the tetrahedral site balances the excess 

charge of Cr. Data from Brey et at's (1990) experiments show that there is a lower effect of 

temperature on Cr exchange than the other tschermakitic components. The Cr exchange 

between clinopyroxene and garnet can be described by: 

CaMgSh06 + CaCrAISi06 ~ Y2(Ca2Mg)Cr2Sh012 + Y2(Ca2Mg)AhShOI2 

Di + CaCrTs UV2kni + gr2PYI 

The relationship between the activity of CaCrTs and pressure was compared for a set 

of experimental clinopyroxenes, covering as wide a range of natural peridotitic compositions 

as possible; with pressures and temperatures ranging from 20 - 60kbar and 900 - 1400 DC 

(Nimis and Taylor, 2000). It was found that the experimental data were satisfactorily 

reproduced by an expression that takes the activity of CaCrTs, Na, Cr-number and 

temperature of the clinopyroxenes into account and is independent of the composition of 

garnet. The temperature dependence of the barometer is reported as 1.2 - 2.4 kbar/50 DC. No 

systematic error was observed between the calculated and experimental pressures (Nimis and 

Taylor, 2000). 
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8.2 Goothermobarometry estimations 

Several of the geothermobarometers described above were used to obtain estimates of 

temperatures and pressures of equilibration for the diamond inclusions. Temperatures have 

been calculated using the thermometers of Ellis and Green (1979), Ai (1994), Krogh (2000), 

Nimis and Taylor (2000), O'Neill and Wood (1979), Brey and KOhler (1990; T-BKN and Tea­

in-opx), Ryan et al. (1996) and Canil (1999). The pressures have been calculated using Nimis 

and Taylor (2000) and Brey and KOhler (1990). A number of assumptions have been made in 

order to calculate the temperatures and pressures of these inclusions. The first is that the 

inclusions were in equilibrium at the time of formation of the diamond, although it is possible 

that the inclusions were incorporated into the diamond at different times or under different 

temperatures or mantle conditions. A further assumption is that all the iron present is Fe2
+, as 

the microprobe cannot discriminate between Fe2
+ and Fe3

+. It is believed that diamonds 

originate from a reduced lithosphere (Haggerty, 1986) and so all the iron will be present as 

Fe2+. 

8.2.1 Geothermometry results 

8.2.1.1 Peridotitic diamonds 

The results of the geothermometer estimations can be located in Appendix 6, Table A.6.1. 

The temperatures were calculated at assumed pressures of 40, 50 and 55 kbar. It was found 

that a pressure of 55 kbar gave temperatures that faU mostly within the diamond stability field 

and so the following discussion and Table A.6.1 deals with the temperatures obtained using 

55 kbar. 

The range of temperatures obtained for the garnet and clinopyroxene mineral inclusion 

pairs using Krogh (2000; referred to from here as T -KROO) is wide from 1064 - 1573 °C. A 

similar range was obtained for the formulation of Ai (1994; referred to from here as T-Ai94) 

of 1052 - 1585 0c. A ternary plot of the 25 gamet-clinopyroxene pairs shows that four pairs 

have tielines that cross the remainder of the group (Figure 8.1). This implies that these 
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minerals were not in equilibrium at the time of formation and would therefore give spurious 

results. As was expected the temperatures obtained using these pairs are unrealistically high 

and have been excluded from the Fe2+-Mg exchange thermometer results. There are two 

mineral pairs (J/982 10-3 gt-cpx and J/982 10-16 gt-cpx) that also give anomalously high 

temperatures; and although they appear to be in equilibrium it has been decided to exclude 

them from the main group. After removing the anomalous inclusions the range of 

temperatures is narrower, 1052 - 1342 °C for T-Ai94 and 1064 - 1343 °C for T-KROO. The 

temperatures obtained with T -Ai94 are mostly lower than those from T -KROO, with a 

maximum difference between the two estimations of 24°C. The range obtained from the 

thermometer ofEUis and Green (1979; referred to from here as T-EG79) after excluding the 

anomalous inclusions, is 1077 - 1280 °C. The results from T-EG79 tend to overestimate 

temperatures at lower temperatures and underestimate temperatures at higher temperature in 

comparison with T -Ai94 and T -KROO. This is due to the different treatment of the 

mathematical relationship between l~ and XCa by Ellis and Green (1979) compared with Ai 

(1994) and Krogh (2000). The maximum difference in temperatures between T-EG79 and T­

Ai94 and T -KROO for a single inclusion pair is 47 and 39°C respectively. The thermometers 

of Ai (94) and Krogh (2000) are believed to be more accurate than Ellis and Green (1979). 
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M, , 

JJ98210_10 
Ji98210_15 
Ji98210-19 
Ji98211_9 

Figu .... 8. I Atemat)' plO! of !he tieline, coon.ctio., the Cr-diop,ide and Cr-pyrope mineral pai.... The 

coloured line. highlight the inclu,ion, thal arc in di>equilibrium with the remainder of the group. A 

portion orthc plo! ha; been enlarged. 

The range ofvalue8 obtained from clinopyroxene inclusions lISing the thennometer of 

Nimis and Tavlor (2000; referred to from here as T -NTOO) is comparable, but wider [han [he 

ranges obtained with other Fe2+_Mg exchange thennomet.-r.;. T-NTOO give8 a range of 

temperatures from 902 - 1427 0c. A group of clinopyroxene inclusions with tcmpcrarures on 

the high end ofthi8 range 8how a linear dependence between their tcmpcrarures and enstatite 

content (Figure 8.2). These inclusions are the most refraetory ofthc group; amongst these are 

inclusions J/982 10-3 and 1/982 10_16. In l'a<;t inclusion J/982 10-16 show8 the highe8t 

temperature of the woup, of 1427 0c. These twO inclusions made up part of [he anomalously 

high group in the gamet-clinopyroxene Fe2+_Mg exchange geothcrmomcler, but did nO! show 

di8equilibrium in the ternary plot. 
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Figu..., 8.2 ... plot iliu:.lnoIing !he Ii""", <i<.'P"""'noe "fthe temperalure "" the enstl t;te oontent for the 
Cr.dioploide indusi"",. nmperatur. , calculated using T-NTOO. 

The rang\: of temperatures obtained using the lhermometer T-NTOO thaI correspond to 

[he inclusions used in the Fc2+_Mg ""change thermometers (T -EG79, T-Ai94 and T -KROO); is 

1132 - 1316 "C. This range is slightly narrower than the range5 obtained for T-Ai94 and T­

KROO. The range oftemper"tures obtained for the Cr-diopside in~lusions that made up part 

of the disequilibrium pairs Cl:igurc 8.1), in the Fe2+_Mg exchange thennometers, arc 1132-

1277 °C; which falls on the low end of the range obtained for the whole group using T-NTOO. 

This further supports the suggestion that these garnet and clinopyroxene pairs were not 

included utJder equilibrium condiliolls. 

The nmge obtained usillg the calibration of O'Neill and Wood 0979, referred to from 

here as T-0W79) is 891 - \391 0c. I'his is very 5imilar to the full rdnge obtained from T­

NTOO. The highest temperature in this range is again from the lII1omalOlis J/982 10-3 

inciu5ion (\391 0c). There are three harzburgitic inclusion pairs included in this calibration 

they give temperdtUn:5 of 943, 1106 and \366 °C. This suggests lhal the harzburgilic 

paragenesis has a similar range of temperatures in comparison to the Iherzolitic group, 

although it is not possible to qualify ",ithout more anal)·ses. 

Two thermomelers of Brey and KCihler (1990) were also used. The Ca content of 

orlhopyroxene is referred to as T Co_io-opx and the t?io-pyroxene thermometer is referred to as 
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Fillu.e 8.3 A plot of Ni (ppm) in garnets vs. temperature ("C) showing a comparis()f1 between the "i­
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T-BK90. Only one mineral pair was available for Ihe T-BK90 thermometer and the 

temperature obtained for the lherwlitic pair is 1194 QC. The three mineral pairs used in T-e •. 

'""P' gave a range of temperatw-es from 1271 - 1315 °C. Two of the mineral pairs are 

har"bw-gitic and these give temperatures of 1291 and 1315 °c respectively. These ~stimates 

are within the ranges obtained using the other thennometers. 

Thc range obtained using the Ni thennometry calibration of Ryan ct al. (1996; referred 

to from here on as T-R%) is 881 - 1661 "C and thai of Canil (1999; referred to from here a, 

T-C99) is 959 - 1392 0c. A plot of Ni content vs. temperature for the two thcnnometers 

shows that T-R96 gives considerably higher temperatures at high Ni concentration in 

comparison with T-C99 as explained in Section 8.1.4 (figure 8.3). The range of temperatures 

obtained with T-C99 correlates very well with the range of temperatures obtained using the 

other geothennom~ters. whilst T-RG96 tends to grossly overestimate the temperatures in 

comparison with the other thennometers. For this reason T-C99 appears to he more realistic 

than the range obtained with T-RG96. It mu,t be noted that a pressure estimate h not 

required to calculate Ni-thermometry temperatures. There is a good correlation between 

temperatures obtained using T-C99 and the other thermometer,; this indicates that the 

assumed pressure is most like ly realistic. A number of the inclusions that were analysed for 

Ni contents are halZburgitic (10 grains), th~se inclu~ion~ give a range of temperatures from 

1161 - 1378 "C. These grains span a similar range oftemp~rature~ in comparison with the 

range obtained from the lhcrzolitic inclusion, (11 garnet grain,) of 959 - 1306 °C u~ing Ni­

thermometry. 

figure 8.4 show, a compari<;on between the ranges of tcmperatures obtained using the 

thermometers mentioned in the text. The dashed lines indicate that the majority of 

temperature~ of fonnation full bel\vcen 1050 and 1330 "C. 
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8.2.1.2 Edogitic diamonds 

The diamond labelled M3 was the only eclogitic diamond in which both the garnet and 

clinopyroxene inclusions were rtl<;overed whole. The temperatures obtained for this diamond 

using T-KROO, T-Ai94 and T-E079 are 1252, 1301 and 1213 °C respectively_ using an 

assumed pressure of 55 kbar. T-NTOO cannot be used for cdogitic inclusions as it was only 

>Ct up for use on peridotitic inclusions. 

11.2.2 Geobaromelry raulls 

8.2.2.) Peddotitic indusjoM 

nw pressures calculated from the various geobarometers can be found in Appendix 6, Table 

A.6.2. The tempemlure used to obtain estimates of pressures of fonnation is 1200 °C. The 

barometer of Nimis and Taylor (2000, referred to from here as P-NTOO) gives a range of 

pressures from 37 -74 kbar. A plot of temperature (T-NTOO) vs. pressure (?-NTOO) shows 

that there arc 5 indusions with a pressure above 58 !War (Figure 8.5). There appears to be a 

rough positive correlation OOtv,'een Cr-number of the dinopyroxene inclusions and their 

pres,ures of fonnation (Figure 8.6). Those indusions with Ihe lowest Cr-numbers have the 

lowest pressures. There does nol appear to be a strict correlation between the inclusions Ihal 

give very high pressures and Cr-number. 
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The Ca in pyroxene barometer of 8rey and KOhler (1990; rel;,rreu to from bere as P­

BK90) gives a range of pressures from 8 - 77 kbar. The three lowest pressures of 8, 13 and 

19 kbar correspond to inclusions J/982 8-8, J/982 10-2 and J/982 10-3. Inclusions ]1982 10-2 

and 11982 10-3 gave high temperatures in the calibration ofT-NTOO. It seems likely that they 

are in disequilibrium and have given spurious results for temperature and pressure. Tr.., 

inclusion 11982 8-8 has a touching olivine and garnet inclusion and may have re-equilibrated 

at shallower depths after transport in the kimberlite. This may have occurred due to the 

influence of fluids through cracks in the diamond. although no cracks were visible on 

inspection ofthe diamond. [fthese three inclusions are excluded, the range of pressures is 39 

- 77 kbar, which is very similar to P-NTOO. 

8.2,2,2 Eclogjtic inclusions 

TIle pressures of diamonds M3, M4, M5 and 11982 7-13 cannot bt, calculateu using the 

geobarome!er orNimis and Taylor (2000) as the barometer was only developed for peridotitic 

clinopyroxene compositions and is no! suitable for eclogitic inclusions. 

8.2.3 Relarion 10 Ihe continental geatherm 

Temperatures estimated "'ith the Fe2+.Mg excbange geotbermometers at a pressure of 55 kbar 

and the tempemture and pressure estimates using Nimis and Taylor (2000) were plotted on a 

pressure-temperature plot together with a lithospheric model geothenn of 40 mW/m" and the 

diamond/graphite phase transition (Figure 8.7; aller Kennedy and Kennedy, 1976). Tbe:.e 

temperatures obtuineu using the Fe1+_Mg exchange thermometers lie in the diamond stability 

field. as is to be expected (Only T_KROO is sbown). Tbe tem[)t'rature and pressure estimates 

obtained using T&P-NTOO (Figure 8.7) show bowever, that the estimates lie on both sides of 

the diamond-graphite boundary. Those that lie in the diamond stability field tend to fall 

around the 40 mWm-" continental gcolhcrm. A number of these points lie close to the 

diamond-graphite boundary and it could be the error as:;ociated with tr.., calculation ±2.3 kbar 
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(Ia) (Nimis and Taylor, 2(00) that ha~ caused them to plot in the graphite stability field. A 

plot of the points obtained using P-BK90 and T -NTOO shows that they tend If) -;catter across 

the plot, although the majority faU in the diamond stability field. 
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Figu", 8.7 A plot of pressure (kbllr) v •. temperaUlre (0C) for the eslimotions usin2 ,[,·KROO ol 55 kbar. T-N11X1 

ond P·NTOO. The diamond gT2Ilhite boundary i, .ner Kennedy & Kennedy (1976), The cooducU¥e groth<ml is 

cak"I.Llated after Pollack ..,d Ol.pman (1977). 

8.3 Discussion and conclusions 

few studies have been carried out on the geothermobaromctry of inclusions from Cullinan 

miue. whieh has not allowed for an extensive comparison. The range of temperatures 

obtained for the inclusions in this study is similar to those obtained by Griffin et a!. (1992) lOr 

peridotitic garnet inclusions from Cullinan using nickel thermometry. "Ihe temp::ralUrcs were 

calculated using the thermometer or Grit1in et al. (1989b). Tlle range obtained by Griffin et 

al. (1992) i> 1150 - 1600 °C although the high temperatures arc likely to be overestimates (as 

discussed in Section 8.1.4). Gurneyet at. (1985) obtained an average temperature for four 

p::ridotitic diamond, from Cullinan or 1205 °C and an average ...,mperature for twenty-two 

cclogitic diamonds of 1285"C. These temperature' were calculated at 50 kbar u,ing Ellis and 

Green (1979). 
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Trapping tempt;'ratures less than 1100 °C arc intcrprctoo to indicate the fOlmation of 

diamond under sub-solidus conditions and those diamonds with trapping tempcralUJl;l5 

bt;:twt;lCn ! 100 and 1300 °C arc interpreted to have f0I111oo in the prerenee of a small amount 

of melt (Grillin et aI .• 1992). it is likely that these diamonds (between I 100 and 1300 'C) 

have I"ormed at different depths (150 - 200km) along a cratonic geothertn (Griffin et aI., 

1992). Those diamonds with trapping temperatures above 1300 °C arc likely to have formed 

in the presence of a silicate melt in a system devoid of fluids (Griffin ct aI., 1992). These 

higher temperature diamonds must either be derived from depths in exeess of 250 km or are 

fonncd during thermal perturbations at shallower depths (Griffin et aI., 1992). Thermal 

perturbations may be explained as short-tenn phenomena relating to the infiltration of melts 

prior to kimberlite eruption (Smith and Boyd, 1987; Grillln et aI., 1989a). 

The range 01" pressures obtained for this suite is wide and suggests that a number of 

inclusions have undergone late stage alteration at shallower depths, possibly by interaction 

with fluids through cracks in the diamonds. No cracks were visible during the description of 

the diamoods physical characteristics. Althoogh the cracks might not have heen visible under 

low magnification or alternatively they may ha~e annealed after aJteratiOll. The pressures on 

the high end of the range sugge," a relatively deep origin for a few of the diamonds. Overall 

however the pressures arc lower than expected for the range of temperatures obtained, as a 

number orthe diamonds inclusions fall within the graphite stability field (Figure 8.7). 

The intrusion of the Bushveld Igneous Complex immediately prior to the formation of 

the lhcr.wlitic suite of diamonds in the Cu]jinan region would have caused a substantial 

thermal perturbation. This thennal pcrturbatioo is likely to account for the high temperatures 

01" formation for a portion of the lhcr.wlitic suite (> BOO QC) and may explain why the 

pressuJl;l5 associated with these inclusions are lower than expected. The harzburgitie 

diamonds formed substantially prior to the intrusion of the lJushvcld Complex. although some 

diamonds have temperatures> 1300 0c. This may indicate that these diamonds formed at 

depths in excess of250 km or in the presence of melt in an earlier thennal pcnurhation at -3.2 

Ga during the harLburgitic diamond formation. Pressure estimates could not be calculated for 

the "high" temperature harzhurgitic diamonds and therel"ore it is not clear as to which 01" the 

above explanations is more plausible. 
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The remaindeT of the lherLolitie diamonds and the majorit), or the hanburgitic 

diamonds would have most likely formed due to the prcsenee of a small amount of melt in the 

range of ISO - 200 km depth; the REE patterns support the suggestion of melt interaction. 

The fact that the temperatures are similar for these uvo parageneses, despite the low number 

of analyses for the har.tburgile inclusions, indicates that these diamonds arc intermixed 

vertically in the source region. The eclogitic inclusions give temperature estimates, using 

Fe2+_Mg exchange thermometers that are similar to what has previously been obtained for 

Cullirnm (Gurney et aI. , 1985). It is not possible to obtain estimates of pressure for the 

eclogitic inclusions and thereJilre it is not clear whether the eclogitic diamonds occur at 

greater depths in the source region in eomparison to the peridotitic diamonds. 
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9. DISCFSSJON AND CONCLFSIONS 

9.1 Mantle stn.tignlphy and thermal stale 

It has been demonstrated that the mantle beneath the Bushveld Igneous Complex is a.~sociated 

with considerably IOWl-or seismic velocities in comparison with the majority of the remainder 

of the Kaapvual Craton (James et al .• 2001). This area of low velocity may either indicate a 

thermal anomaly existing in this region or alternatively chemical modification ofthc mantle in 

this region. Chemical modification of the mantle is preferred and has been attributed to the 

emplacement of the Bushveld Igneous Complex (-2.05 Ga). It has been suggested that re­

fertilization of the mantle due to iron,enrichment would account for the lower seismic 

velocities (James et ai., 2(01). Carlson (2001) analysed the Re-Os ages of peridotites from 

Cullinan and found that they give young ages of -2.2 Ga. This is consistent with 

incorpomtion of new mantle into the lithosphere or extensive reworking of the lithosphere 

during the emplacement of the Bushveld Igneous Complex. Hoal (2003) al90 studied 

peridotite xenoliths from Cullinan and found that they arc iron-ricb. which has also been 

interpreted to reDect re-fertilization of the mantle. 

It is also possible that significant volumes of eclogitic material would cause a 

reduction in velocity and decrease in density of the depleted mantle (Shirey et aI., 2001). The 

inclusions in diamonds from Cullinan. Helam and Klipspringer kimberlites have all sampled 

mantle in the Bushveld region and all appear to be predominantly eclogitic (Gurney et at, 

1985; Mc Kenna. 2001; Westerlund. 2000). It is likely that the volume of eclogitic material in 

this region coupled \kith chemical modification of the mantle gives rise to the area of lower 

velodty observed. 

