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Abstract

Diamonds from the S8 Luiz alluvia deposit, Brazil, have been found to occlude syngenetic
inclusions whose associations are evidence for formation in the mantle transition zone and lower
mantle (Wilding, 1990; Harte and Harris, 1994). These diamonds represent the most extensive
sample of deep mantle available to date, and have been subjected to detailed study. Five principal

associations are identified.

One association involves orange garnet inclusions (with diopside and pyrrhotite) which contain a
significant pyroxene component in solid-solution (majorite component) indicating formation in the
transition zone (Akaogi and Akimoto, 1977). Trends of maor element composition against Si
content are most consistent with formation within the deepest regions of the transition zone where
equilibrium with perovskite structured CaSiO; (CaSi-Pvk) is envisaged (Irifune and Ringwood,
1987).

The remaining associations all involve MgO - FeO (fPer) and are also believed to have been in
equilibrium with CaSiO; composition inclusions. The association of fPer and (Mg,Fe)SiO; (LM 1) is
understood to have formed at pressures of >24 GPa (Yagi et a., 1978), within the lower mantle,
where (Mg,Fe)SiO; adopts a perovskite structure (MgSi-Pvk) at pressures above the breakdown of
(Mg,Fe),Si0, ringwoodite. Indeed, al the broadly pyroxene composition phases recovered in
association with fPer are envisaged to have formed with perovskite structures. The LM | association
dso includes grains of broadly pyrope-almandine composition with high Fe** content
(Fe*'/SFe=~0.7) and very low Ca (<0.15 wt% CaO) and depleted rare earth element (REE)
concentrations consistent with equilibrium with REE-phyllic CaSi-Pvk. This new mineral is shown
to adopt a tetragonal 14-2d structure and is referred to provisionally as ‘TAPP (tetragona
almandine-pyrope phase). Given the propensity for MgSi-Pvk to adopt the entirety of the likely lower
mantle Al,Oz budget within its structure at depths over 820 km (e.g. Kesson et al., 1995), and the
stability of an Al,Os-involving association at depths of 720-820km (Irifune et a., 1996), TAPP is
believed to form in auminous bulk compositions in the depth region, 670-720km. A deeper
association of fPer, aluminous and Fe*-rich MgSi-Pvk and Al,O; (ruby) from S&o Luiz diamonds

formsathird (LM Il) association.

The remaining two associations have characteristics indicative of formation in the deepest regions of
the transition zone. An association (LM I11) of low Ca-garnet with a small majoritic component, a
previously unrecorded C2/c structured Al-Ca-Na-Fe**-rich magnesium silicate (with 11, 5 and 6 wt%
Al,Os;, CaO and NaO respectively) and fPer is reported. Trace element compositions of this garnet
are found to be transitional between magjoritic garnet (Harte, 1992) and TAPP. The final association,
found in a single diamond involves a (Mg,Fe),SiO, composition inclusion, fPer and TAPP (UM/LM
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association), and is suggestive of formation within the range 460-720km depending on bulk
composition (Jeanloz and Thompson, 1983). Also identified from S&o Luiz is the first recorded

sapphire inclusion in diamond.

Change in cell parameters on release of two fPer inclusions (one from Guinea, West Africa) have
been measured and interpreted on the basis of expected mantle geotherms and physical properties of
compressibility and expansivity. Depths of formation of ~300km are inferred which, on correction
due to the fractured and plastically deformed nature of the diamond hosts, extend to within the lower
mantle. The very low Fe* content of fPer and the large Fe** content of aluminous MgSi-Pvk
inclusions additionally support formation at high pressure (McCammon et al., 1995 and
McCammon, 1997). Furthermore, the presence of significant quantities of magnesioferrite as
inclusions in many fPer inclusions is consistent with the high Fe** content of associated phases and
indicates relatively oxidised conditions of formation. Partitioning of Fe, Ni and Mg between fPer and
MgSi-Pvk is indicative of high temperature (>2000K) within the lower mantle which suggests a
steep thermal gradient at 670km and hence a thermal boundary layer between the upper and lower
mantle. This observation, in addition to indications from associations of a compositional distinction

between upper mantle and lower mantle, supports separate régimes of mantle convection.