This stlldy comprises a nwnber of different parageneses: harzburgitic, Iherzolitic and 

eclogitic. Richardson et al. (1993) dated the harzburgitic. lherzolitic and ec10gitic 

parageneses at 3.2 Ga (inferred), 1.93 Ga and 1.15 Ga respe<;tively, The fomlation of the 

Iher7.o1itic suite postdates the intrusion of the Bushveld Igneous Complex (2.05 Ga) and the 

fonnation of ec10gitic suite occurs immediately prior to the emplacement of the kimberlite 

pipe. 
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Evidence for the thennal stale or the Illilntle in the vicinity of Cullinan has been 

obtained by two methods in this study. The fTIR analyses were used to obtain time-averaged 

mantle temperature estimates through the relationship between the nitrogen aggregation state 

oft!Je diamonds and their age_ Another method used to obtain the temperatures offormation 

or the diamonds is through the use or various geothermometers. The range or time-averaged 

mantle temperatures obtained is 1168 - 1304 "C for the whole stones from both the 

har"burgitic and lherzolitic suites. These are similar to the range obtained using 

geothennometcrs. The majority of temperatures offormation were obtained for the lherwlitic 

paragenesis, although the values obtained for the harrourgitie and eclogitic inclusions fall 

within the range of the lherzolitic inclusion~. The temperatures span a wide range, rrom 

-1050 - 1330 "C. 1bese values arc higher than tbose obtained for diamonds in other 

kimberlites in the vicinity of the Hushveld Igneous Complex (Me Kenna. 2001: Westerlund. 

2000). The e~timatcd pressures of formation for the diamonds span a wide range from --40 to 

77 khar. suggesting that some diamonds Illily have rormed at considerable depth~. 

9.2 Formation ofthe CulliUllu diamoud~ 

9.2.1 Episodic di(lmond growth 

The different ages obtained for the three main diamond parageneses show that the diamonds 

have crystalli=i episodically (Richardson et aI .• 1993). The FTIR analyses and 

cathodoluminescence images of 13 diamond plates supports the idea or episodic growth on a 

shorter time rrame. The cathodolruninescenee images show that individual diamonds grow in 

stages; with the majority of the plates analyo;eci showing alternating octahedral growth zones 

or Type I and Type II diamond. Commonly the growth "ones in the diamonds show regions 

of resorption, followed by further growth. Another line of evidence supporting episodic 

growth of the diamonds is that a number or the non-touching diamond inclu~ion pairs were 

not in equilibrium. This indicates that they "vere incorporated at different stages during the 

growth of the diamond. 
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9.2.2 Tire environment and liming of crystallization 

9,2.2.1 Peridotitic ipclusiollS 

There was a period 01'-\,27 billion years between the IOrmation or the harzburgitic and 

lherzolitic populations. The harzburgitic inclusions are characterised by low nitrogen 

contents (below detection to 858 ppm), high nitrogcn aggregation (up to 99%), typical 

pcridotitic carbon isotopic compositions (- -10 to -1 %0), subcalcic to calcic mineral 

compositions and temperatures of formation between 943 and 1378 "C. The lherzolitic 

inclusions are characterised hy low nilIogen contents (below detection to 799 ppm), high 

nitrogen aggregation (up to 99%), typical peridotitic carbon isotopic compositions (- -1 0 to -

1 %0), "borderline" subcalcic to calcic mineral compositions and temperarnres of fonnation 

between -1050 and 1330 °C. The nitrogen concentration of the peridotitic diamonds typically 

decreases from the core to the rim, indicating that the crystallization environment became 

progressively depleted in nitrogen with tim~. The mineral chemistry plots show continuous, 

linear trends bel\vecn the two peridotitic parageneses, which suggcst that the parageneses are 

relatcd by fractionation processes, These two populations are difficult to separate on the basis 

of the above variables, This gives rise to two possible explanations lor the Ibnnation or these 

two suites: 

The harzburgitic population fonned episodically at -3.2 Ga in an environment of 

relatively low nitrogen concentrations. under typical carbon isotopic compositions. These 

diamonds then remained stable in the mantle l1Iltil ·-2 Ga A metasomatic event, possibly 

related to the infiltration of the 8ushveld Igneous Complex, changed the compositions of the 

source harzburgite towards more fertile lherzolitic compositions. A second suite of diamonds 

then grew episodically in an environment of relatively low nitrogen saturation and typical 

canXlll isotopic compositions. This implies that the source of carbon and nitrogen in the 

diamonds remained cssentially l1Ilchanged for around 1.3 billion years. 

Another option is that the harzbllrgitic diamonds lonned at 3.2 Ga l1Ilder conditions 

described above, trapping mineral inclusions of a dcpletcd nature. At -2 Ga years a 

metasomatic event, possibly related to the inliJlration of the Bushveld Igneous Complex, then 

altered the compositions of thc sourcc harzburgite towards more fcrtile compositions. The 
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existing harzbuq;iti~ diamonds were resorbed, possibly due to the influx of heat during this 

evenl, leaving diamon:l cores around the inclusions. After a period of time new diamond 

crystallized episodically around Ihe har"bo.rgilic diamond cores. The lherzolitic diamond 

suite also crystalli«ed epiSO<lkal1y at this time. 'This would have occurred in an environmenl 

of relatively low nitrogeo saturation and under typical carbon isotopi~ com!X>sitions, 

explaininJ!; why the nitrogen concentrations and carbon isolopic compositions of (he two 

suites are so similar. 

2.,2.2,2 Evidence for lhe recrystallization ofthe harzburcitic Paragenesis 

The FTIR estimates of time-averaged mantle temperature have been re-calculated assuming 

lhatlhe diamonds formed at the same time (1.93 Ga). This gives an average temperature for 

the lwo groups that are within error of one another. The majority of the harzhurj!;ilic plales 

exhibit well developed cores that contain the garnet inclusions_ Obvious ~ores are not seen in 

the ~athodoJuminescence images of the lherzolilic plales, SUj!;gesting that they grew in one 

period, albeit episodically. The harzhurgitic cores tend to have higher nitrogen 

concentratioIlS and aggregation slates when compared with the rims of the plates. The change 

in values from core to rim is narrow however, and does not show conclusively that the cores 

formed considerahly earlier than the rims (with the ex~eption of Plate 5-25). These 

differences may have been "smoothed oue hy the rapid nitrogen migration under high 

temperatures. The internal growth structllre and resorption boundaries of the cores, implies 

thai they fonned at different times. 

The ~arbon isotopes span a range from -IO'} to -J %0, and the t\vo parageneses are 

inlennixed over this nmge_ The carbon isotope measurements were obtained l~~ing fragments 

of (he diamonds and so it is not possihle to detennine whether the cores of the har"hurgilic 

diamonds have Si~,'llijlcantly different carbon isotopic compositions in comparison to the rims. 

The mean carbon isotopi~ ~ompositiolL~ obtained for th:: two J!;I"oups are slightly different 

from one: another, however. It is not clear if this is to do with the difference in the number of 

samples analysed or a real el1'ect from the addition of the older ~ores. 
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The nitrogen isotopes are unusual, ranging from ,24.5 to +10.2 %0. The values were 

ohtained for bo\h harzburgitic and lherzolitic diamonds and the values are intermixed across 

the range. In order for both parageneses to record these substantial changes in nitrogen 

isotopic conditions of the mantle they most likely crystallized at the same time. "lbe two 

paragcnescs cannot be sep;lT"dted in terms of their physical characteristics; the diamonds 

mostly show evidence of plastic deformation and late stage oxidation processes. 

From the collective evidence it seems likely that the harzburgitic paragenesIs 

recrystalli~ed around \he time of the Iherzolitic di!llIlond formation. This is suggested to 

occur without altering \he mineral inclusions, most likely due to shiclding of the inclusions by 

di!llIlond "coats" or cores. The harzhurgilic paragenesis is initially believed to have formed 

from a depleted har~burgitic source. This source is suggested to be the residual material 

remaining after extraction ofkomatiites during the Archean. This source rock is believed to 

have been re-fertilized through modal and cryptic metasomatism, by fluids possibly 

associated wi\h the emplacement of the Bushveld Igneous Complex. This would have given 

rise to a peridotite source rock with compositions varying from enriched harzburgitic to 

lherwlitic depending on the spatial relation of the peridotite to the metasomatic fluids. The 

minerals making up this peridotite were incorporated as inclusions in the newly forming 

lherrolitic pardgenesis. This explains how the peridotitic mincral inclusions range in 

composition from depleted to enriched at Cullinan minco The inclusions inside the diamonds 

reflect the changes in the source rock over time and do not indicale that the inclusions 

themselves were metasomalised a(l.er being incorporated into the diamond. "lbc range of 

temperatures obtained for the formation of the diamonds suggests \hat \hey have Jbrmed in the 

presence of varying !llIIounts of melt (depending on their temperature) and not under sub­

solidus conditions. This is supported by the majority of REE patterns obtained for the garnet 

inclusions. 

9.2.2.3 Fclogitic inclusions 

The eclogilic inclusions are the predominant diamond type at the Cullinan pipe. Only a few 

stones were available for this study, however. They have been dated J - J 0 million years prior 
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to the emplacement of the kimberlite pipe (Riehard-;Oll el aI., 1993), The carbon j-;o(opic 

compositions fall towards the low end of the range obtained overall (~ - 6 to -4 %0), but arc 

,;imilar (0 tho-;e obtained for the pcridotitie diamonds. Only a few mineral chemistry analyses 

were obtained for this paragenesis and the compositions are similar (0 previous ~tudie~ of 

cclogitie inclusions from Cullinan, The (emperatures of fonnalion obtained are also within 

the range of whilt has previously been obtained for ec\ogitie inclusions from Cullinan. The 

radiogenic iw(opes (Richardson, 1986) combined with the stable carbon iootope~ ~ugge -;t a 

MORB-typc mantle carbon source for the eclogitic inclusions. 

9.3 The history ofthe diamonds subSL'quent to their formKtion 

The analysis of the physical chanlcteristic,; of (he diamonds in this suite indicates that they 

have been released from (heir host rocks at various stages on route to the surface. The 

majority of the diamonds have brown coloration (93%), which ,;ugges(,; that they have 

undergone gnlphitisation associated ""ith pla'>l.ic defonnation. There arc a significant number 

of diamond-; that have a completely resorbed TTH «(e(rahexahedmid) fonn. These diamonds 

would have been liberated from their host rocks the earliest in the suite. The majority of the 

suite. show primary crystal fonns (octahedra, maeles and aggregate~); however 40010 of these 

have been partially resorbed. This indicates that they were partiall) shielded by their host 

rach. There are also a significant number of diamonds that show surface features that arc 

associated with oxidation and etching. l1Jesc features develop at around 950°C and are likely 

to develop in the kimberlite magma. Some diamonds in the suite have pristine crystal fonns 

and/or gml>.th features on their ,;urfaces. Thcse diamonds are likely to be -;hie1ded from the 

kimberlite magma by their host meks. A few diamonds ,;how featllres associated with 

oxidation and etching, on (op of growth features. This indicate,; (hat the diamonds were 

liberated en route to the surface with enollgh (ime for etching and oxidation to occur. 
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9.4 Further study 

Further study should be considered in order to confIrm the hypothesis that the harzburgitic 

diamonds have recrystallized. One way of achieving this would be to analyse carbon isotopic 

compositions in traverses across the diamond plates. It may also be benefIcial to do more 

trace element work on peridotitic inclusions from Cullinan diamonds, to help explain the 

unusual near chondrite patterns obtained. Ion microprobe or proton microprobe studies would 

be better suited to such small grains. 
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APPENDIXl 

PHYSICAL CHARACTERISITICS OF DIAMONDS FROM CULLINAN 

Key to the abbreviations used: 

SHAPE 

A 
B 
C 

x=y=z 
x=y:;:'z 
x»z 

INTENSITY 

o 
1 
2 
3 
4 

TYPE 

no colour 
discemable colour 
light colour 
medium colour 
strong colour 

octa octahedron 
agg aggregate 
tth tetrahexahedroid 
macle macle 
p.r. partially resorbed 
irreg irregular 

SURF ACE TEXTURES 

T.P. trigonal plates 
S.L. serrate laminae 
H.B. herringbone 
S.F. sharp faces 
S.E. sharp edges 
T.E.P. trigonal etch pits 
H.E.P. hexagonal etch pits 
l.P. inclusion pits 

COLOUR 

B 
W 
E 

brown 
colourless 
grey 

CLARITY 

1 
2 
3 
4 

5 

no inclusions 
small inclusion 
a few small or a large inclusion 
up to 40% of the diamond is 
occupied by inclusions 
visibility through the stone is 
obscured from inclusions 

INCLUSION TYPES 

P 
G 
C 
B 
o 
g 

purple inclusion 
green inclusion 
colourless inclusion 
black inclusion 
orange inclusion 
graphite 

F frosting on surface 
G graphite on surface 
K-L A knob-like asperities 
C.S. corrosion sculpture 
R.C. resorption channel 
E.H. elongate hillocks 
L.L. lamination lines 

The J-982 samples are peridotitic, with the exception of J982 7-13 and the M samples 
are eclogitic (Section 3.2). 
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APPENDIX 1 

Table A.1: Physical charactensitics of each diamond in this study 

Sample No. Weight (g) Carats Shape Colour Intensity Clarity Type Inclusions 
J-98210-1 0.01601 0.08005 B B 2 3 octa (p.r.) P,G,9 
J-98210-2 0.01258 0.06290 B B 2 2 octa p,G,e,9 
J-98210-3 0.01276 0.06380 B B 3 3 octa (p.r.) 2P, 3G, 4e, 9 
J-98210-4 0.00958 0.04790 B W 0 3 a99 (octa) P,G,9 
J-98210-5 0.01598 0.07990 B B 2 3 a99 (octa) 2P,G, B 
J-98210-6 0.00911 0.04555 A B 1 3 octa 4P,3G 
J-98210-7 0.01058 0.05290 B B 3 3 tth P,G,9 
J-98210-8 0.01279 0.06395 B B 3 4 octa (p.r.) P,G,9, e 
J-98210-9 0.00939 0.04695 B B 1 4 octa (broken) p,G,e,9 
J-98210-10 0.01016 0.05080 B B 1 4 octa P, lots G, 9 
J-98210-11 0.01548 0.07740 B B 3 3 octa (p.r.) P,G,9 
J-98210-12 0.01367 0.06835 e B 3 4 tth (flattened) P,G,9 
J-982 10-13 0.01105 0.05525 B B 3 3 a99 (octa - p.r.) P,G,9 
J-98210-14 0.01113 0.05565 B B 2 3 ag9 (octa) ean'tsee 
J-98210-15 0.01544 0.07720 B B 3 4 octa (p.r.) P,G,9 
J-98210-16 0.01840 0.09200 B B 3 3 a99 (octa) P, G, 9 
J-98210-17 0.01453 0.07265 B B 2 3 tth P,2G,9 
J-982 10-18 0.00961 0.04805 B W 0 4 a99 (octa) p,G,e,9 
J-98210-19 0.01007 0.05035 B B 2 4 octa P,lots G, 9 
J-98210-20 0.02022 0.10110 e B 3 3 tth(flattened) p,G,e,9 
J-98211-1 0.00747 0.03735 B B 2 2 made P,G,9 
J-98211-2 0.01147 0.05735 B B 2 2 made (p.r.) P,G,9 
J-982 11-3 0.00905 0.04525 B B 3 4 macle (p.r.) p,G,e,9 
J-98211-4 0.02407 0.12035 B B 3 4 made (p.r.) p,G,e,9 
J-98211-5 0.01681 0.08405 B B 3 2 macle (p.r.) P,G,9 
J-98211-6 0.01382 0.06910 B B 2 3 made (p.r.) P,G,9 
J-982 11-7 0.00769 0.03845 B B 3 2 macle (p.r.) p,G,e,9 
J-98211-8 0.01249 0.06245 B B 3 2 macle (p.r.) p,G,e,9 
J-982 11-9 0.00926 0.04630 B W 0 3 macle P?,G 
J-98211-10 0.01264 0.06320 B B 3 3 macle (p.r.) dark incl - irr surface 
M1 0.00416 0.02080 B B 2 2 tth O,G 
M2 0.00475 0.02375 e B 1 2 tth(flattened) O,G 
M3 0.00208 0.01040 B B 2 3 tth (rounded) 0, G?,9 
M4 0.00367 0.01835 e B 2 3 tth(flattened) O,G,W 
M5 0.00312 0.01560 B B 2 3 made O,G 
J-9825-1 0.02000 0.10000 B W 0 1 tth 2P 
J-9825-2 0.01039 0.05195 B B 2 3 tth (broken) 2P, G, 9 
J-9825-3 0.01194 0.05970 A B 2 2 octa P,9,G? 
J-9825-4 0.01053 0.05265 B B 2 2 octa P 
J-9825-5 0.00982 0.04910 A B 2 2 octa 3P,e 
J-9825-6 0.01035 0.05175 B B 2 2 octa p,e 
J-9825-7 0.00965 0.04825 A B 2 2 octa P 
J-9825-8 0.00800 0.04000 B B 3 2 octa 2P,2e/G? 
J-9825-9 0.00788 0.03940 B W 0 2 octa P, e/G? 
J-9825-10 0.00956 0.04780 B B 2 2 octa (broken) P 
J-9825-11 0.01178 0.05890 B B 4 3 octa p,e,9 
J-9825-12 0.01318 0.06590 A B 3 3 octa p,e,9 
J-9825-13 0.00959 0.04795 B B 2 3 octa P, e/G?, 9 
J-9825-14 0.00785 0.03925 B B 3 3 octa p,G,e 
J-9825-15 0.00928 0.04640 B B 3 2 octa p,e 
J-9825-16 0.01002 0.05010 B B 2 3 octa p,e 
J-9825-17 0.00849 0.04245 B B 3 2 octa p,e 
J-9825-18 0.00929 0.04645 B B 1 3 octa p,e,M,G? 
J-9825-19 0.01113 0.05565 B B 3 2 octa (p.r.) p,e,9 
J-9825-20 0.01024 0.05120 B W 0 3 a99 (octa) P,B,9 
J-9825-21 0.01286 0.06430 A B 1 2 octa P 
J-9825-22 0.00954 0.04770 B B 2 3 octa (p.r.) p,9,e 
J-9825-23 0.01093 0.05465 B B 4 3 tth P 
J-9825-24 0.01029 0.05145 B B 3 3 tth p,e 
J-9825-25 0.01078 0.05390 B B 1 3 octa (p.r.) p,9,e 
J-9825-26 0.01405 0.07025 B B 4 2 tth P 
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Table A.1: continued 

Sample No. 
J-9826-1 
J-9826-2 
J-982 6-3 
J-9826-4 
J-9827-1 
J-982 7-2 
J-9827-3 
J-9827-4 
J-9827-5 
J-9827-6 
J-982 7-7 
J-9827-8 
J-9827-9 
J-9827-10 
J-9827-11 
J-9827-12 
J-9827-13 
J-9827-14 
J-9827-15 
J-9827-16 
J-9827-17 
J-9827-18 
J-9827-19 
J-9827-20 
J-9828-1 
J-9828-2 
J-9828-3 
J-9828-4 
J-9828-5 
J-9828-6 
J-9828-7 
J-9828-8 
J-9828-9 
J-9828-10 
J-982 12-1 
J-98212-2 
J-98213-1 
J-98213-2 
J-98213-3 