The diamonds themselves show cathodoluminescence patterns indicative of a complex interplay of
growth and resorption. Transition zone stones show a range in nitrogen content from <15 to
311ppm, and are highly aggregated indicating a long, high temperature history. Lower mantle stones
are even more deficient in nitrogen (mostly Type Il diamond), and show a very tight clustering of
d**C composition around -5%.. Given ranges of up to 9% within single stones, precipitation under
fluctuating conditions within a homogeneous reservoir is concluded. Values for d*°N of -6 and -5.2%o

have been obtained for an upper / lower mantle boundary sourced stone.

Thermoelastic modelling is applied to a variety of deep mantle phases and it is concluded that, with a
thermal boundary between upper and lower mantle, there exists a narrow depth region just below
670km where many phases, (particularly diamond) are gravitationally stabilised. Diamond moving
within the circulatory system of the lower mantle will, therefore, tend to pond in this region.
Exhumation from the deep mantle is believed to have been relatively swift due to the lack of: re-
equilibration of composite grains; complete exsolution of majoritic garnet; and recombination of
magnesioferrite with fPer. A régime of transportation by upwelling mantle plume is envisaged. The
dominance within thin cratonic areas amongst world-wide locations of deep mantle diamondsis also
discussed. This observation is interpreted in terms of thin cratonic areas being suitably reduced to
stabilise diamond at shallow depths, unlike in oceanic settings where diamond burns to form CO..
Additionally, the crust in thin cratonic regions is not suitable for formation of lithospheric diamond

and so the deep population of stonesis not outnumbered by shallow sourced diamonds.
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Glossary

ATP
bleb

boundary effect
BS(E)-

BSE
BZ

CaSi-Pvk

Cc
CM

Cor.

CpX

crud

DAC

deep mantle
EPMA

flat

FTIR

grain

Grt

Atmospheric Temperature (298K) and Pressure (0 GPa)

A feature of relatively high back scattered electron intensity in ferropericlase.
Blebs are defined in the current study to be either spots of no more than 0.8 nmin
diameter or elongate features no more than 0.8 nm in width and up to ~10 nm in
length. Blebs are taken as being distinct from larger features of high BS-intensity
in fPer such as the veins and inclusions seen in BZ66 and BZ238B.

The effect of athermal boundary between upper and lower mantle whereby mantle
phases experience little volume change on ascent (section 7.1.2).

Back scattered (electron). Refers to back scattered electrons imaged using either
the electron microprobe or scanning electron microscope.

Bulk silicate earth

Prefix to sample numbers adopted for some diamonds and their inclusions
involved in the present study and previous work by Wilding (1990) and Harte,
Harris and Watt (1993, personal communication). Refers to the locality of S&o
Luiz, BraZil.

Either presently or originaly perovskite (Pm3m) structured phase of essentially
CaSiO; composition. Examples within the present study are grains BZ97, BZ115
and BZ252A.

Continental crust

Carich phase identified by Gasparik (1990) in run products in the CaSiOs-
CaM@Si,Og system at pressures over 14.5 GPa.

Corundum

Clinopyroxene: a structural implication is intended unless specifically stated
otherwise (often by sufficing with the term ‘ composition’).

Inclusions which, either by their friable behaviour, extreme softness, brown
mottled appearence, association with oxidised fracturing in diamond or very poor
electron probe totals, are interpreted as being either contaminant, epigenetic in
origin or products of secondary alteration.

Diamond anvil cell

The mantle transition zone and lower mantle

Electron probe microscope analysis

Diamond which has been polished on two parallel sides (BZ251-BZ258).
Fourier Transform Infra-Red Spectroscopy

Refers to a crystaline material recovered from diamond, either an entire
inclusion, or a discrete body which, by means of its compositiona characteristics,
and relevent observations throughout the diamond breaking process, can
reasonably be assumed to be a fragment of what once was a single inclusion. An
example of the latter meaning being the two grains BZ259A1 and BZ259A2
which were recovered as fragments of an original single inclusion.