IJ19825-25 
J/9825-26 

Wei 
0.01170 
0.01032 
0.00992 
0.00690 
0.01177 
0.01161 
0.01030 
0.00909 
0.01181 
0.01133 
0.01125 
0.00949 
0.01542 
0.01202 
0.01141 
0.01132 
0.01122 
0.01477 
0.00975 
0.01373 
0.00901 
0.00806 
0.00801 
0.01044 
0.00742 
0.01217 
0.00880 
0.00945 
0.00708 
0.0086 
0.00668 
0.01207 
0.01393 
0.00828 
0.00949 
0.01834 
0.02505 
0.01857 
0.01919 

Intensity 
0.05850 B B 3 
0.05160 B B 3 
0.04960 B B 3 
0.03450 B B 3 
0.05885 B E 2 
0.05805 B B 3 
0.05150 B B 3 
0.04545 A B 2 
0.05905 B B 3 
0.05665 B B 3 
0.05625 B B 3 
0.04745 B B 2 
0.07710 B B 3 
0.06010 B B 2 
0.05705 A B 2 
0.05660 B B 1 
0.05610 B B 4 
0.07385 B B 1 
0.04875 B B 1 
0.06865 B B 1 
0.04505 B B 2 
0.04030 B B 3 
0.04005 B B 3 
0.05220 B B 2 
0.03710 B B 3 
0.06085 B B 2 
0.04400 B B 3 
0.04725 B B 3 
0.03540 B B 3 
0.04300 B B 3 
0.03340 B B 1 
0.06035 B B 2 
0.06965 B B 1 
0.04140 B B 3 
0.04745 B B 2 
0.09170 B B 4 
0.12525 B B 4 
0.09285 B B 3 
0.09595 B B 3 

APPENDIX 1 

Clarity Type Inclusions 
2 macle 3P, g, G? 
3 macle P,g 
3 made (p.r.) P,2C 
2 macle 3P,5C, 
3 octa W,G 
3 octa (p.r.) 3G,C 
2 octa (p.r.) G 
3 octa G,C 
2 octa (p.r.) 2G 
1 octa G 
4 octa 6+G, 9 
4 octa (p.r.) 10+G, 9 
2 octa (p.r.) G 
4 agg (octa) G,g 
4 octa G,g,C 
2 octa (broken) 2G 
2 tth (broken & resorbed) G,B 
2 tth 3G, 9 
2 octa (p.r.) G,g 
2 octa (p.r.) 2G, 9 
3 agg (octa - p.r.) G,C,g 
4 octa (broken) 2G,C,g 
2 acta G,C 
4 agg (octa) G,g 
3 made (p.r.) Gwithin 9 
3 macle (p.r.) G,g 
3 macle (p.r.) G,g 
4 macle (p.r.) 2G,g 
3 macle (p.r.) 7G,g 
3 made (p.r.) G,g 
2 made G,g,C 
2 macle (p.r.) G,g,C 
3 made (p.r.) G,g 
4 made (p.r.) G,g 
2 made (p.r.) P,g 
3 irreg (broken & resorbed) 2P, 9 
1 made (p.r.) P 
3 macle (p.r.) P,g 
2 made (p.r.) 2P 

I x I I I )( I 
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APPENDIX 2 

FOURIER TRANSFORM INFRA-RED (FTIR) AND 

CATHODOLUMINESCENCE (CL) ANALYSIS OF WHOLE DIAMONDS, 

DIAMOND FRAGMENTS AND DIAMOND PLATES FROM CULLINAN 

FTIR ANAL YSIS 

The whole diamonds and diamond fragments were cleaned in water and ethanol to 

remove surface dirt. The diamonds were then mounted, in a row, on double-sided 

tape along the length of a glass side. The flattest faces were chosen to lie parallel to 

the slide. The spectra were measured at the University of Cape Town using a Nicolet 

Magna-IR 560 Spectrometer. A KBr beam splitter and MCT/A detector are attached 

to the spectrometer. The detector is kept cool with liquid nitrogen. The samples were 

purged with nitrogen gas to prevent the build up of C02 around the sample. A 

resolution of 8 cm- l was used and the spectra were recorded over a range of 4000 -

650 cm- I
, In order to remove non-sample, atmospheric contributions to the spectra a 

background spectrum was run after each sample; set at the same range and resolution. 

This correction was made on-line using the Nicolet OMNIC 5.0 software. 

The Broker OPUS/3D software was used to deconvolute and extract the peaks 

from the raw spectra. This infonnation was imported into the Quattro-Pro 

spreadsheet developed by Mendelssohn and Milledge (1995) to obtain a quantitative 

estimation of the diamond defect contents. The amount of aggregation was 

qualitatively estimated for each diamond by comparison with "thumb-nail" spectra 

(Mendelssohn & Milledge, 1995). These "thumb-nail" spectra were developed using 

synthetic mixtures of different proportions of A and B aggregates, with variable peak 

intensity (Fig A2.1). The study of thousands of natural spectra illustrated than natural 

diamonds display a wide variability in platelet peak height (Bt) relative to the height 

of the A-defect peak at 1282 cm- t
, The spectral types ofK, L, M and N represent the 

ratios of the B' peak height and the 1282 

cm- l peak height of approximately 0, 1,2 and 2.4 respectively. There is a decrease in 

platelet peak degradation from types K to N. Type K would represent a completely 

"irregular" diamond and type N would represent a completely "regular" diamond. 

The estimations of aggregation for each diamond were used to assess which 
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absorption peak ratios calculated in the Quattro-Pro spreadsheet should be used to 

estimate nitrogen aggregation (see Section 4.2). 

CATHODOLUMINESCENCE ANALYSIS 

The diamond plates were cleaned in water and ethanol to remove surface dirt and 

mounted on double sided tape on aluminium plates. The plates were carbon coated 

and the diamond conductivity was further enhanced with a drop of water-soluble 

carbon dag. CL imaging of the plates was carried out at the Electron Microscope Unit 

at the University of Cape Town, using a Cambridge S200 scanning electron 

microscope at 15 kV and an electron beam current of between 1.5 - 2.0 nA. The 

images were obtained for both sides of the diamond plates. Colour CL images were 

also acquired for both sides of the diamond plates using an optical microscope 

attached to a Technosyn luminescence generator with an accelerating voltage of 12 -

15 kV and an electron beam current ofO.S rnA. The diamonds were mounted along a 

glass slide and fixed with double-sided tape as for the FTIR analysis. Detailed FTIR 

analysis was conducted on the front and back of the diamond plates, in transects, 

using the same method as above. This was performed in order to record subtle 

chemical changes across growth zones of the diamonds. The positions of the analyses 

can be seen on the cathodoluminescence images in Section 4.3.1. 
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Figure Al.l Reference "thumb-nail" spectra for aggregation sequences K to N displaying different 

rates of platelet peak development. Vertical axis represents arbitrary absorption units and horizontal 

axis ranges from 1750 em-I to 900 cm-1 (from Chinn, 1995). 
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APPENDIX 2 

Table A.2.1 IR properties for the diamond plates 

label T{cm-1) H{3107l H{3237~ mu{1430~ mu{1365~ N22m A22m B22m %NasB T~ol calc Residence ase {Gal 
13-181 1361.5 0.016 0.000 0.000 0.726 346 110.7 235.3 67.9 1195 0.75 
13-182 1361.2 0.000 0.000 0.000 0.231 152 69.7 82.3 54.1 1202 0.75 
13-183 1360.2 0.007 0.000 0.000 0.114 114 56.1 57.9 51 1206 0.75 
13-185 1360.3 0.005 0.003 -0.002 0.070 75 43.6 31.4 42.3 1207 0.75 
13-186 1360.1 0.008 0.000 -0.002 0.067 83 46.3 36.7 44.3 1207 0.75 
13-187 1361.3 0.008 0.000 0.000 0.150 122 60.2 61.8 51.1 1204 0.75 
13-188 1361.5 0.030 0.000 0.001 0.636 287 114.5 172.5 60.2 1191 0.75 
13-1F1 1360.9 0.005 0.000 -0.002 0.207 162 70.7 91.3 56.4 1202 0.75 
13-1F2 1359.8 0.005 0.000 -0.002 0.073 86 51.8 34.2 40.1 1201 0.75 
13-1 F3 1359.7 0.000 0.000 0.001 0.049 52 37.3 14.7 28.8 1201 0.75 
13-1F4 1359.5 0.007 0.000 -0.014 0.037 59 33 26 43.3 1216 0.75 
13-1F5 1359.7 0.000 0.000 -0.005 0.038 49 44.4 4.6 10.1 1168 0.75 
13-1 F6 1360.7 0.007 0.000 -0.002 0.126 117 57.4 59.6 50.8 1205 0.75 
13-1F7 1361.3 0.000 0.000 0.001 0.312 182 86.3 95.7 52.8 1195 0.75 
13-1F8 1361.5 0.007 0.000 0.000 0.446 213 94.3 118.7 55.6 1194 0.75 
13-1F9 1360.7 0.009 0.000 -0.001 0.133 118 56.1 61.9 52.6 1207 0.75 
13-1F10 1360.2 0.005 0.000 0.005 0.091 79 51.4 27.6 35.1 1198 0.75 
13-1F11 1361.4 0.005 0.003 0.001 0.214 146 66.6 79.4 54.5 1203 0.75 
5-11F1 1360.9 0.205 0.000 -0.001 0.176 127 28 99 78 1236 0.75 
5-11F2 1361.4 0.271 0.003 0.011 0.310 152 29 123 81 1237 0.75 
5-11F3 1360.7 0.118 0.000 0.003 0.118 100 29 71 71 1233 0.75 
5-11F4 1361.5 0.180 0.003 0.021 0.340 178 30 148 83 1237 0.75 
5-11F5 1361.5 0.110 0.000 0.012 0.167 101 13 88 88 1262 0.75 
5-1982 1359.4 0.086 0.000 0.004 0.031 129 2 127 98 1317 0.75 
5-1983 1359.4 0.084 0.003 -0.002 0.036 151 5 146 96 1291 0.75 
5-1984 1359.5 0.063 0.003 -0.005 0.051 138 5 133 96 1296 0.75 
5-1985 1359.4 0.059 0.003 -0.002 0.036 127 6 121 95 1289 0.75 
5-1986 1359.6 0.059 0.000 0.003 0.036 104 4 100 97 1300 0.75 
5-1987 1359.7 0.039 0.000 -0.008 0.085 68 5 64 94 1295 0.75 
5-1988 1359.5 0.091 0.000 -0.027 0.091 134 7 127 95 1284 0.75 
5-1989 1359.4 0.102 0.003 -0.002 0.073 171 2 169 99 1322 0.75 
5-19810 1359.7 0.070 0.003 -0.008 0.056 126 2 124 99 1329 0.75 
5-19811 1359.2 0.081 0.003 -0.016 0.053 146 1 145 99 1333 0.75 
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APPENDIX 2 

Table A.2.1 continued 

label T~cm-1} Hi31071 Hi32371 mui14301 mu{1365} N22m A22m B22m %NasB T{O} calc Residence ase {Ga} 
5-19B12 1359.6 0.055 0.000 0.010 0.055 71 3 68 96 1305 0.75 
5-19B13 1359.4 0.018 0.003 0.001 0.016 43 6 38 87 1287 0.75 
5-19F1 1359.1 0.053 0.000 -0.006 0.091 86 7 79 92 1281 0.75 
5-19F2 1358.6 0.065 0.003 0.003 0.052 92 3 89 96 1308 0.75 
5-19F5 1358.7 0.063 0.003 -0.005 0.037 147 4 143 98 1300 0.75 
5-19F6 1359.5 0.051 0.000 0.001 0.060 101 5 96 95 1295 0.75 
5-19F7 1359.4 0.085 0.000 0.007 0.052 105 5 100 95 1291 0.75 
5-19F8 1359.8 0.062 0.003 -0.002 0.040 123 5 118 96 1295 0.75 
5-19F9 1358.9 0.052 0.000 0.004 0.028 116 4 112 97 1301 0.75 
5-19F10 1359.0 0.068 0.003 0.001 0.034 133 3 130 98 1312 0.75 
5-19F11 1359.3 0.088 0.000 -0.006 0.067 147 3 144 98 1311 0.75 
5-24B1 1361.5 0.037 0.003 0.024 1.085 493 103 390 79 1201 0.75 
5-24B2 1364.8 0.031 0.000 0.105 1.989 789 123 666 84 1198 0.75 
5-24B3 1365.4 0.029 0.000 0.128 2.068 760 114 646 85 1200 0.75 
5-2484 1363.5 0.041 0.003 0.099 1.812 753 131 622 83 1196 0.75 
5-24B5 1361.5 0.022 0.000 0.006 0.655 340 99 241 71 1200 0.75 
5-24B6 1362.0 0.026 0.000 0.055 1.253 538 111 428 80 1200 0.75 
5-24B7 1361.6 0.032 0.000 0.019 0.776 386 96 290 75 1202 0.75 
5-24B8 1365.2 0.032 0.003 0.189 2.746 1051 128 923 88 1198 0.75 
5-24F1 1361.5 0.032 0.006 0.003 0.525 304 93 211 69 1200 0.75 
5-24F2 1365.4 0.026 0.003 0.209 3.136 1143 130 1013 89 1198 0.75 
5-24F3 1365.4 0.023 0.003 0.234 3.090 1091 117 974 89 1201 0.75 
5-24F4 1365.4 0.026 0.003 0.184 2.653 947 117 830 88 1201 0.75 
5-24F5 1365.4 0.025 0.000 0.170 2.610 961 115 846 88 1201 0.75 
5-24F6 1364.8 0.034 0.003 0.120 2.134 922 104 818 89 1204 0.75 
5-24F7 1361.5 0.039 0.000 0.016 1.006 474 98 376 79 1203 0.75 
5-25B6 1360.7 0.013 0.000 0.009 0.014 26 16 10 40 1233 0.75 
5-25B7 1362.1 0.044 0.000 0.004 0.603 248 80 168 68 1178 2.02 
5-25B8 1362.6 0.062 0.000 0.013 0.695 294 85 209 71 1177 2.02 
5-25B9 1361.5 0.089 0.000 -0.003 0.330 170 56 115 67 1187 2.02 
5-25F4 1361.5 0.052 0.000 0.001 0.354 153 67 86 56 1178 2.02 
5-25F5 1361.5 0.064 0.000 0.001 0.403 173 71 102 59 1177 2.02 
5-25F6 1361.5 0.052 0.000 0.001 0.105 61 27 34 55 1228 0.75 
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APPENDIX 2 

Table A.2.1 continued 

Label T{cm-11 H{3107~ H{3237J mu{14l0} mU{1365J N22m Ap2m B22m %NasB T{Ol calc Residence ase {Gal 
5-25F10 1362.2 0.046 0.003 0.012 0.607 233 85 148 63 1175 2.02 
5-25F11 1361.5 0.050 0.000 0.004 0.171 85 29 56 66 1231 0.75 
5-2681 1360.0 0.007 0.000 -0.002 0.127 107 67 40 38 1193 0.75 
5-2682 1359.7 0.012 0.000 -0.007 0.122 109 68 41 38 1192 0.75 
5-2683 1359.7 0.000 0.000 -0.002 0.102 89 61 28 31 1190 0.75 
5-2684 1359.6 0.002 0.000 -0.002 0.100 95 62 33 34 1193 0.75 
5-2685 1360.1 0.000 0.000 0.000 0.124 106 70 36 34 1189 0.75 
5-2686 1359.7 0.000 0.000 -0.004 0.111 97 65 32 32 1190 0.75 
5-2687 1359.8 0.000 0.000 0.000 0.136 113 73 40 36 1189 0.75 
5-2688 1359.9 0.000 0.003 -0.002 0.146 114 73 41 36 1189 0.75 
5-2689 1359.5 0.005 0.000 0.000 0.096 105 66 39 37 1193 0.75 
5-26810 1359.4 0.005 0.000 -0.002 0.090 94 62 32 34 1192 0.75 
5-26811 1359.7 0.000 0.000 0.001 0.073 98 54 44 45 1203 0.75 
5-26812 1359.3 0.003 0.000 -0.002 0.043 71 46 25 35 1201 0.75 
5-26F1 1360.2 0.007 0.000 -0.002 0.120 95 65 30 32 1190 0.75 
5-26F2 1359.9 0.000 0.000 -0.004 0.124 106 69 37 35 1190 0.75 
5-26F3 1359.7 0.000 0.000 -0.002 0.082 94 63 31 33 1191 0.75 
5-26F4 1359.5 0.005 0.000 -0.007 0.091 106 68 38 36 1192 0.75 
5-26F5 1359.5 0.000 0.000 -0.003 0.062 77 43 34 44 1209 0.75 
5-26F6 1359.4 0.000 0.000 -0.004 0.075 91 61 30 33 1192 0.75 
5-26F7 1360.3 0.003 0.000 0.003 0.143 115 74 41 36 1189 0.75 
5-26F8 1360.0 0.000 0.000 -0.002 0.128 114 72 42 36 1190 0.75 
5-26F9 1359.6 0.000 0.000 -0.005 0.077 102 67 35 34 1190 0.75 
5-26F10 1359.1 0.000 0.003 0.003 0.063 81 55 26 32 1194 0.75 
6-181 1361.5 0.030 0.003 0.000 0.021 57 35 23 40 1212 0.75 
6-182 1360.5 0.023 0.000 0.001 0.003 33 29 4 11 1185 0.75 
6-183 1361.5 0.044 0.003 -0.002 0.003 44 29 15 35 1213 0.75 
6-184 1361.5 0.056 0.000 -0.002 0.047 48 35 13 27 1202 0.75 
6-185 1361.5 0.023 0.000 -0.002 0.021 47 29 19 38 1217 0.75 
6-186 1361.5 0.026 0.000 0.003 0.015 43 26 17 40 1219 0.75 
6-187 1361.5 0.026 0.000 0.001 0.024 45 26 19 42 1221 0.75 
6-1F1 1361.4 0.020 0.000 -0.002 0.012 44 32 12 28 1205 0.75 
6-1F2 1361.5 0.014 0.000 -0.002 0.012 49 29 20 41 1219 0.75 
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APPENDIX 2 

Table A.2.1 continued 

Label T~cm-1} Hi3107~ H~3237} mui1430} mUl1365) N~~m A~~m B~~m %NasB Tlol calc Residence ase iGa~ 
6-1F3 1361.5 0.026 0.003 -0.002 0.053 60 35 25 42 1213 0.75 
6-1F4 1361.5 0.035 0.003 0.001 0.044 49 32 18 36 1212 0.75 
6-1F5 1361.5 0.032 0.000 0.001 0.024 44 28 16 36 1214 0.75 
6-1F6 1361.5 0.038 0.000 0.001 0.056 49 31 18 37 1212 0.75 
6-1F7 1361.5 0.044 0.003 0.001 0.035 53 31 22 43 1217 0.75 
6-1F8 1361.5 0.032 0.000 -0.002 0.041 53 33 20 38 1212 0.75 
6-1F9 1361.5 0.055 0.003 -0.006 0.017 44 28 16 35 1214 0.75 
6-1F10 1361.5 0.029 0.000 0.001 0.027 47 30 17 38 1214 0.75 
6-1F11 1361.9 0.033 0.000 -0.002 0.000 45 30 16 35 1213 0.75 
7-14B1 1364.6 0.096 0.000 0.011 0.253 143 45 98 68 1220 0.75 
7-14B2 1365.2 0.034 0.000 0.090 1.639 555 85 470 85 1208 0.75 
7-14B3 1365.4 0.060 0.003 0.118 1.909 608 67 541 89 1216 0.75 
7-14B4 1366.0 0.210 0.008 0.092 1.216 445 61 384 86 1218 0.75 
7-14B5 1366.7 0.281 0.008 0.051 0.136 115 12 103 89 1264 0.75 
7-14B6 1366.0 0.325 0.011 0.046 0.195 122 13 109 90 1263 0.75 
7-14B7 1365.6 0.455 0.020 0.125 1.207 432 60 372 86 1218 0.75 
7-14B8 1372.8 0.555 0.014 0.124 0.405 333 51 282 85 1222 0.75 
7-14B9 1373.1 0.297 0.009 0.077 0.286 222 36 186 84 1232 0.75 
7-14B10 1365.5 0.401 0.011 0.145 1.095 443 60 383 87 1218 0.75 
7-14B11 1365.4 0.162 0.009 0.151 2.005 660 66 594 90 1217 0.75 
7-14B12 1366.4 0.358 0.012 0.137 0.846 472 68 404 86 1215 0.75 
7-14B13 1365.4 0.077 0.003 0.108 1.872 632 80 552 87 1211 0.75 
7-14B14 1365.3 0.022 0.000 0.089 1.859 627 90 537 86 1207 0.75 
7-14B15 1365.5 0.367 0.011 0.127 1.095 476 56 420 88 1221 0.75 
7-14F1 1364.8 0.088 0.005 0.027 0.649 220 30 190 87 1238 0.75 
7-14F2 1365.4 0.051 0.003 0.138 2.160 682 80 602 88 1211 0.75 
7-14F3 1371.4 0.341 0.006 0.093 0.427 325 50 275 85 1223 0.75 
7-14F4 1374.0 0.444 0.011 0.102 0.367 310 47 264 85 1225 0.75 
7-14F5 1366.2 0.450 0.017 0.124 0.912 436 51 385 88 1224 0.75 
7-14F6 1365.4 0.173 0.008 0.103 1.494 499 59 440 88 1220 0.75 
7-14F7 1365.4 0.163 0.006 0.156 1.922 663 71 592 89 1215 0.75 
7-14F8 1365.4 0.060 0.003 0.160 2.438 806 92 714 89 1207 0.75 
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Table A.2.1 continued 

label T{cm-1l H!3107l H{3237l mut1430l mu{13651 Neem Apem Beem %NasB T{Ol calc Residence age {Gal 
7-14F9 1364.8 0.026 0.000 0.034 0.724 329 47 282 86 1225 0.75 
7-1B1 1365.4 0.147 0.010 0.098 1.306 511 15 496 97 1260 0.75 
7-1B2 1364.1 0.071 0.000 0.015 0.492 184 48 136 74 1220 0.75 
7-1B3 1363.4 0.064 0.000 0.010 0.406 171 49 122 72 1219 0.75 
7-1B4 1363.5 0.021 0.000 0.007 0.382 149 35 114 76 1229 0.75 
7-1B5 1363.7 0.018 0.002 0.010 0.358 139 34 105 76 1231 0.75 
7-1B6 1363.9 0.049 0.002 0.016 0.496 180 36 144 80 1230 0.75 
7-1B7 1363.0 0.070 0.000 0.008 0.245 118 39 79 67 1223 0.75 
7-1B8 1363.4 0.041 0.000 0.017 0.534 212 58 154 72 1214 0.75 
7-1B9 1362.7 0.166 0.005 0.013 0.382 141 34 107 76 1231 0.75 
7-1B10 1364.4 0.118 0.008 0.031 0.443 153 19 134 88 1251 0.75 
7-1B11 1365.4 0.076 0.005 0.224 2.767 891 97 794 89 1206 0.75 
7-1B12 1364.3 0.075 0.003 0.076 1.323 479 65 414 86 1216 0.75 
7-1F1 1365.5 0.149 0.010 0.103 1.382 415 41 374 90 1230 0.75 
7-1F2 1364.2 0.109 0.008 0.066 1.114 430 36 394 92 1234 0.75 
7-1F3 1364.2 0.082 0.002 0.013 0.490 188 48 140 75 1221 0.75 
7-1F4 1363.5 0.053 0.000 0.008 0.302 130 44 86 67 1220 0.75 
7-1F5 1363.7 0.026 0.000 0.005 0.231 88 29 59 68 1232 0.75 
7-1F6 1363.8 0.021 0.000 0.010 0.304 105 29 76 72 1233 0.75 
7-1F7 1363.8 0.047 0.005 0.007 0.267 80 25 55 69 1237 0.75 
7-3B1 1361.5 0.017 0.000 0.006 0.651 272 98 174 64 1197 0.75 
7-3B2 1362.3 0.000 0.003 0.049 1.165 468 87 381 81 1207 0.75 
7-3B3 1364.3 0.006 0.000 0.045 1.580 614 83 531 87 1210 0.75 
7-384 1361.5 0.020 0.000 0.017 0.995 408 77 331 81 1210 0.75 
7-3B5 1361.0 0.037 0.000 0.008 0.145 70 27 43 61 1230 0.75 
7-3B6 1358.9 0.000 0.000 0.006 0.007 21 16 5 28 1222 0.75 
7-3F1 1360.2 0.026 0.000 0.007 0.036 29 15 14 47 1240 0.75 
7-3F2 1361.2 0.031 0.003 0.007 0.318 153 70 83 54 1202 0.75 
7-3F3 1361.2 0.024 0.003 0.004 0.336 174 68 106 61 1205 0.75 
7-3F4 1361.5 0.009 0.000 0.001 0.502 207 79 128 62 1202 0.75 
7-3F5 1362.9 0.000 0.000 0.020 1.069 384 82 303 79 1207 0.75 
7-3F6 1361.5 0.011 0.000 0.004 0.579 233 78 155 67 1204 0.75 
7-3F7 1361.2 0.016 0.000 0.021 0.497 230 89 141 61 1198 0.75 
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Table A.2.1 continued 

label T~cm-1l H~3107l H{3237l mul14301 mu{13651 Neem Aeem Beem %NasB T{Ol calc Residence ase {Gal 
7-3F8 1361.4 0.064 0.006 -0.005 0.420 217 80 137 63 1202 0.75 
7-3F9 1361.5 0.124 0.003 0.003 0.434 194 75 119 61 1203 0.75 
7-3F10 1361.5 0.135 0.003 0.001 0.351 154 59 95 61 1209 0.75 
7-3F11 1361.5 0.121 0.000 0.001 0.316 140 55 85 61 1211 0.75 
7-3F12 1361.5 0.023 0.006 0.003 0.649 245 95 150 61 1196 0.75 
7-3F13 1361.5 0.035 0.000 0.001 0.696 278 87 191 69 1202 0.75 
7-3F14 1361.3 0.036 0.003 -0.002 0.326 156 59 97 62 1210 0.75 
7-3F15 1359.9 0.025 0.000 -0.003 0.029 21 11 10 48 1249 0.75 
7-581 1359.7 0.008 0.000 0.001 0.089 81 38 43 54 1218 0.75 
7-582 1361.2 0.031 0.000 0.000 0.412 208 65 143 68 1210 0.75 
7-583 1361.5 0.023 0.000 0.003 0.750 332 82 250 76 1206 0.75 
7-584 1361.5 0.028 0.000 0.003 0.687 309 76 233 75 1208 0.75 
7-585 1361.5 0.023 0.000 0.006 0.623 289 68 221 77 1212 0.75 
7-586 1360.6 0.032 0.000 -0.002 0.199 112 49 63 57 1213 0.75 
7-5F1 1360.0 0.022 0.000 0.003 0.080 80 36 44 55 1220 0.75 
7-5F2 1359.6 0.019 0.000 -0.002 0.100 93 42 51 56 1216 0.75 
7-5F3 1360.6 0.021 0.000 0.001 0.222 136 57 80 59 1209 0.75 
7-5F4 1361.5 0.026 0.000 0.008 0.840 362 84 278 77 1206 0.75 
7-5F5 1361.5 0.023 0.000 0.003 0.656 304 79 225 74 1206 0.75 
7-5F6 1361.5 0.036 0.000 0.006 0.694 271 78 193 71 1206 0.75 
7-5F7 1361.4 0.049 0.000 -0.002 0.396 191 59 132 69 1212 0.75 
7-5F8 1361.5 0.073 0.003 0.003 0.543 244 58 186 76 1216 0.75 
7-5F9 1361.5 0.026 0.000 0.003 0.445 228 53 175 77 1219 0.75 
7-5F10 1361.5 0.028 0.003 0.003 0.545 270 63 207 77 1214 0.75 
7-5F11 1361.5 0.031 0.003 0.003 0.672 313 73 240 77 1210 0.75 
7-5F12 1361.5 0.023 0.000 0.006 0.664 311 77 235 75 1208 0.75 
7-5F13 1360.4 0.021 0.000 -0.002 0.244 141 55 86 61 1211 0.75 
8-881 1361.5 0.016 0.003 -0.006 0.013 30 27 3 9 1179 0.75 
8-883 1360.5 0.014 0.002 0.030 0.040 28 22 6 22 1208 0.75 
8-885 1361.5 0.010 0.000 0.031 0.026 25 23 2 8 1183 0.75 
8-886 1358.1 0.010 0.002 -0.001 0.014 35 34 1 5 1151 0.75 
8-887 1358.4 0.018 0.004 0.001 0.007 50 29 21 41 1218 0.75 
8-8810 1360.1 0.000 0.003 0.000 0.018 42 28 14 34 1213 0.75 
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Table A.2.2 IR properties for the rough peridotitic diamonds, calculated using a residence age of 0.75 billion years. 

Label T{cm-1} H{3107) H~3237l mu{1430} mu{1365} Neem Aeem Beem %NasB T(O)calc 
J-9825-1 1361.9 0.019 0.010 0.011 1.210 525 163 362 69 1149 
J-9825-3a 1377.5 0.005 0.002 -0.004 -0.004 11 7 4 39 1216 
J-9825-3b 1380.8 0.008 0.000 0.022 -0.002 16 11 6 35 1201 
J-9825-6a 1365.4 0.016 0.005 0.045 1.492 858 305 553 64 1131 
J-9825-6b 1365.4 0.017 0.000 0.046 1.412 788 273 515 65 1134 
J-9825-9a 1361.5 0.119 0.000 -0.001 0.110 80 45 35 44 1170 
J-9825-9b 1361.3 0.089 0.006 0.002 0.121 67 34 33 49 1180 
J-9825-10a 1363.1 0.027 0.000 0.020 0.699 322 59 263 82 1178 
J-9825-10b 1361.3 0.038 0.002 0.002 0.272 192 53 139 73 1178 
J-9825-11a 1360.8 0.163 0.002 -0.003 0.146 99 32 68 69 1190 
J-9825-11b 1361.1 0.174 0.004 0.041 0.297 185 45 140 76 1183 
J-9825-14 1359.5 0.071 0.002 0.001 0.015 86 4 83 96 1260 
J-9825-16 1377.0 0.030 0.002 -0.001 -0.001 15 10 5 35 1203 
J-9825-17a 1360.7 0.128 0.000 -0.002 0.344 148 64 84 57 1167 
J-9825-17b 1360.6 0.075 0.000 -0.001 0.385 163 67 96 59 1167 
J-9825-18 1364.8 0.060 0.000 0.049 1.676 810 254 556 69 1137 
J-9825-19a 1359.3 0.069 0.002 -0.004 0.066 114 6 108 95 1245 
J-9825-19b 1359.2 0.053 0.000 -0.003 0.045 83 5 78 94 1250 
J-9825-21 1361.8 0.065 0.002 0.008 0.565 337 152 185 55 1144 
J-9825-23 1380.8 0.013 0.005 0.075 0.067 39 26 14 35 1178 
J-9825-24 1364.0 0.073 0.007 0.106 1.939 784 108 677 86 1165 
J-9825-25 1361.5 0.065 0.002 -0.003 0.198 83 40 43 52 1177 
J-9825-26 1359.8 0.010 0.010 0.001 0.116 127 67 60 47 1161 
J-9826-1 1361.8 0.044 0.005 -0.006 0.038 55 32 24 42 1178 
J-9826-2 1381.4 0.005 0.003 -0.004 -0.001 13 5 8 57 1236 
J-9826-3 1361.7 0.068 0.005 0.000 0.298 141 13 128 91 1223 
J-9826-4 1381.0 0.000 0.000 0.000 0.002 8 6 3 36 1216 
J-9827-1a 1364.1 0.069 0.000 0.041 0.735 295 54 241 82 1220 
J-9827-1b 1363.9 0.075 0.010 0.053 0.826 313 74 239 76 1209 
J-9827-1c 1363.5 0.048 0.002 0.017 0.732 320 61 259 81 1216 
J-9827-3 1361.5 0.022 0.000 0.007 0.641 270 68 202 75 1211 
J-9827-4 1361.5 0.150 0.005 0.018 0.536 343 12 331 97 1267 
J-9827-5a 1361.0 0.024 0.000 -0.021 0.231 153 54 100 65 1214 
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Table A.2.2 continued 

Label Ticm-11 H~3107} H!3237} mu{1430} mui13651 N22m A22m B22m %NasB T(")calc 
J-9827-5b 1361.4 0.024 0.000 0.002 0.429 204 68 137 67 1208 
J-982 7-6 (frag) 1360.7 0.016 0.000 -0.004 0.122 130 70 60 46 1197 
J-9827-7 1364.0 0.036 0.002 -0.004 0.018 76 44 32 42 1208 
J-9827-8 1365.4 0.045 0.009 0.006 0.668 292 95 197 68 1199 
J-9827-11a 1361.5 0.043 0.000 0.000 0.317 151 55 96 64 1212 
J-9827-11b 1361.5 0.023 0.000 0.007 0.509 228 69 159 70 1209 
J-9827-12 1365.5 0.079 0.006 0.125 1.898 799 149 650 81 1192 
J-9827-17a 1383.6 0.031 0.000 -0.044 0.014 26 17 9 35 1226 
J-9827-17b 1369.3 0.051 0.000 -0.007 0.000 23 14 9 41 1238 
J-9827-19 1361.5 0.042 0.000 0.005 0.702 388 148 240 62 1185 
J-9827-20a 1366.2 0.063 0.003 0.000 0.192 106 36 70 66 1225 
J-9827-20b 1366.0 0.079 0.005 0.020 0.331 165 53 112 68 1215 
J-9828-1 1361.9 0.029 0.002 0.010 0.377 158 43 116 73 1223 
J-982 10-1 (trag) 1361.9 0.019 0.010 0.011 1.210 525 163 362 69 1161 
J-98210-3a 1360.4 0.027 0.000 0.016 0.108 127 43 84 66 1195 
J-98210-3b 1360.7 0.016 0.000 -0.004 0.122 130 70 60 46 1172 
J-98210-4 1364.8 0.061 0.005 0.062 1.150 508 75 433 85 1187 
J-98210-5 1361.5 0.024 0.001 0.005 0.041 41 22 19 45 1202 
J-98210-6a 1363.6 0.041 0.000 0.007 0.206 101 38 63 63 1197 
J-98210-6b 1362.7 0.041 0.000 0.007 0.294 145 45 100 69 1195 
J-98210-9 1365.4 0.049 0.000 0.052 0.907 352 41 311 88 1204 
J-98210-10 1365.4 0.074 0.004 0.005 0.001 50 24 26 53 1204 
J-98210-11a 1369.5 0.089 0.010 0.093 0.503 463 4 459 99 1272 
J-98210-11b 1369.2 0.066 0.009 0.068 0.443 444 11 433 98 1243 
J-98210-13 1360.7 0.039 0.002 0.009 0.050 36 16 21 58 1218 
J-98210-14 1362.9 0.155 0.007 0.010 0.132 63 27 36 58 1204 
J-98210-15 1363.5 0.116 0.002 0.029 0.087 105 45 60 57 1190 
J-98210-17 1360.3 0.023 0.007 0.032 0.123 86 31 55 64 1203 
J-982 10-18 1363.5 0.082 0.000 0.006 0.247 92 22 70 76 1216 
J-98210-19a 1365.4 0.162 0.004 0.008 0.572 324 117 207 64 1168 
J-98210-19b 1365.4 0.206 0.004 0.038 0.872 396 117 279 70 1170 
J-982 10-20 (frag) 1364.0 0.073 0.007 0.106 1.939 784 108 677 86 1178 
J-982 11-1a 1366.0 0.260 0.013 0.167 1.843 652 62 590 91 1193 
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Table A.2.2 continued 

Label T~cm-1~ H~3107} Hi3237} mu~1430~ mu~1365~ N22m A22m B22m %NasB Te)calc 
J-98211-1b 1366.2 0.233 0.012 0.140 1.500 536 42 494 92 1204 
J-982 11-7 1361.5 0.045 0.000 0.015 0.674 223 70 153 69 1183 
J-982 11-8 1361.5 0.027 0.007 -0.005 0.269 153 67 86 56 1179 
J-98211-9 1361.5 0.141 0.007 0.021 0.084 71 37 34 47 1189 
J-98213-1 1360.5 0.008 0.000 0.008 0.103 85 50 35 41 1165 
J-98213-2 1360.9 0.020 0.003 -0.002 0.195 138 60 78 56 1168 
P137 (frag) 1364.8 0.061 0.005 0.062 1.150 508 75 433 85 1186 
P146 (frag) 1366.0 0.260 0.013 0.167 1.843 652 62 590 91 1192 

Table A.2.3 IR properties for rough eclogitic diamonds, calculated using a residence age of 10 million years. 

Label Tlcm-1~ H13107} Hl3237} mu{1430} mui1365l N22m A22m B22m %NasB Tf')calc 
M2 (frag) 1360.6 0.057 0.000 -0.004 0.152 118 49 69 59 1270 
M4 {frag} 1365.3 0.076 0.007 0.043 1.243 488 89 399 82 1263 
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CARBON AND NITROGEN ISOTOPES OF CULLINAN MINE DIAMONDS 

ISOTOPE ANALYSIS 

The carbon and nitrogen isotopes of the Cullinan diamonds were measured in the 

stable isotope laboratory at Queens University, Kingston, Canada. The isotopes were 

measured on a Carlo Erba Instruments NCS2500 Elemental Analyser coupled with a 

Finnigan Mat 252 mass spectrometer using continuous flow technology. The analysis 

of carbon and nitrogen isotopes is performed using separate samples of the same 

diamond as the mass spectrometer can only recognize one element at a time. The 

continuous flow method involves combusting the diamond in oxygen, converting it 

into CO2 and N2 gas. The CO2 and N2 gas, carried in a He carrier gas is then 

separated and purified with a Gas Chromatographic column (GC). The C02 and N2 

gas are ionized by the mass spectrometer and the isotopic composition is measured. 