Garnet: a structural implication is intended unless specifically stated otherwise
(often by sufficing with the term ‘ composition’).

Mark T. Hutchison, University of Edinburgh 1997 Vi



GU

heavy elements
HFSE

I.R.

JH

LILE
LM

LM I

LM II

LM 111

majorite

majoritic garnet

material

MgSi-Grt
MgSi-IIm
MgSi-Pvk

MORB

opX

PIT

prim-
guenching
effect

REE
R'ite

sB
SEM

Prefix to sample numbers adopted for some diamonds and their inclusions
involved in the present study. Refers to the locality of the Kankan district,
GUinea.

High mass elements, Pb, Th and U, measured on some inclusions by ion-probe
High field strength elements. (e. g. Hf, Ta, Y, Zr, Nb)
Infra-Red

Prefix to sample numbers adopted for some diamonds and their inclusions
involved in the present study. Refers to a group of the samples obtained by Jeff
Harris from S&o Luiz, Brazil.

Largeion lithophile elements (e. g. Rb, K, Ba, Sr)

Lower mantle or lower mantle association. This association comprises all
inclusions released from diamond of a type which are known, at least in some
cases, to coexist with fPer from the same diamond but have not been released from
diamond additionally hosting Types I, Il and Il MgSi-Pvk (otherwise such
inclusions would have been assigned tothe LM |, LM Il or LM |11 associations).

Lower mantle | association. This association consists of all syngenetic included
material which has come from the same diamond host as a Type | MgSi-Pvk.

Lower mantle Il association. This association consists of all syngenetic included
material which has come from the same diamond host as a Type || MgSi-Pvk.

Lower mantle 111 association. This association consists of all syngenetic included
material which has come from the same diamond host asa Type |1l MgSi-Pvk.

MgSiO; composition adopting a garnet (1a3d) structure

(CaMg,Fe);Al,Si40:,-(CaMg,Fe)SiO; solid solution composition garnet (1a3d)
structured phase

Either individual mineral grains or rocks as, for example, are entrained into
plumes.

Garnet (1a3d) structured phase with the same compositional range as MgSi-Pvk
IImenite (R 3) structured phase with the same compositional range as MgSi-Pvk

Perovskite (Pbnm or Pm3m) structured phase of essentially enstatite composition
+ / - quantities of Al, Fe, Naand Ca. The term encompasies all inclusions of Type
[, Il and 111 pyroxene composition as defined in section 2.2.1.5.

Mid-Ocean Ridge Basalt

Orthopyroxene: a structural implication is intended unless specifically stated
otherwise (often by sufficing with the term ‘ composition’).

Pressure and temperature

primitive

The effect of pressure release before full thermal relaxation (as seen in rapid
exhumation) wherebye mineral phases experience a molar volume greater than
that under atmospheric conditions (ATP) (section 7.1.2).

Rare earth elements (e. g. La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb,
Lu)

Ringwoodite (Cubic Fd3m spinel-type structured (Mg,Fe),SiO,4 phase)
Superphase-B (e.g. Gasparik and Drake, 1995)

Scanning electron microscopy or scanning electron microscope
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St'ite
standard set

stone

TAPP

Typel (Px)/
(MgSi-Pvk)

Type ll (Px)/
(MgSi-Pvk)

Type 1 (Px)/

(MgSi-Pvk)

TZ
UM/LM
W'ite

yr

) 2

Stishovite

Thelist of LILE, REE, HFSE and heavy elements from which trace elements are
routinely chosen for determination on S&o Luiz inclusions by the University of
Edinburgh / NERC Cameca ion microprobe (appendix 9).

A commonly accepted term to refer to diamond, particularly prevelent in
industrial scenarios. It is adopted here as a useful aternative to the word
‘diamond’ in order to aid the flow of the text.

Tetragonal amandine-pyrope phase. A working acronym for the new |42d-
structured phase obtained as inclusions from S&o L uiz diamonds.