The values of 0 BC and 0 l~ are calculated relative to known standards 

The fragments of diamonds were weighed and loaded separately into 6 x 4 

mm ultra-clean tin cups. The weight of the fragments used in each carbon isotope 

measurement was between 0.009 and 0.04 mg, although the majority weighed 

between 0.02 and 0.03mg. Larger samples are required for the nitrogen isotope 

analyses due to the low abundance of nitrogen in the diamond's crystal lattice. The 

range in weight of the fragments used in each nitrogen isotope analysis varied 

between 1.4 and 1.8 mg. A blank was run after every three samples in order to 

remove any excess carbon. A standard was run after every six samples (on average) 

to ensure that the machine was operating within acceptable error limits. 
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Key to Table A.3.1: 

Parageneses 

E: Edogitie 
P: Peridotitie 
Lherzolitie: Sub-division of the Peridotite paragenesis 
Harzburgitie: Sub-division of the Peridotite paragenesis 

oeta: Octahedron 
agg: Aggregate 
tth: T etrahexahedroid 
made: Made 
irreg: Irregular 

Table A.3.1 A summary table of the mean and standard deviation of carbon isotopes (%0) 
for various groups of the Cullinan diamonds 

Colour and shape 

white 
-4.33 
1.58 
13 

Paragenesis 

E-Type 
-4.92 
0.84 

brown 
-3.84 
1.27 
81 

P-Type 
-4.02 
1.51 

oem tth 
-3.47 -4.39 
1.12 1.12 
44 13 

Iherzolitic harzburgltic 
-3.89 -4.23 
1.32 1.49 

aS9 
-3.51 
0.75 
10 

mean 
sd 
n 

macle 
-3.94 
0.91 
32 

irreg 
-4.39 mean 
1.22 sd 

2 n 
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Table A.3.2 A table of the carbon iSotope and nitrogen isotope values (%0) 
and paragenesis for individual diamonds from Cullinan. 
J-982 samples are peridotitic, the P samples are the supplementary 
peridotitic diamonds and the M samples are eclogitic (Section 3.2) 

Samele number l5'JC (%.~ l5~IN«%o~ I?,!msenesis 
J-98210-1 -3.27 lharz 
J-98210-2 -5.00 Iherz 
J-98210-3 -3.55 Iherz 
J-98210-4 -4.74 -18.13 Iherz 
J-982 10-4 (duplicate) n.d. -24.51 Iherz 
J-98210-5 -3.27 Iherz 
J-98210-6 -3.32 Iherz 
J-98210-7 -5.18 Iherz 
J-98210-8 -4.71 Iherz 
J-98210-9 -2.42 Iherz 
J-98210-10 -3.34 Iherz 
J-98210-11 -2.98 Iherz 
J-98210-12 -3.37 Iherz 
J-98210-13 -3.59 lharz 
J-98210-14 -2.69 Iherz 
J-98210-15 -4.90 Iherz 
J-98210-16 -4.75 Iherz 
J-98210-17 -3.30 I harz 
J-98210-18 -3.12 Iherz 
J-98210-19 -3.22 -2.16 Iherz 
J-98210-20 -3.83 I harz 
J-98211-1 -4.99 10.20 Iherz 
J-98211-2 -5.25 Iherz 
J-98211-3 -3.91 Iherz 
J-98211-4 -4.42 Iherz 
J-98211-5 -4.52 Iherz 
J-98211-6 -3.75 I harz 
J-98211-7 -4.14 Iherz 
J-98211-8 -1.01 lharz 
J-98211-9 -3.32 Iherz 
J-98211-10 -4.14 Iherz 
J-9825-1 -5.52 harz 
J-9825-3 -4.87 harz 
J-9825-4 -2.72 harz 
J-9825-5 -3.07 harz 
J-9825-6 -4.41 -9.31 harz 
J-9825-7 -3.38 harz 
J-9825-8 -4.04 harz 
J-9825-9 -2.10 harz 
J-9825-10 -2.10 harz 
J-9825-12 -3.84 harz 
J-9825-13 -3.46 harz 
J-9825-14 -2.84 harz 
J-9825-15 -4.63 harz 
J-9825-16 -4.73 harz 
J-9825-17 -2.55 harz 
J-9825-18 -4.15 4.87 harz 
J-9825-20 -3.46 harz 
J-982 5-21 -5.88 5.85 harz 
J-9825-22 -1.44 harz 
J-9825-23 -2.40 harz 
J-9826-2 -3.95 harz 
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Table A.3.2 continued 

Sam21e number i5iJC {%o} i51!1Ni%ol 2aragenesis 
J-9826-3 -4.24 harz 
J-9826-4 -4.44 harz 
J-9827-2 -1.98 Iherz 
J-9827-4 -4.54 Iherz 
J-9827-6 -1.10 lherz 
J-9827-7 -2.14 Iherz 
J-9827-8 -3.51 Iherz 
J-9827-9 -3.41 Iherz 
J-9827-10 -5.28 Iherz 
J-9827-11 -3.53 Iherz 
J-9827-12 -1.63 -2.60 Iharz 
J-9827-13 -4.14 Iherz 
J-9827-15 -3.76 Iherz 
J-9827-16 -5.14 Iherz 
J-9827-17 -3.02 Iherz 
J-9827-18 -3.49 Iherz 
J-9827-19 -4.25 -0.20 Iherz 
J-9827-20 -2.99 Iherz 
J-9828-1 -3.80 Iherz 
J-9828-2 -4.86 Iherz 
J-9828-3 -4.34 Iherz 
J-9828-4 -4.63 Iharz 
J-9828-5 -5.04 lherz 
J-9828-6 -4.72 Iherz 
J-9828-7 -4.20 Iherz 
J-9828-9 -3.84 Iharz 
J-9828-10 -3.68 Iherz 
J-982 12-1 -3.28 harz 
J-98212-2 -3.53 harz 
J-98213-2 -2.24 harz 
J-98213-3 -2.68 harz 
P037 -6.02 harz 
P 101 -10.29 harz 
P 155 -7.06 harz 
P 136 -3.82 harz 
P 146 -5.90 harz 
P 137 -3.37 3.74 harz 
P 152 -3.48 harz 
P095 -6.43 harz 
P045 -5.91 harz 
P 131 -3.18 harz 
P099 -7.71 harz 
P 102 -5.93 harz 
P034 -3.70 Iherz 
P 071 -2.74 Iherz 
P 081 -3.02 Iherz 
P097 -10.02 Iherz 
P 108 -4.28 Iherz 
P 147 -3.50 Iherz 
P 174 -6.79 Iherz 
M2 -4.81 eclog 
M3 -4.34 eclog 
M4 -6.13 eclog 
M5 -4.38 ecl2,9 
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APPENDIX 4 

ELECTRON MICROPROBE METHODOLOGY AND ANALYSES FOR 
INCLUSIONS FROM CULLINAN MINE DIAMONDS 

ELECTRON MICROPROBE 

The major element chemical analyses of garnet, clinopyroxene, orthopyroxene and 

olivine were determined using the Cameca/Camebax electron microprobe at the 

University of Cape Town, Department of Geological Sciences. The samples were 

analysed under the following instrumental conditions: 

Beam current: 40nA 

Accelerating voltage: 15kV 

Beam size: 2-5 ~ 

Analysing crystals: TLAP for Na, Mg, Si and Al 

LiF (200) for Fe, Mn and Ni 

PET for Ca, K. Ti and Cr 

Detection: Flow counters with 1 (lOA, methane in Ar gas mixture 

Counting times of 10 seconds were used for the peaks and background for aU 

elements except Ni in olivine, which had counting times of 30 seconds for peaks and 

backgrounds and K in clinopyroxene and Na in garnet, which had counting times of 

60 seconds for peaks and backgrounds. The standards used in the analyses are listed 

in Table 4.1 and the lower limits of detection for the various oxides are listed in Table 

A.4.2. The values obtained for the individual inclusions are presented in Tables AA.3 

-A.4.8. 
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TableA.4.1 
Standards used for the mineral phases by the electron microprobe 

Oxide Gamet Pyroxene Olivine 

Si~ K-P DIOP M-OI 

Ti~ RUT RUT RUT 

AlzO:s K-P K-P K-P 

CrzO:s CHRO CHRO CHRO 
feO K-P K-P M-OI 
MnO RHOD RHOD RHOD 
MgO K-P DIOP M-OI 
Cao K-P DIOP K-P 

NazO K-H K-H 

K20 K-H K-H 
NIO NISI 

M-Ol: Marhilati Olivine; K-P: Kakanui Pyrope; K-H: Kakanui Homblende; 
DIOP: Synthetic Diopside; RUT: Synthetic Rutile; CHRO: Chromite 52NL 11; 

RHOD: Synthetic Rhodonite; NISI: Synthetic Ni2Si04 

TableA.4.2 
Lower limits of detection and standard deviations for the various oxides 
based on counting statistics 

Oxide Garnet Cex Oex Olivine 

8102 0.06::1: 0.16 0.06::1: 0.16 0.06::1: 0.16 0.06::1: 0.14 

TI~ 0.04::1: 0.02 0.04::1: 0.02 0.04::1: 0.02 0.04::1: 0.02 

~O:s 0.06::1: 0.10 0.04::1: 0.06 0.05::1: 0.05 0.04::1: 0.01 

CrzO:s 0.06::1:0.04 0.05::1: 0.02 0.04::1: 0.02 0.04::1: 0.02 
feO 0.08::1: 0.17 0.10::1: 0.07 0.07::1: 0.10 0.07::1: 0.12 
MnO 0.09::1: 0.07 0.06::1: 0.02 0.06::1: 0.03 0.06::1: 0.02 
MgO 0.04::1: 0.11 0.04::1: 0.08 0.05::1: 0.11 0.04::1: 0.14 
CaO 0.09::1: 0.07 0.03 ::1:0.09 0.02 ::1:0.02 0.01::1: 0.01 
NazO 0.01::1: 0.01 0.05::1: 0.04 0.04::1: 0.01 
K20 0.01::1: 0.03 0.02::1: 0.01 
NiO 0.06::1: 0.03 
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APPENDIX 4 

Table A.4.3: Peridotitic garnet inclusion analyses 

10-1 st 10-3 st 10-3 sta 10-4 st 10-4sta 10-5 st 10-5 sta 10-6 st 10-6 sta 10-6 stb 10-8 st 10-9 st 
Si02 43.76 39.84 42.27 43.59 41.70 42.84 42.50 43.11 41.78 41.85 40.54 42.01 
Ti02 0.25 0.21 0.27 0.31 0.57 0.88 0.88 0.29 0.35 0.32 0.34 0.35 
AI20 3 20.78 16.07 16.31 17.13 15.43 19.70 19.78 18.65 18.56 18.22 21.63 19.58 
Cr203 3.60 8.82 9.84 6.63 10.09 4.01 3.99 6.37 6.67 6.72 2.97 5.13 
feO 6.75 6.50 6.53 7.68 7.42 7.43 7.66 7.34 7.50 7.29 6.90 6.51 
MnO 0.27 0.30 0.22 0.35 0.32 0.33 0.31 0.32 0.34 0.31 0.33 0.30 
MgO 19.11 21.74 18.77 17.31 19.19 20.74 20.20 19.81 19.30 20.26 22.12 22.16 
CaO 4.57 5.99 6.28 6.76 6.10 3.87 3.87 4.81 4.73 4.47 4.70 4.27 
Na20 0.11 0.05 0.07 0.12 0.10 0.13 0.25 0.01 0.03 0.06 0.06 0.08 
Total 99.26 99.51 100.56 99.91 100.93 99.94 99.45 100.70 99.25 99.50 99.60 100.39 

Oxy 12 12 12 12 12 12 12 12 12 12 12 12 
Si 3.140 2.978 3.119 3.198 3.091 3.078 3.073 3.112 3.075 3.070 2.920 3.018 
TI 0.014 0.012 0.015 0.017 0.032 0.048 0.048 0.015 0.019 0.018 0.018 0.019 
AI 1.764 1.421 1.424 1.487 1.353 1.674 1.692 1.593 1.616 1.582 1.844 1.665 
Cr 0.219 0.558 0.615 0.412 0.633 0.244 0.244 0.389 0.415 0.417 0.181 0.312 
fe 0.405 0.406 0.403 0.471 0.460 0.447 0.463 0.443 0.461 0.447 0.416 0.391 
Mn 0.015 0.018 0.013 0.021 0.019 0.019 0.018 0.019 0.020 0.019 0.019 0.017 
Mg 2.043 2.422 2.064 1.893 2.120 2.221 2.177 2.131 2.117 2.214 2.375 2.373 
Ca 0.351 0.480 0.496 0.532 0.485 0.298 0.300 0.372 0.373 0.351 0.363 0.329 
Na 0.015 0.007 0.010 0.017 0.014 0.019 0.035 0.002 0.004 0.009 0.008 0.012 
sum 7.976 8.303 8.159 8.052 8.208 8.047 8.051 8.077 8.100 8.126 8.144 8.136 

M -number 83.5 85.6 83.7 80.1 82.2 83.3 82.4 82.8 82.1 83.2 85.1 85.9 
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Table A.4.3: continued 

10-10 at 10-11 at 10-12 at 10-13 at 10-15 at 10-16 at 10-18 st 10-19 at 10-20 at 11-1 at 11-2 at 11-2 ata 
SI02 43.81 42.84 40.76 42.09 39.22 42.75 41.96 44.01 42.91 43.96 45.78 42.55 
Ti02 0.04 N.D. 0.35 0.25 N.D. N.D. 0.26 N.D. 0.76 0.05 N.D. N.D. 
AI20 3 17.62 20.98 16.91 16.38 19.00 20.39 19.19 21.75 20.53 22.00 22.75 20.82 

Cr203 7.99 4.05 7.63 8.97 5.64 4.69 5.13 3.58 3.39 2.59 4.21 4.42 
FeO 6.32 6.48 6.19 6.81 6.29 6.22 7.06 5.90 7.77 7.29 5.92 5.84 
MnO 0.27 0.25 0.35 0.25 0.28 0.21 0.32 0.21 0.37 0.26 0.22 0.19 
MgO 20.12 19.72 21.48 18.18 24.93 20.94 22.24 19.53 20.49 18.35 16.53 21.83 
CaO 2.97 5.83 5.29 6.07 4.61 5.26 4.02 5.43 4.01 5.11 5.13 5.10 
Na20 0.02 0.01 0.05 N.D. 0.01 N.D. 0.08 0.08 0.13 N.D. 0.03 N.D. 
Total 99.21 100.19 99.03 99.00 100.00 100.48 100.25 100.49 100.35 99.68 100.66 100.79 

Oxy 12 12 12 12 12 12 12 12 12 12 12 12 
SI 3.197 3.066 3.024 3.143 2.860 3.055 3.026 3.111 3.064 3.132 3.215 3.024 
TI 0.002 N.D. 0.019 0.014 N.D. N.D. 0.014 N.D. 0.041 0.003 N.D. N.D. 
AI 1.521 1.777 1.485 1.448 1.640 1.725 1.637 1.820 1.735 1.855 1.891 1.750 
Cr 0.493 0.246 0.479 0.567 0.348 0.284 0.313 0.214 0.205 0.156 0.250 0.266 
Fe 0.386 0.388 0.384 0.425 0.384 0.372 0.426 0.349 0.464 0.434 0.348 0.347 
Mn 0.016 0.014 0.021 0.015 0.016 0.012 0.018 0.012 0.021 0.015 0.013 0.011 
Mg 2.188 2.104 2.375 2.023 2.709 2.230 2,390 2.057 2.181 1.948 1.730 2.312 
Ca 0.232 0.447 0.421 0.485 0.361 0.403 0.311 0.411 0.307 0.390 0.386 0.388 
Na 0.003 0.002 0.007 N.D. 0.002 N.D. 0,011 0.011 0.018 N.D. 0.003 N.D. 
sum 8.047 8.045 8.220 8.120 8.320 8.082 8.147 7.985 8.036 7.943 7.848 8.102 

Ma-number 85,0 84.4 86.1 82.6 87.6 85.7 84.9 85.5 82,5 81.8 83.3 87.0 
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Table A.4.3: continued 

11-3 at 11-4 at 11-5 at 11-5 ata 11-6 at 11-8 at 11-8 ata 11-9 at 11-9 ata 11-10 at 11-10 ata 5-1 at 
SiOz 43.50 44.89 42.83 42.60 43.56 43.69 41.88 44.05 43.52 41.58 44.13 45.54 
TiOz N.D. 0.64 0.32 0.37 0.33 0.30 0.37 N.D. 0.79 0.26 0.28 N.D. 
Alz0 3 18.77 21.42 19.25 18.92 19.00 19.60 18.84 19.19 19.56 19.54 20.17 19.13 
CrZ03 7.80 4.59 6.23 6.30 5.96 5.55 5.88 7.71 5.64 4.02 4.55 8.43 
FeO 6.73 6.51 6.98 7.21 7.62 6.44 6.84 6.15 6.81 7.11 6.95 4.15 
MnO 0.35 0.33 0.33 0.25 0.37 0.27 0.30 0.31 0.25 0.21 0.24 0.17 
MgO 17.46 17.39 19.42 19.44 18.11 18.08 21.21 19.52 18.18 22.26 18.94 21.91 
CaO 5.32 5.06 4.69 4.86 5.10 6.25 4.60 3.56 4.96 4.41 4.49 0.59 
NazO 0.01 0.11 0.07 0.01 0.03 0.12 0.10 0.01 0.13 0.05 0.07 N.D. 
Total 99.97 100.93 100.12 99.97 100.11 100.29 100.03 100.50 99.85 99.45 99.82 100.05 

Oxy 12 12 12 12 12 12 12 12 12 12 12 12 
SI 3.171 3.173 3.101 3.096 3.157 3.145 3.040 3.166 3.143 3.011 3.162 3.230 
TI N.D. 0.034 0.017 0.020 0.018 0.016 0.020 N.D. 0.043 0.014 0.015 N.D. 
AI 1.619 1.791 1.649 1.627 1.629 1.670 1.618 1.631 1.672 1.675 1.711 1.606 
Cr 0.481 0.275 0.382 0.388 0.365 0.338 0.361 0.469 0.345 0.247 0.276 0.506 
Fe 0.411 0.385 0.423 0.438 0.462 0.388 0.415 0.370 0.411 0.431 0.417 0.246 
Mn 0.021 0.019 0.019 0.015 0.022 0.016 0.018 0.018 0.015 0.012 0.014 0.010 
Mg 1.897 1.831 2.096 2.106 1.956 1.940 2.294 2.090 1.957 2.402 2.023 2.316 
Ca 0.416 0.383 0.364 0.379 0.396 0.482 0.358 0.274 0.384 0.342 0.345 0.045 
Na 0.002 0.015 0.009 0.001 0.004 0.016 0.014 0.001 0.018 0.007 0.010 N.D. 
sum 8.022 7.905 8.061 8.070 8.015 8.012 8.139 8.020 7.988 8.141 7.972 7.976 

Ma-number 82.2 82.6 83.2 82.8 80.9 83.4 84.7 85.0 82.6 84.8 82.9 90.4 
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Table A.4.3: continued 

5-2 at 5-2 ata 5-2 atb 5-3 at 5-3 ata 5-4 at 5-6 at 5-8 at 5-9 at 5-10 at 5-11 at 5-12 at 
Si02 42.31 41.92 41.63 43.39 41.52 41.86 42.21 42.08 41.78 42.41 42.52 44.51 
Ti02 0.04 0.09 N.D. N.D. 0.12 0.12 0.11 N.D. 0.24 0.06 0.06 0.04 
AI20 3 13.24 12.58 14.54 18.10 16.37 17.90 18.21 19.03 16.51 17.73 16.05 19.74 
Cr203 14.90 15.22 13.91 8.71 9.46 7.09 6.88 5.57 9.53 7.45 10.77 6.22 
FeO 4.92 4.70 4.60 5.97 6.35 6.02 6.38 5.79 7.77 6.41 6.23 6.43 
MnO 0.21 0.25 0.14 0.22 0.17 0.27 0.25 0.25 0.39 0.29 0.33 0.31 
MgO 23.91 24.65 23.43 18.70 21.13 20.62 20.38 22.98 16.63 22.32 22.20 18.83 
CaO 1.37 1.25 1.27 4.59 4.61 6.08 5.43 3.87 6.65 4.11 2.46 4.57 
Na20 0.02 0.01 0.01 N.D. 0.03 N.D. N.D. 0.03 0.01 N.D. 0.05 0.01 
Total 100.90 100.73 99.57 99.70 99.75 99.97 99.86 99.63 99.52 100.77 100.68 100.65 

Oxy 12 12 12 12 12 12 12 12 12 12 12 12 
SI 3.130 3.116 3.100 3.170 3.072 3.060 3.080 3.039 3.133 3.067 3.111 3.180 
TI 0.002 0.005 N.D. N.D. 0.007 0.006 0.006 N.D. 0.014 0.003 0.003 0.002 
AI 1.160 1.107 1.281 1.565 1.434 1.548 1.573 1.627 1.465 1.517 1.390 1.669 
Cr 0.933 0.958 0.876 0.538 0.592 0.439 0.425 0.341 0.605 0.456 0.667 0.376 
Fe 0.304 0.292 0.287 0.365 0.393 0.368 0.389 0.350 0.487 0.388 0.382 0.384 
Mn 0.012 0.015 0.009 0.013 0.010 0.016 0.015 0.014 0.024 0.017 0.020 0.018 
Mg 2.636 2.730 2.600 2.036 2.330 2.246 2.217 2.473 1.858 2.405 2.421 2.005 
Ca 0.109 0.099 0.102 0.359 0.365 0.476 0.425 0.300 0.534 0.319 0.193 0.350 
Na 0.003 0.001 0.002 N.D. 0.004 N.D. N.D. 0.004 0.002 N.D. 0.007 0.001 
sum 8.289 8.330 8.259 8.047 8.206 8.160 8.128 8.149 8.122 8.171 8.194 7.984 

Ms-number 89.6 90.3 90.1 84.8 85.6 85.9 85.1 87.6 79.2 86.1 86.4 83.9 
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Table A.4.3: continued 

5-12 gta 5-13 gt 5-14 gt 5-15 gt 5-16 gt 5-17 gt 5-18 gt 5-19 gt 5-19 gta 5-20 9t 5-21 gt 5-21 gta 
SiOz 43.61 39.62 40.64 42.66 43.96 42.34 42.91 42.30 40.36 42.55 43.72 42.24 
TiOz 0.13 0.36 0.08 0.05 0.05 0.09 0.14 0.16 0.35 0.06 N.D. 0.04 
Alz0 3 19.38 15.34 18.92 17.63 20.60 17.71 14.71 17.04 16.14 18.15 15.65 14.52 

CrZ03 6.39 9.30 5.31 6.50 3.79 7.58 12.13 8.50 9.81 6.95 12.21 12.73 
FeO 6.26 6.08 6.66 6.37 6.70 6.40 4.56 6.70 7.50 6.42 6.13 6.00 
MnO 0.18 0.28 0.28 0.27 0.28 0.31 0.20 0.27 0.42 0.29 0.27 0.27 
MgO 19.06 23.03 23.58 20.86 19.85 21.87 24.20 20.01 19.11 21.68 18.71 20.84 
CaO 4.74 5.51 5.42 4.71 4.82 4.49 1.77 5.94 6.77 4.58 3.55 3.52 
NazO 0.04 0.01 0.04 0.06 N.D. N.D. N.D. 0.05 0.06 N.D. N.D. N.D. 
Total 99.82 99.52 100.94 99.11 100.05 100.80 100.63 100.97 100.52 100.67 100.25 100.21 

Oxy 12 12 12 12 12 12 12 12 12 12 12 12 
SI 3.150 2.964 2.933 3.123 3.134 3.067 3.133 3.089 3.016 3.074 3.227 3.144 
TI 0.007 0.020 0.005 0.003 0.003 0.005 0.008 0.009 0.020 0.003 N.D. 0.002 
AI 1.656 1.358 1.616 1.527 1.738 1.518 1.271 1.472 1.427 1.551 1.367 1.279 
Cr 0.391 0.589 0.324 0.403 0.229 0.465 0.750 0.526 0.620 0.425 0.763 0.802 
Fe 0.378 0.381 0.402 0.390 0.399 0.388 0.278 0.409 0.469 0.388 0.378 0.374 
Mn 0.011 0.017 0.016 0.016 0.016 0.018 0.012 0.016 0.025 0.017 0.016 0.016 
Mg 2.051 2.568 2.536 2.276 2.109 2.361 2.633 2.178 2.128 2.335 2.058 2.312 
Ca 0.367 0.442 0.419 0.370 0.368 0.349 0.138 0.465 0.542 0.354 0.280 0.281 
Na 0.005 0.001 0.006 0.008 N.D. N.D. N.D. 0.007 0.009 N.D. N.D. N.D. 
sum 8.020 8.338 8.257 8.115 7.995 8.170 8.223 8.170 8.256 8.147 8.090 8.217 

Mg-number 84.4 87.1 86.3 85.4 84.1 85.9 90.4 84.2 82.0 85.7 84.5 86.1 
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Table A.4.3: continued 

5-21 gtb 5-22 gt 5-23 gt 5-24 gt 5-25 gt 6-1 gt 6-2 at 6-3 at 6-4 at 12-1 at 12-1 gta 12-2 at 
Si02 42.21 42.57 44.87 42.42 43.20 42.76 42.00 40.38 44.80 41.53 43.08 41.66 
TI02 0.05 0.29 N.D. N.D. 0.42 0.46 0.05 0.07 N.D. 0.16 0.16 0.31 
AI20 3 14.68 17.51 19.77 17.29 18.88 18.77 18.21 18.38 17.97 19.47 19.71 19.75 

CrZ03 12.35 7.82 7.13 8.54 5.91 5.84 6.17 7.10 5.87 5.48 5.71 5.02 
FeO 5.90 6.84 6.20 6.47 6.80 7.73 6.15 6.60 5.97 6.31 6.43 6.74 
MnO 0.28 0.36 0.31 0.26 0.31 0.31 0.25 0.30 0.21 0.28 0.31 0.32 
MgO 21.88 20.25 17.55 20.33 20.67 18.27 22.82 20.52 22.32 22.64 20.92 21.64 
CaO 3.60 4.88 4.24 5.34 4.39 4.87 4.40 6.30 2.93 4.47 4.51 4.60 
NazO N.D. 0.09 N.D. 0.02 0.13 0.07 N.D. N.D. 0.01 0.03 N.D. 0.09 
Total 100.98 100.61 100.01 100.10 100.10 99.13 100.05 99.66 100.12 100.31 100.83 100.14 

Oxy 12 12 12 12 12 12 12 12 12 12 12 12 
SI 3.114 3.100 3.224 3.095 3.102 3.134 3.042 2.980 3.198 2.992 3.080 3.007 
TI 0.003 0.016 N.D. N.D. 0.023 0.025 0.003 0.004 N.D. 0.009 0.008 0.017 
AI 1.282 1.509 1.681 1.493 1.604 1.628 1.561 1.605 1.518 1.660 1.668 1.687 
Cr 0.771 0.482 0.433 0.527 0.359 0.362 0.378 0.443 0.355 0.334 0.346 0.307 
Fe 0.364 0.417 0.373 0.395 0.408 0.474 0.372 0.408 0.356 0.380 0.385 0.407 
Mn 0.017 0.021 0.018 0.016 0.018 0.018 0.014 0.018 0.012 0.016 0.018 0.018 
Mg 2.406 2.198 1.879 2.210 2.212 1.996 2.463 2.257 2.375 2.431 2.229 2.328 
Ca 0.284 0.381 0.327 0.417 0.338 0.382 0.341 0.498 0.224 0.345 0.345 0.356 
Na N.D. 0.015 N.D. 0.003 0.017 0.016 N.D. N.D 0.004 0.004 N.D. 0.013 
sum 8.245 8.137 7.935 8.158 8.082 8.035 8.175 8.213 8.044 8.171 8.078 8.139 

Mg-number 86.9 84.1 83.4 84.8 84.4 80.8 86.9 84.7 87.0 86.5 85.3 85.1 
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Table A.4.3: continued 

13-1 at 13-2 at 13-3 at M3 P034 P037 P045 P071 P081 P095 P097 P099 
SiOz 42.10 43.14 42.71 40.70 43.08 40.85 40.45 40.63 40.59 40.98 40.96 45.72 
Ti02 0.39 0.11 N.D. 0.82 N.D. 0.10 N.D. 0.07 N.D. 0.11 0.28 0.07 
AI20 3 19.30 20.41 16.49 22.13 22.90 12.28 7.94 16.75 19.63 12.63 17.37 17.84 
Cr203 5.47 4.69 9.36 0.08 2.37 15.17 20.14 8.60 4.55 14.70 7.31 2.59 
FeO 6.82 6.15 6.68 15.11 4.85 4.27 6.22 7.14 11.99 4.15 8.74 5.92 
MnO 0.33 0.29 0.33 0.28 0.21 0.19 0.30 0.29 0.50 0.14 0.35 0.24 
MgO 20.64 22.33 19.14 7.91 23.86 22.43 22.10 19.11 17.02 22.79 18.92 25.00 
CaO 4.47 3.38 5.79 13.87 3.78 3.31 1.90 6.60 5.28 3.16 5.49 2.62 
NazO 0.08 N.D. 0.02 0.09 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.09 
Total 99.64 100.50 100.55 100.99 101.05 98.60 99.05 99.19 99.56 98.66 99.42 100.09 

Oxy 12 12 12 12 12 12 12 12 12 12 12 12 
SI 3.056 3.065 3.140 3.023 2.999 3.137 3.208 3.056 3.026 3.120 3.062 3.219 
TI 0.021 0.006 N.D. 0.046 N.D. 0.006 N.D. 0.004 N.D. 0.006 0.016 0.004 
AI 1.658 1.716 1.434 1.945 1.879 1.112 0.742 1.485 1.725 1.149 1.531 1.481 
Cr 0.336 0.282 0.582 0.005 0.282 0.274 0.413 0.449 0.748 0.266 0.546 0.349 
Fe 0.414 0.366 0.411 0.938 0.012 0.012 0.020 0.018 0.032 0.013 0.022 0.014 
Mn 0.019 0.017 0.020 0.017 2.476 2.567 2.612 2.142 1.891 2.596 2.108 2.623 
Mg 2.233 2.364 2.097 0.876 0.282 0.272 0.161 0.532 0.422 0.262 0.440 0.198 
Ca 0.348 0.257 0.456 1.103 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.012 
Na 0.014 N.D. 0.003 0.013 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.000 
sum 8.101 8.072 8.144 7.965 8.018 7.994 7.999 8.027 8.022 8.004 8.013 7.995 

Ma-number 84.4 86.6 83.6 48.3 89.8 90.3 86.4 82.7 71.7 90.7 79.4 88.3 
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Table A.4.3: continued 

P101 P102 P108 P131 P136 P137 P146 P147 P152 P155 P174 
Si02 43.73 42.64 42.87 43.48 42.65 43.16 43.60 41.96 43.68 42.17 42.51 
Ti02 0.07 0.05 0.39 N.D. N.D. N.D. N.D. 0.91 N.D. 0.07 0.07 
AI20 3 20.86 21.23 18.42 21.06 18.55 20.69 21.22 18.89 20.63 16.69 18.52 

Cr203 2.98 3.71 5.56 4.47 7.27 3.53 4.38 4.31 3.87 9.77 6.27 
FaO 5.92 5.45 6.79 5.71 6.08 5.94 4.24 7.51 5.91 5.66 6.25 
MnO 0.21 0.19 0.24 0.24 0.31 0.21 0.18 0.32 0.21 0.28 0.24 
MgO 24.57 24.21 21.24 23.96 23.09 23.40 25.03 20.30 24.32 22.92 20.87 
CaO 1.85 1.62 4.90 2.13 2.14 1.87 1.17 4.71 1.51 2.80 5.39 

Na20 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.18 N.D. N.D. N.D. 
Total 100.19 99.10 100.41 101.05 100.09 98.80 99.82 99.09 100.13 100.36 100.12 

Oxy 12 12 12 12 12 12 12 12 12 12 12 
Si 3.077 3.039 3.098 3.057 3.085 3.088 3.070 3.068 3.085 3.089 3.089 
Ti 0.004 0.003 0.021 N.D. N.D. N.D. N.D. 0.050 N.D. 0.004 0.004 
AI 1.730 1.784 1.569 1.745 1.582 1.745 1.761 1.628 1.718 1.441 1.586 
Cr 0.348 0.325 0.410 0.336 0.368 0.355 0.250 0.459 0.349 0.347 0.380 
Fe 0.013 0.011 0.015 0.014 0.019 0.013 0.011 0.020 0.013 0.017 0.015 
Mn 2.577 2.572 2.287 2.510 2.489 2.495 2.626 2.212 2.560 2.502 2.260 
Mg 0.139 0.124 0.379 0.160 0.166 0.143 0.088 0.369 0.114 0.220 0.420 
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.026 0.000 0.000 0.000 
Na N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.000 N.D. N.D. N.D. 
sum 7.999 7.997 7.991 7.988 7.986 7.973 7.968 7.998 7.984 7.998 7.994 

Mg-number 88.1 88.8 84.8 88.2 87.1 87.5 91.3 82.8 88.0 87.8 85.6 
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Table A.4.4: Eclogitic garnet inclusion analyses 

M3 
SIOz 40.70 
TiOz 0.82 
Alz0 3 22.13 
CrZ03 0.08 
feO 15.11 
MnO 0.28 
MgO 7.91 
CaO 13.87 
NazO 0.09 
Total 100.99 

Oxy 12 
Si 3.023 
Ti 0.046 
AI 1.945 
Cr 0.005 
fe 0.938 
Mn 0.017 
Mg 0.876 
Ca 1.103 
Na 0.013 
sum 7.965 

Ms-number 48.3 
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Table A.4.5: Peridotitic clinopyroxene inclusion analyses 

10-1 cEx 10-2 cex 10-3 cex 10-4 cl!x 10-5 cl!x 10-5 cExa 10-6 cEx 10-1 cl!x 10-1 cl!xa 10-8 cex 10-10 cl!x 10-11 cl!x 
SI02 57.14 55.06 55.24 57.29 56.92 56.71 55.96 57.49 57.08 56.68 57.28 57.34 
TI02 0.11 N.D. 0.07 0.14 0.35 0.36 0.07 0.09 0.11 0.08 1.10 N.D. 
Alz0 3 2.39 0.93 1.56 2.05 2.85 3.40 1.72 2.06 2.45 1.55 3.27 1.33 
CrZ03 2.19 0.58 1.97 2.36 1.95 2.06 1.79 1.86 1.85 2.50 1.81 0.93 
FeO 3.05 3.27 3.45 2.52 3.20 3.50 2.95 2.73 2.67 2.15 3.47 2.62 
MnO 0.12 0.10 0.10 0.09 0.12 0.13 0.13 0.14 0.09 0.07 0.08 0.08 
MgO 16.70 20.n 20.95 16.n 16.79 16.26 18.67 17.95 17.09 17.56 16.02 18.07 
CaO 16.07 18.02 15.74 17.47 14.85 14.73 17.25 16.28 16.64 16.78 13.69 19.48 
NazO 2.14 0.42 1.45 2.08 2.70 2.95 2.04 2.14 2.14 1.73 3.49 0.90 
KzO 0.04 0.05 0.04 0.07 0.06 0.07 0.05 0.05 0.04 0.06 N.D. 0.06 
Total 99.91 99.23 100.68 100.84 99.11 100.16 100.68 100.82 100.20 99.15 100.21 100.80 

Oxy 6 6 6 6 6 6 6 6 6 6 6 6 
SI 2.048 1.993 1.979 2.041 2.040 2.029 2.005 2.041 2.039 2.048 2.040 2.038 
Ti 0.003 N.D. 0.002 0.004 0.009 0.010 0.002 0.002 0.003 0.002 0.029 N.D. 
AI 0.102 0.040 0.066 0.087 0.121 0.144 0.073 0.087 0.103 0.066 0.138 0.056 
Cr 0.066 0.018 0.060 0.071 0.059 0.062 0.054 0.056 0.056 0.076 0.055 0.028 
Fe 0.091 0.099 0.103 0.075 0.096 0.105 0.088 0.081 0.080 0.065 0.103 0.078 
Mn 0.003 0.003 0.003 0.003 0.004 0.004 0.004 0.004 0.002 0.002 0.002 0.002 
Mg 0.892 1.121 1.118 0.891 0.897 0.867 0.997 0.949 0.910 0.946 0.850 0.957 
Ca 0.617 0.699 0.604 0.667 0.570 0.565 0.662 0.619 0.637 0.650 0.522 0.742 
Na 0.148 0.029 0.101 0.143 0.188 0.205 0.142 0.148 0.148 0.121 0.241 0.062 
K 0.002 0.002 0.002 0.003 0.003 0.003 0.002 0.002 0.002 0.003 N.D. 0.003 
sum 3.973 4.003 4.038 3.985 3.986 3.993 4.029 3.989 3.981 3.979 3.982 3.966 

CaTs -0.051 0.007 0.019 -0.045 -0.049 -0.039 -0.007 -0.043 -0.042 -0.050 -0.070 -0.038 
Jad 0.270 0.043 0.087 0.248 0.278 0.284 0.140 0.228 0.244 0.243 0.332 0.160 
Acm -0.120 -0.011 0.016 -0.101 -0.088 -o.on 0.004 -0.079 -0.094 -0.119 -0.091 -0.095 
Wo 0.334 0.346 0.292 0.356 0.310 0.302 0.334 0.331 0.340 0.350 0.296 0.390 
En 0.446 0.560 0.559 0.445 0.448 0.434 0.498 0.475 0.455 0.473 0.425 0.479 
Fs 0.046 0.050 0.052 0.037 0.048 0.052 0.044 0.040 0.040 0.032 0.052 0.039 
Me number 90.7 91.9 91.5 92.2 90.3 89.2 91.9 92.1 91.9 93.6 89.2 92.5 
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Table A.4.5: continued 

10-12 c~x 10-13 c~x 10-14 c~x 10-15 c~x 10-16 c~x 10-17 c~xI0-18 c~xa 10-18 c~x 10-19 c~xI0-19 c~xbI0-19 c~xa 10-20 c~x 
Si02 54.93 56.40 56.89 55.38 55.84 56.77 56.35 56.92 55.29 57.26 56.58 55.77 
Ti02 0.09 N.D. N.D. 0.07 N.D. 0.22 0.06 0.04 0.12 0.12 0.13 0.11 
AI20 3 1.73 0.69 0.63 3.10 1.08 2.43 2.46 2.19 5.71 5.94 6.69 2.09 
Cr203 2.50 1.24 1.23 2.54 0.57 2.87 2.21 2.15 2.08 2.01 2.04 1.93 
FeO 2.64 2.27 2.46 2.38 3.57 2.87 2.79 2.71 2.65 2.70 2.83 2.64 
MnO 0.13 0.09 0.11 0.07 0.15 0.11 0.11 0.11 0.11 0.12 0.08 0.09 
MgO 18.41 19.21 19.12 16.51 22.51 16.99 17.95 17.98 15.48 15.14 13.98 18.56 
CaO 17.18 19.72 19.52 17.07 16.35 15.61 16.58 16.14 13.56 12.30 12.50 16.81 
Na20 2.09 0.73 0.67 2.69 0.40 2.74 2.31 2.11 4.04 4.75 4.52 2.15 
K20 N.D. N.D. 0.05 N.D. 0.03 0.03 0.04 0.04 0.07 0.07 N.D. 0.04 
Total 99.81 100.55 100.80 99.97 100.57 100.68 100.88 100.40 99.11 100.41 99.42 100.24 

Oxy 6 6 6 6 6 6 6 6 6 6 6 6 
SI 1.993 2.020 2.029 2.001 1.986 2.030 2.010 2.032 1.992 2.025 2.021 2.002 
Ti 0.002 N.D. N.D. 0.002 N.D. 0.006 0.002 0.001 0.003 0.003 0.004 0.003 
AI 0.074 0.029 0.027 0.133 0.045 0.103 0.104 0.092 0.243 0.249 0.283 0.089 
Cr 0.077 0.038 0.037 0.078 0.017 0.087 0.067 0.065 0.063 0.060 0.062 0.059 
Fe 0.080 0.068 0.073 0.072 0.106 0.086 0.083 0.081 0.080 0.080 0.085 0.079 
Mn 0.004 0.003 0.003 0.002 0.004 0.003 0.003 0.003 0.003 0.003 0.002 0.002 
Mg 0.996 1.026 1.016 0.889 1.193 0.905 0.954 0.956 0.831 0.798 0.744 0.993 
Ca 0.668 0.757 0.746 0.661 0.623 0.598 0.634 0.617 0.523 0.466 0.478 0.647 
Na 0.147 0.051 0.046 0.188 0.028 0.190 0.160 0.146 0.282 0.326 0.313 0.150 
K N.D. N.D. 0.002 N.D. 0.001 0.001 0.002 0.002 0.003 0.003 N.D. 0.002 
sum 4.041 3.991 3.981 4.025 4.005 4.009 4.017 3.995 4.026 4.012 3.991 4.026 

CaTs 0.005 -0.020 -0.030 -0.003 0.013 -0.035 -0.012 -0.033 0.004 -0.028 -0.024 -0.005 
Jad 0.142 0.107 0.124 0.216 0.036 0.260 0.193 0.222 0.298 0.364 0.393 0.158 
Acm 0.005 -0.056 -0.075 -0.027 -0.007 -0.069 -0.032 -0.075 -0.012 -0.036 -0.080 -0.006 
Wo 0.332 0.388 0.388 0.332 0.305 0.317 0.323 0.325 0.260 0.247 0.251 0.326 
En 0.498 0.513 0.508 0.445 0.597 0.453 0.477 0.478 0.416 0.399 0.372 0.496 
Fe 0.040 0.034 0.037 0.036 0.053 0.043 0.042 0.040 0.040 0.040 0.042 0.040 
MS number 92.6 93.8 93.3 92.5 91.8 91.3 92.0 92.2 91.2 90.9 89.8 92.6 
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Table A.4.5: continued 

114 c2x 114 c2xa 11-5 c2x 11-6 c2x 11-8 c2x 11-8 c2xa 11-9 c2x 11-10 c2x 1-1 c2x 1-2 c2x 1-2 c2xa 1-3 c2x 
SiOz 54.03 55.42 56.12 56.20 55.06 55.97 56.91 56.44 55.07 60.61 56.32 56.67 
TiOz 0.13 0.23 0.06 0.07 0.11 0.11 0.91 0.07 0.82 0.03 0.04 0.28 
Alz0 3 1.47 2.95 1.42 1.38 2.24 2.23 4.50 1.92 4.08 1.78 1.71 2.89 
CrZ03 1.48 2.22 2.07 1.50 2.17 2.26 2.29 1.54 2.57 1.90 1.92 2.32 
FeO 2.32 2.54 2.62 3.06 2.39 2.36 2.84 3.31 2.63 1.84 2.16 2.52 
MnO 0.08 0.09 0.11 0.12 0.08 0.08 0.11 0.10 0.12 0.10 N.D. 0.08 
MgO 19.07 15.94 18.13 18.79 17.97 17.72 14.34 18.87 15.11 13.99 16.21 15.94 
CaO 19.50 17.23 17.24 17.92 17.55 17.17 14.20 15.76 14.65 19.01 19.09 17.09 
NazO 1.14 2.46 1.53 1.45 2.30 2.34 3.74 1.91 3.94 1.17 1.31 2.58 
KzO 0.04 0.05 N.D. 0.09 0.05 N.D. 0.03 0.03 0.03 0.03 0.08 0.02 
Total 99.51 99.13 99.35 100.60 100.01 100.31 99.81 99.96 99.03 100.15 99.16 100.42 

Oxy 6 6 6 6 6 6 6 6 6 6 6 6 
Si 1.970 2.014 2.030 2.013 1.990 2.010 2.035 2.022 2.001 2.139 2.046 2.029 
TI 0.003 0.006 0.002 0.002 0.003 0.003 0.024 0.002 0.022 0.001 0.001 0.008 
AI 0.063 0.127 0.061 0.059 0.096 0.095 0.191 0.082 0.175 0.074 0.074 0.122 
Cr 0.046 0.068 0.063 0.045 0.066 0.069 0.069 0.047 0.079 0.057 0.059 0.070 
Fe 0.071 0.077 0.079 0.092 0.072 0.071 0.085 0.099 0.080 0.054 0.066 0.075 
Mn 0.002 0.003 0.003 0.004 0.002 0.002 0.003 0.003 0.004 0.003 N.D. 0.002 
Mg 1.036 0.863 0.978 1.003 0.968 0.948 0.764 1.008 0.818 0.736 0.878 0.850 
Ca 0.762 0.671 0.668 0.687 0.680 0.661 0.544 0.605 0.570 0.719 0.743 0.656 
Na 0.081 0.173 0.107 0.101 0.161 0.163 0.259 0.133 0.278 0.080 0.093 0.179 
K 0.002 0.002 N.D. 0.004 0.002 N.D. 0.001 0.001 0.001 0.001 0.004 0.001 
sum 4.036 4.005 3.991 4.009 4.041 4.021 3.976 4.002 4.029 3.864 3.964 3.992 

CaTs 0.027 -0.020 -0.032 -0.015 0.007 -0.013 -0.059 -0.024 -0.023 -0.140 -0.047 -0.036 
Jad 0.056 0.235 0.188 0.133 0.148 0.189 0.378 0.177 0.301 0.410 0.227 0.265 
Acm 0.027 -0.059 -0.081 -0.028 0.015 -0.026 -0.118 -0.043 -0.022 -0.329 -0.131 -0.086 
Wo 0.368 0.345 0.350 0.351 0.336 0.337 0.302 0.315 0.297 0.429 0.395 0.346 
En 0.518 0.431 0.489 0.501 0.484 0.474 0.382 0.504 0.409 0.368 0.439 0.425 
Fs 0.035 0.039 0.040 0.046 0.036 0.035 0.042 0.050 0.040 0.027 0.033 0.038 
MS number 93.6 91.8 92.5 91.6 93.1 93.1 90.0 91.0 91.1 93.1 93.0 91.9 
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Table A.4.S: continued 

7-4 cE!x 7-S cE!x 7-7 cE!x 7-7 cE!xa 7-8 cE!x 7-8 cE!xa 7-9 cE!x 7-10 cE!x 7-11 cE!x 7-12 cE!x 7-13 cE!x 7-14 cpx 
Si02 55.38 55.99 56.12 55.97 55.74 56.10 61.62 56.80 54.77 54.98 53.31 54.31 
Ti02 N.D. 0.06 0.53 0.49 0.05 0.07 0.13 0.10 0.15 0.04 0.67 0.98 
AI20 3 1.01 1.31 4.02 4.15 1.97 3.51 3.67 2.39 2.28 1.09 6.94 4.25 
Cr203 1.93 1.67 2.79 3.11 2.86 2.91 2.97 2.05 2.62 1.41 0.09 2.24 
FeO 3.52 3.35 2.51 2.49 2.11 2.40 2.02 2.93 2.82 2.85 8.04 3.18 
MnO 0.10 0.12 0.15 0.09 0.12 0.10 0.09 0.13 0.13 0.15 0.09 0.07 
MgO 19.92 19.40 15.29 14.27 17.05 15.46 12.28 18.09 17.31 19.59 11.98 15.33 
CaO 16.07 17.10 14.94 15.63 17.08 15.61 15.40 15.76 16.23 19.18 14.18 13.84 
Na20 0.95 0.91 3.95 3.60 2.19 3.04 2.50 2.12 2.93 1.47 4.34 5.15 
K20 0.07 0.07 0.03 0.02 0.08 0.04 N.D. N.D. 0.04 0.04 0.07 N.D. 
Total 99.0S 100.06 100.39 99.89 99.33 99.32 100.77 100.40 99.30 100.88 99.82 99.41 

Oxy 6 6 6 6 6 6 6 6 6 6 6 6 
Si 2.012 2.013 2.012 2.019 2.024 2.030 2.156 2.026 1.997 1.977 1.949 1.976 
TI N.D. 0.002 0.014 0.013 0.001 0.002 0.004 0.003 0.004 0.001 0.018 0.027 
AI 0.044 0.056 0.171 0.177 0.085 0.150 0.152 0.101 0.099 0.046 0.300 0.183 
Cr 0.059 0.051 0.085 0.095 0.088 0.089 0.088 0.062 0.081 0.043 0.003 0.069 
Fe 0.107 0.101 0.075 0.075 0.064 0.073 0.059 0.087 0.086 0.086 0.246 0.097 
Mn 0.003 0.004 0.004 0.003 0.004 0.003 0.002 0.004 0.004 0.004 0.003 0.002 
Mg 1.079 1.040 0.817 0.767 0.923 0.834 0.641 0.962 0.941 1.050 0.653 0.831 
Ca 0.626 0.659 0.574 0.604 0.664 0.605 0.578 0.603 0.634 0.739 0.555 0.539 
Na 0.067 0.064 0.275 0.251 0.154 0.213 0.169 0.147 0.207 0.102 0.308 0.364 
K 0.003 0.003 0.001 0.001 0.004 0.002 N.D. N.D. 0.002 0.002 0.003 N.D. 
sum 4.000 3.991 4.027 4.005 4.011 4.001 3.849 3.994 4.054 4.051 4.038 4.087 

CaTs -0.013 -0.015 -0.026 -0.032 -0.026 -0.032 -0.160 -0.029 -0.001 0.022 0.033 -0.003 
Jad 0.129 0.136 0.307 0.336 0.224 0.303 0.559 0.221 0.182 0.046 0.238 0.258 
Acm -0.059 -0.069 -0.031 -0.084 -0.066 -0.088 -0.390 -0.074 0.027 0.059 0.073 0.106 
Wo 0.319 0.337 0.300 0.318 0.345 0.318 0.369 0.316 0.318 0.359 0.261 0.271 
En 0.539 0.520 0.408 0.383 0.461 0.417 0.320 0.481 0.470 0.525 0.326 0.416 
Fs 0.054 0.050 0.038 0.038 0.032 0.036 0.030 0.044 0.043 0.043 0.123 0.048 
MS number 91.0 91.2 91.6 91.1 93.5 92.0 91.5 91.7 91.6 92.5 72.6 89.6 
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Table A.4.5: continued 

7-15 cE!x 7-16 cl!x 7-16 cl!xa 7-17 cl!x 7-18 cl!x 7-18 cl!xa 7-19 cl!x 7-20 cl!x 7-20 CI!XCII 8-1 cl!x 8-1 cl!xa 8-3 cpx 
SiOz 59.64 56.11 55.47 56.34 55.69 56.60 55.95 56.04 56.52 55.84 56.60 54.09 
TiOz N.D. 0.43 0.45 N.D. 0.18 0.21 0.06 0.46 N.D. 0.08 0.09 0.07 
Alz0 3 1.21 2.39 2.76 1.07 2.47 3.05 1.35 4.05 0.82 2.40 2.66 1.42 
CrZ03 1.46 2.44 2.51 1.12 2.00 1.80 2.11 2.53 1.36 2.05 2.11 2.23 
feO 2.18 2.53 2.72 2.89 3.06 3.17 3.21 2.62 2.13 2.73 2.77 2.19 
MnO 0.10 0.11 0.10 0.11 0.14 0.14 0.12 0.14 0.06 0.14 0.11 0.09 
MgO 15.96 16.06 17.14 20.76 17.40 16.57 19.70 15.54 17.79 17.92 16.79 16.79 
CaO 19.12 16.39 16.67 16.42 16.15 15.31 16.03 14.72 20.95 16.18 16.25 18.06 
NazO 1.02 2.56 3.05 0.79 2.45 2.30 1.29 3.81 1.00 2.42 2.29 1.71 
K20 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.06 N.D. N.D. N.D. 
Total 100.78 99.08 100.92 99.58 99.60 99.17 99.97 99.99 100.99 99.79 99.71 99.03 

Oxy 6 6 6 6 6 6 6 6 6 6 6 6 
Si 2.107 2.036 1.989 2.020 2.013 2.039 2.013 2.013 2.025 2.011 2.035 2.020 
TI N.D. 0.012 0.012 N.D. 0.005 0.006 0.002 0.012 N.D. 0.002 0.002 0.002 
AI 0.050 0.103 0.117 0.046 0.106 0.130 0.057 0.172 0.035 0.102 0.113 0.063 
Cr 0.044 0.075 0.076 0.034 0.061 0.055 0.064 0.077 0.041 0.063 0.064 0.071 
fe 0.064 0.077 0.082 0.087 0.093 0.095 0.097 0.079 0.064 0.082 0.083 0.068 
Mn 0.003 0.003 0.003 0.003 0.004 0.004 0.004 0.004 0.002 0.004 0.003 0.003 
Mg 0.840 0.868 0.916 1.109 0.937 0.890 1.057 0.832 0.950 0.962 0.900 0.935 
Ca 0.724 0.637 0.640 0.631 0.626 0.591 0.618 0.567 0.804 0.624 0.626 0.723 
Na 0.070 0.180 0.212 0.055 0.171 0.161 0.090 0.265 0.070 0.169 0.160 0.124 
K N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.003 N.D. N.D. N.D. 
sum 3.903 3.991 4.047 3.985 4.015 3.971 4.002 4.021 3.994 4.020 3.986 4.008 

CaTs -0.107 -0.048 -0.001 -0.020 -0.018 -0.045 -0.015 -0.025 -0.025 -0.014 -0.037 -0.022 
Jad 0.309 0.273 0.195 0.120 0.202 0.274 0.151 0.300 0.126 0.192 0.252 0.178 
Acm -0.238 -0.092 0.017 -0.065 -0.031 -0.113 -0.061 -0.035 -0.054 -0.023 -0.092 -0.054 
Wo 0.416 0.343 0.321 0.326 0.322 0.318 0.317 0.296 0.415 0.319 0.331 0.373 
En 0.420 0.434 0.458 0.555 0.469 0.445 0.528 0.416 0.475 0.481 0.450 0.468 
fs 0.032 0.038 0.041 0.043 0.046 0.048 0.048 0.039 0.032 0.041 0.042 0.034 
MS number 92.9 91.9 91.8 92.8 91.0 90.3 91.6 91.4 93.7 92.1 91.5 93.2 
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Table A.4.5: continued 

8-4 cl!x 8-4 CI!X8 8-5 cl!x 8-5 CI!X8 8-6 cl!x 8-1 cl!x 8-8 cl!x+0l!x 8-9 cl!x 8-10 cl!x 
Si02 58.88 56.59 56.13 55.97 55.40 58.75 56.94 55.44 56.98 

Ti02 0.04 N.D. 0.04 N.D. 0.30 N.D. 0.08 0.20 0.26 

AI20 3 1.32 1.48 1.26 1.33 3.18 1.39 1.38 2.52 2.53 

Cr203 0.98 1.07 0.88 0.90 1.89 1.31 1.70 2.05 1.35 
FeO 2.60 3.31 3.45 3.65 2.51 1.72 3.20 2.52 2.96 
MnO 0.10 0.12 0.13 0.13 0.10 0.07 0.10 0.11 0.07 
MgO 18.01 19.08 22.02 21.56 16.18 15.21 16.11 17.14 17.58 
CaO 17.89 16.82 15.47 15.87 17.07 20.40 18.78 17.18 15.70 

Na20 0.86 1.02 0.83 0.71 2.89 0.90 1.67 2.59 2.25 

K20 N.D. N.D. N.D. N.D. N.D. 0.06 0.05 N.D. 0.03 
Total 100.14 99.55 100.30 100.19 99.54 100.10 100.12 99.81 99.70 

OX)' 6 6 6 6 6 6 6 6 6 
SI 2.077 2.033 1.999 1.998 2.004 2.098 2.053 2.003 2.038 
TI 0.001 N.D. 0.001 N.D. 0.008 N.D. 0.002 0.005 0.007 
AI 0.055 0.063 0.053 0.056 0.136 0.059 0.059 0.108 0.107 
Cr 0.029 0.033 0.027 0.027 0.058 0.040 0.052 0.063 0.041 
Fe 0.077 0.099 0.103 0.109 0.076 0.051 0.097 0.076 0.088 
Mn 0.003 0.003 0.004 0.004 0.003 0.002 0.003 0.003 0.002 
Mg 0.947 1.021 1.169 1.147 0.872 0.809 0.865 0.923 0.937 
Ca 0.676 0.647 0.590 0.607 0.662 0.781 0.726 0.665 0.602 
Na 0.059 0.071 0.057 0.049 0.203 0.062 0.117 0.181 0.156 
K N.D. N.D. N.D. N.D. N.D. 0.003 0.002 N.D. 0.002 
sum 3.924 3.971 4.002 3.998 4.021 3.905 3.975 4.028 3.980 

CaTs -0.078 -0.033 0.000 0.001 -0.012 -0.098 -0.055 -0.008 -0.045 
Jad 0.240 0.162 0.079 0.081 0.218 0.295 0.221 0.188 0.238 
Acm -0.182 -0.091 -0.022 -0.032 -0.015 -0.229 -0.101 -0.006 -0.081 
Wo 0.377 0.340 0.295 0.303 0.337 0.439 0.390 0.337 0.324 
En 0.473 0.511 0.584 0.574 0.436 0.405 0.433 0.461 0.469 
Fs 0.038 0.050 0.051 0.054 0.038 0.026 0.048 0.038 0.044 
Mg number 92.5 91.1 91.9 91.3 92.0 94.0 90.0 92.4 91.4 
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Table A.4.6: Eclogitic clinopyroxene inclusion analyses 

M3 cex M4 cex M5 cex 
SIOa 54.74 55.01 55.70 
TiOa 0.21 0.50 0.12 
A1a03 4.30 7.91 2.38 
Cra03 N.D. 0.06 1.83 
FeO 6.59 7.46 2.28 
MnO 0.07 0.09 0.08 
MgO 13.02 11.80 16.31 
CaO 19.86 13.93 18.21 
Na20 1.86 3.77 2.13 
K20 N.D. N.D. N.D. 
Total 100.68 100.62 99.11 

Oxy 6 6 6 
Sf 1.985 1.972 2.023 
Ti 0.006 0.013 0.003 
AI 0.184 0.336 0.102 
Cr N.D. 0.002 0.056 
Fe 0.200 0.224 0.069 
Mn 0.002 0.003 0.002 
Mg 0.703 0.630 0.883 
Ca 0.771 0.535 0.709 
Na 0.130 0.262 0.150 
K N.D. N.D. N.D. 
sum 3.983 3.978 3.998 

CaTs 0.010 0.014 -0.026 
Jad 0.166 0.309 0.211 
Acm -0.035 -0.047 -0.061 
Wo 0.381 0.261 0.367 
En 0.352 0.315 0.441 
Fs 0.100 0.112 0.035 
Mg number 77.9 73.8 92.7 
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Table A.4.7: Olivine inclusion analyses 

10-201 10-301 10-1301 10-1301a 10-1301b 11-201 5-1101 5-1201 5-1401 7-1 01 7-1101 7-1101a 8-801 8-801a 
5102 42.41 41.05 40.91 41.83 43.30 43.01 41.70 43.41 41.11 42.77 41.53 43.61 40.94 43.81 
Ti02 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
AI20 3 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.05 N.D. N.D. N.D. N.D. N.D. N.D. 
Cr20 3 0.08 0.12 N.D. 0.01 0.04 0.04 0.05 0.09 0.06 N.D. 0.06 0.06 0.05 0.08 
FeO 8.37 8.77 7.30 7.61 7.60 7.20 6.53 8.12 8.41 6.82 7.61 7.22 8.75 8.42 
MnO 0.13 0.09 0.10 0.08 0.11 0.10 0.10 0.12 0.12 0.10 0.09 0.12 0.13 0.14 
MgO 48.85 49.92 50.61 50.72 49.36 48.26 50.79 47.94 50.61 49.81 50.60 49.16 50.26 47.45 
CaO 0.10 0.08 0.03 0.02 0.04 0.07 0.02 0.11 0.09 0.01 0.03 0.08 0.05 0.12 
NiO 0.48 0.48 0.50 0.48 0.43 0.49 0.43 0.41 0.41 0.46 0.43 0.49 0.47 0.61 
Total 100.47 100.52 99.51 100.76 100.89 99.19 99.64 100.25 100.83 100.01 100.38 100.78 100.66 100.68 

Oxy 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
$I 1.025 0.998 0.998 1.007 1.036 1.045 1.010 1.047 0.995 1.030 1.004 1.043 0.994 1.053 
Ti N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
AI N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.001 N.D. N.D. N.D. N.D. N.D. N.D. 
Cr 0.002 0.002 N.D. 0.000 0.001 0.001 0.001 0.002 0.001 N.D. 0.001 0.001 0.001 0.002 
Fe 0.169 0.178 0.149 0.153 0.152 0.146 0.132 0.164 0.170 0.137 0.154 0.144 0.178 0.169 
Mn 0.003 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.003 0.003 
Mg 1.760 1.808 1.840 1.820 1.761 1.747 1.833 1.723 1.825 1.788 1.823 1.752 1.818 1.700 
Ca 0.003 0.002 0.001 0.001 0.001 0.002 0.001 0.003 0.002 0.000 0.001 0.002 0.001 0.003 
Ni 0.023 0.023 0.024 0.022 0.020 0.023 0.020 0.019 0.019 0.021 0.020 0.023 0.022 0.028 
sum 2.986 3.013 3.014 3.004 2.973 2.967 3.000 2.962 3.015 2.980 3.006 2.968 3.017 2.960 
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Table A.4.8: Orthopyroxene inclusion analyses 

10-11o(!x 10-11 o(!xa 5-8o(!x 5-150(!x 5-150(!xa 
SI02 58.88 59.89 57.94 59.29 56.12 
TI02 N.D N.D N.D N.D N.D 
Al20 3 0.46 0.32 0.84 0.86 1.02 
Cr203 0.16 0.13 0.33 0.33 0.43 
FeO 4.59 4.32 4.60 4.48 5.03 
MnO 0.09 0.11 0.12 0.09 0.11 
MgO 34.81 34.39 34.30 34.22 35.39 
CaO 1.09 1.07 1.20 1.05 1.10 
Na20 0.15 N.D 0.09 N.D. 0.06 
Total 100.22 100.21 99.42 100.32 99.28 

Oxy 6 6 6 6 6 
SI 2.009 2.035 1.997 2.017 1.950 
TI N.D. N.D. N.D. N.D. N.D. 
AI 0.018 0.013 0.034 0.035 0.042 
Cr 0.005 0.004 0.010 0.010 0.013 
Fe 0.131 0.123 0.133 0.127 0.146 
Mn 0.003 0.003 0.003 0.002 0.003 
Mg 1.771 1.742 1.762 1.735 1.832 
Ca 0.040 0.039 0.044 0.038 0.041 
Na 0.010 N.D. 0.006 N.D. 0.004 
sum 3.986 3.958 3.989 3.965 4.032 

CaTs -0.01 -0.04 0.00 -0.02 0.05 
Jad 0.04 0.09 0.04 0.08 -0.05 
Acm -0.03 -0.09 -0.03 -0.08 0.05 
Wo 0.02 0.04 0.02 0.03 0.00 
En 0.89 0.87 0.88 0.87 0.92 
Fs 0.07 0.06 0.07 0.06 0.07 
Mil number 93.1 93.4 93.0 93.2 92.6 
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LA ICP-MS MEmODOLOGY FOR CULLINAN MINE DIAMONDS 

The analyses were performed at the University of Cape Town using a Perkin Elmer Elan 

6000 ICP-MS (inductively coupled plasma - mass spectrometer) instrument coupled to a 

Cetac LSX-200 laser ablation module that uses a 266nm frequency quadrupled Nd-YAG 

laser. A typical analysis consisted of three replicates of 100 readings each. Each 

replicate represented one sweep of the mass range. The counting time for one sample 

was typically 90 - 120 s. Every hour the argon carrier gas was analysed to establish a 

background. The NIST 610 and 612 glass standards were used to calibrate relative 

element sensitivities for the analysis of the silicate minerals. In-house standards were 

used for the oxide phases (ROM33, MON34 and JJGI424). The following elements 

were analysed: Ni, La, Ce, Nd, Sm, Ell, Gd, Dy, Er and Yb. AU analyses have been 

normalized to the Cl-chondrite composition (after Sun and Mc Donough, 1989). The 

preferred values for the standards are presented in Figure A.5.! and Table A5.I. The 

results of the garnet peridotitic analyses are presented in Table A.S.2. 

i 

100.0 ,..--~~ 

10.0 .-.... 1=1 c 

...... ROM33 ' 

--MON34 
'-.0- JJG1424 

1.0 f-----.I'-:/---/--... -----.... . .. -------.. -.. . .. -.--------j 

0.1 '----~--~---~--~--~--~--~----' 

La Ce Pr Nd 

Figure A.S.I A REE plot of the preferred values for the standards normalized to Cl-chondrite. 
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Table A.5.1: Preferred values (ppm), relative standard deviations (%RSD) and normalised values for the standards used. 

ROM33 JJG1424 
Ave m %RSD normalised SO normalised Ave m %RSD normalised 

NI 49.450 2.039 121.000 1.509 15.875 4.724 
La 0.058 1.562 0.246 0.081 4.394 0.342 0.122 3.902 0.515 
Ce 0.418 2.293 0.682 0.575 2.245 0.940 0.320 2.552 0.523 
Nd 1.763 0.851 3.774 2.080 1.039 4.454 0.938 3.185 2.007 
Sm 1.653 2.723 10.801 1.735 2.376 11.340 0.870 2.968 5.686 
Eu 0.838 2.462 14.440 0.828 3.178 14.267 0.480 1.701 8.276 
Gd 3.910 2.968 19.027 3.790 2.914 18.443 2.220 2.728 10.803 
Dy 7.083 2.607 27.884 6.415 3.016 25.256 3.948 2.553 15.541 
Er 5.340 2.461 32.266 4.698 2.282 28.384 2.823 2.427 17.054 
Yb 5.273 2.027 31.015 4.543 2.241 26.721 2.798 3.135 16.456 
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Table AS.2: giving REE (in ppm) with supplementry information on paragenesis, REE group, Cr-number, 
temperature (using Canil, 1999) and Ni (ppm) for the garnet inclusions. 
Errors given are 1 standard deviation. 

REE 10-4at 10-4gtse2 10-6atse2 i0-8at 10-11 at s22 10-16at 10-18at s22 11-Sat ii-Sat s22 
spot size (micron) 50 50 50 50 50 50 50 50 100 
La 0.07 0.07 0.29 0.46 1.54 3.36 2.53 -0.11 0.07 
Ce 1.19 1.32 0.70 1.09 2.95 7.19 4.69 0.41 0.52 
Nd 1.93 2.42 1.33 1.40 2.05 4.08 2.44 1.42 1.38 
8m 1.05 0.90 0.36 1.05 0.72 1.58 0.73 0.54 0.78 
Eu 0.31 0.49 0.33 0.55 0.43 0.33 0.30 0.34 0.32 
Gd 1.26 1.30 0.85 1.50 0.81 1.05 0.70 1.38 1.10 
Oy 1.34 1.71 1.02 2.56 0.85 1.34 0.43 1.27 1.24 
Er 0.91 0.88 0.47 1.74 0.61 0.91 0.52 0.48 0.53 
Vb 1.42 1.35 0.89 1.81 0.57 0.61 0.41 0.77 0.48 
paragenesis Iherz Iherz Iherz Iherz Iherz Iherz Iherz Iherz Iherz 
REE group 2 2 2 2 3 3 3 2 2 
Cr-number 21.7 21.7 19.6 8.9 12.1 14.1 16.1 19.2 19.2 
NI 106.8 113.1 123.6 55.0 407.0 3.4 4.0 89.7 78.0 
Tem2erature 1231 1246 1270 1077 n.d 1392 n.d 1188 1154 

1 sd error i0-4gt 10-4gt se2 10-6atse2 10-8at 10-iiat s22 10-16at 10-i8at s22 11-Sat i1-Sats22 
La 0.0 0.1 0.2 0.5 0.3 0.0 0.2 0.1 0.0 
Ce 0.1 0.1 0.1 1.2 0.3 0.3 0.4 0.2 0.1 
Nd 0.3 0.7 0.3 0.7 0.3 0.5 0.2 0.5 0.4 
8m 0.2 0.2 0.4 0.4 0.5 0.3 0.3 0.4 0.2 
Eu 0.1 0.1 0.1 0.2 0.2 0.2 0.2 0.3 0.1 
Gd 0.6 0.4 0.4 0.2 0.4 0.5 0.4 0.7 0.4 
Oy 0.6 0.5 0.5 0.8 0.7 0.6 0.1 1.0 0.4 
Er 0.2 0.4 0.1 0.4 0.5 0.6 0.2 0.5 0.2 
Vb 0.2 0.2 0.2 0.7 0.7 0.4 0.2 0.4 0.1 
NI 8.0 2.7 6.2 15.9 17.1 1.8 2.8 4.3 8.1 
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Table A5.2 continued 

REE 12-2gt se213-1gt se2 13-2gt 13-2gt se2 5-3gta se2 5-4gt 5-9gt 5-9gta se2 5-14gt 
spot size (micron) 50 50 50 50 100 100 50 50 100 
La 1.93 0.11 0.04 0.03 0.12 0.05 0.03 1.06 2.80 
Ce 3.60 0.28 0.74 0.22 1.32 0.37 0.94 2.63 5.41 
Nd 1.49 1.05 0.75 0.64 1.69 0.43 0.94 1.83 2.68 
8m 0.30 0.69 0.43 0.37 0.58 0.33 0.33 0.94 0.53 
Eu 0.15 0.49 0.18 0.10 0.22 0.14 -0.02 0.58 0.06 
Gd 0.52 1.06 0.38 0.35 0.50 0.51 0.54 1.12 0.38 
Dy 0.46 1.80 0.38 0.29 0.63 0.83 0.52 1.37 0.37 
EI' 0.20 1.03 0.22 0.17 0.46 0.56 0.32 1.02 0.16 
Vb 0.44 1.49 0.19 0.18 0.78 0.62 0.25 1.31 0.38 
paragenesis harz harz harz harz harz Iherz Iherz Iherz Iherz 
REEgl'oup 3 2 1 1 1 2 2 2 3 
CI'-numbel' 15.4 16.8 14.1 14.1 29.2 22.1 29.2 29.2 16.7 
NI 4.8 104.6 86.1 80.3 157.5 140.9 107.9 66.1 1.4 
Temeeratul'e 1165 1226 1161 1161 1339 1306 1254 1117 1265 

1 sd errol' 12-2gt se213-1gt se2 13-2gt 13-2gt se2 5-3gta se2 5-4gt 5-9gt 5-9gta se2 5-14gt 
La 0.1 0.2 0.1 0.0 0.0 0.0 0.3 0.9 0.2 
Ce 0.2 0.1 0.4 0.0 0.6 0.0 0.3 1.4 0.3 
Nd 0.1 0.5 0.1 0.0 0.4 0.1 0.4 0.4 0.4 
8m 0.2 0.3 0.1 0.0 0.0 0.1 0.7 0.4 0.1 
Eu 0.2 0.3 0.0 0.0 0.1 0.0 0.0 0.2 0.0 
Gd 0.4 0.5 0.0 0.1 0.1 0.1 0.6 0.6 0.2 
Dy 0.2 0.2 0.0 0.0 0.1 0.2 0.5 0.7 0.1 
EI' 0.1 0.5 0.0 0.0 0.0 0.1 0.2 0.6 0.0 
Vb 0.2 0.3 0.0 0.0 0.2 0.2 0.2 0.4 0.1 
NI 1.1 13.2 2.0 1.4 1.8 2.1 10.4 32.0 0.3 
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Table AS.2 continued 

REE S-1Sgta S-i9gt S-2igta 6-1gta sl!2 6-2gt 6-2gt sl!2 6-4gt 
spot size (micron) SO SO 50 SO SO SO 50 
La 0.08 2.80 3.16 -0.17 0.01 0.04 0.15 
Ce 1.48 5.31 6.44 0.43 0.04 0.12 1.31 
Nd 0.93 2.40 2.98 1.21 0.34 0.33 1.46 
8m 0.47 0.99 1.03 0.38 0.41 0.31 0.66 
Eu 0.23 0.41 0.45 0.26 0.15 0.17 0.19 
Gd 0.46 0.87 0.73 1.12 0.33 0.46 0.45 
Dy 0.45 0.89 0.79 1.13 0.35 0.35 0.27 
Er 0.24 0.62 0.57 0.60 0.19 0.12 0.18 
Vb 0.60 0.73 0.66 1.01 0.31 0.33 0.31 
paragenesis harz Iherz harz harz harz harz harz 
REE group 1 3 3 2 1 1 1 
Cr-number 20.9 26.3 38.S 18.2 19.5 19.5 18.9 
Ni 135.1 29.5 5.3 124.8 179.5 178.9 172.4 
Temperature 1294 959 n.eI 1273 1378 1377 1366 

1 sd error S-iSgta S-19gt S-21gta 6-1gta sl!2 6-2gt 6-2gt sl!2 6-4gt 
La 0.1 0.6 0.3 0.1 0.0 0.0 0.0 
Ce 1.5 0.7 0.4 0.2 0.0 0.1 0.0 
Nd 0.3 0.4 0.5 0.2 0.1 0.0 0.3 
8m 0.3 0.1 0.5 0.2 0.0 0.0 0.1 
Eu 0.2 0.1 0.3 0.2 0.0 0.1 0.0 
Gd 0.0 0.2 0.3 0.1 0.1 0.1 0.1 
Dy 0.3 0.2 0.6 0.4 0.1 0.1 0.2 
Er 0.3 0.1 0.5 0.2 0.1 0.1 0.1 
Vb 0.5 0.1 0.5 0.4 0.1 0.0 0.0 
Ni 10.1 20.4 4.2 1.5 4.5 3.1 3.1 
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GEOTHERMOBAROMETRY ESTIMATES FOR THE MINERAL 

INCLUSIONS FROM CULLINAN 
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Table A.a .1: PeridoOOc incIuMln 9fOUlIImomeIry eslimatcll$, 
IJSing an estimated pl'flMjre cl55kbar 
(all results are '" tHlgrees cenliPOlrade) 

AP?ENDlX6 
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Table A.6.1: continued 

I Pyroxene solvus thermometers 
T-NTOO T-BKN T-Cainopx 

10-1 cpx 1277 
10-2cpx 1362 
10-3cpx 1358 
10-4cpx 1214 
10-5cpx 1261 
10-5cpxa 1234 
10-6cpx 1227 
10-7cpx 1282 
10-7cpxa 1254 
10-8cpx 1291 
10-10cpx 1210 
1G-11cpx 1258 10-11cl 1193 10-11cl 1281 

10.11cla 1195 10-11cla 1274 
10-12cpx 1213 
10-1lcpx 1267 
1044cpx 1285 
10-15cpx 1132 
10-16cpx 1427 
10-17cpx 1230 
10-18cpxa 1238 
10-18cpx 1289 
10-19cpx 1162 
10-19Cpxa 1169 
10-19cpxb 1175 
10-20cpx 1237 
11-4cpx 1182 
11-4cpxa 1135 
11-5cpx 1289 
11-6cpx 1260 
11-8cpx 1155 
11-8cpxa 1193 
11-9cpxa 1154 
11-10cpx 1316 
7-1cpx 1071 
7-2 cpx 1273 
7-2cpxa 1192 
7-3cpx 1156 
7-4cpx 1379 
7-5cpx2 1352 
7-7cpx 1082 
7-7cpxa 1075 
7-8cpx 1202 
7-8cpxa 1178 
1-9cpx 1307 
7-10cpx 1303 
7-11cpx 1133 
7-12cpx 1175 
7-1lcpx 975 
7-14cpx 902 
7-15 cpx 1282 
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Table A.6.1: continued 

IPyroxene solvus thermometers 
T-NTOO T-BKN T-Cainopx 

7-16cpx 1184 
7-16cpxa 1103 
7-17cpx 1403 
7-18cpx 1225 
7-18cpxa 1287 
7-19cpx 1365 
7-20cpx 1123 
7-20cpxa 1118 
8-1cpx 1239 
8-1cpxa 1252 
8-3cpx 1182 
8-4 cpx 1357 
8-4cpxa 1361 
8-5cpx 1423 
8-5cpxa 1418 
8-6cpx 1084 
8-7cpx 1197 
8-8cpx 1161 
8-9cpx 1136 
8-10cpx 1281 

5-8cl 1315 
5-15c1 1271 
5-15cla 1291 
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Table A.6.1: continued 

Gt-ol fez'" -Mg exchange thermometers 
thermometer T-C99 T-R96 

T"()W19 10-1 gt 1270 1406 
10-4gt 1231 1332 

10-301 1182 10-4gtsp2 1246 1360 
10-3018 1391 10-5gt 1174 1226 
10-1301 891 10-6gt 1259 1385 
10-13012 926 10-6gtsp2 1270 1406 
11-201 1284 10-6gta 1267 1400 
5-1101 943 10-8gt 1077 1063 
5-12018 1106 10-10gt 1278 1422 
5-14018 1366 10-15gt 1172 1223 

10-16gta 1392 1661 
10-19gt 1218 1307 
11-2gt 1246 1361 
11-5gt 1188 1251 
11-5gt2 1154 1192 
11-10gt 1287 1441 
5-2gtd 1263 1393 
5-2gtd 1270 1406 
5-3gtsp2 1341 1550 
5-3gta sp2 1339 1546 
5-4gt 1306 1479 
5-6gt 1254 1376 
5-6gtsp2 1267 1400 
5-8gt 1364 1601 
5-9gt 1234 1337 
5-9gta 1048 1016 
5-9gta sp2 1117 1128 
5-10gt 1185 1246 
5-14gt 1265 1397 
5-15gta 1294 1455 
5-15gta sp2 1275 1416 
5-16gt 1276 1418 
5-11gt 1197 1269 
5-19gt 959 881 
5-22gt 1341 1551 
5-22gtsp2 1324 1516 
6-1gta 1317 1500 
6-1gta sp2 1273 1411 
6-2gt 1378 1631 
6-2gtsp2 1377 1629 
6-3gt 1242 1353 
6-4gt 1366 1604 
13-1gtsp2 1226 1321 
13-2gt 1161 1204 
13-2gtsp2 1161 1204 
13-3gt 1205 1283 
12-12gta 1164 1209 
13-1gt 1232 1334 