Refers to a pyroxene of enstatite-ferrosilite composition with less than 5 wt%
Al,0s, 0.5 wt% Na,O and 0.1 wt% CaO. Inclusions of this type are interpreted as
being part of a lower mantle association and are believed to have adopted a
perovskite structure on genesis.

Refers to a pyroxene of composition with greater than 5 wt% Al,Os, between 0.5-2
wt% NaO and 0.1-2 wt% CaO recovered as inclusions from S&o Luiz diamonds.
Inclusions of this type are interpreted as being sourced within the lower mantle
and are thought to have adopted a perovskite structure on genesis.

Refers to a pyroxene of enstetite-ferrosilite composition with greater than 5 wt%
Al,Os, greater than 2 wt% Na,O and greater than 2 wt% CaO recovered as
inclusions from S&o Luiz diamonds. Inclusions of this type are interpreted as
being sourced within the lower mantle and are thought to have adopted a
perovskite structure on genesis.

The transition zone association consisting of inclusions of majoritic garnet,
pyrrhotite and associated (diopsidic) pyroxene composition grains.

The upper mantle / lower mantle association consisting of inclusions of olivine,
fPer and TAPP composition from BZ243.

Waddleyite - orthorhombic Imma structured (Mg,Fe),SiO, phase

year
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Chapter 1

Chapter 1  Introduction

Diamond is a truly remarkable mineral which, aside from its clear aesthetic and commercia value,
has an invaluable role to play in our understanding of the earth and, by extrapolation, in our
comprehension of planetary states in general. Historically, diamond has both provided an important
means of study of the state of the cratonic mantle lithosphere and asthenosphere through
observations of its included material and through the diamonds themselves. Such study has been an
invaluable adjunct to data provided by other directly observable mantle material: mantle xenoliths,
mantle rocks exposed at the earth’s surface (ophiolite belts and, in continental settings, localities
such as the Rhondda Massif, Benni Bouserra and Kokchetav), magmatic distillates of the mantle
such as MORB, OIB, kimberlites and lamproites. The deeper into the earth we hope to sample,
however, the more we have to rely upon diamond to provide material for study. Indeed, the unique
nature of diamond's chemical and physical resistance to alteration places it as, arguably, the only
means by which deep earth material, particularly from the transition zone and lower mantle, can be
supplied to science for study: the word ‘diamond’, appropriately enough, comes from the Greek
‘adamas’ meaning unconquerable. Until recently, the deepest known diamonds were sourced from
~200 km, as determined by use of geothermobarometry on coexisting included phases (see Meyer,
1987). This situation changed with the identification of transition zone sourced majoritic garnets
from Monastery (R.S.A.) diamonds (Moore and Gurney 1985) pushing sampling depths to ~ 480km
(Moore et al., 1991); the only other transition zone material being a few rare xenoliths from
Jagersfontein (Haggerty and Sauter, 1990). Such depths are still well short of the lower mantle. The
first lower mantle material was discovered in 1984 with the identification of a MgO-FeO (fPer)
inclusion from Orrorroo (Australia) (Scott-Smith et al., 1984). Subsequently, lower mantle material
has been observed from eight localities worldwide (section 2.2.1.4) of these, by far the most

important is the Sdo Luiz alluvial diamond mine in Matto Grosso, Brazil.

This thesis presents the most comprehensive study of S8o Luiz diamonds and their inclusions to date.
It follows on from the work of Wilding and Harte, principally on transition zone material (Wilding
1990 and Harte, 1992) and the work of Harris, Watt and Harte (Watt et al. 1994 and Harte and
Harris 1994).

) 2
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Section 1.1

Section 1.1 Philosophy of Study

The principal aim of the present study has been to provide as comprehensive a picture as possible of
the truly unique S8o Luiz diamonds, and has necessitated the employment of a wide variety of
analytical techniques. In addition, the present work attempts to provide a synthesis and interpretation

of al contemporary knowledge of both S&o Luiz material and deep mantle diamonds in general.

This philosophy has resulted in a rather unconventional research plan. The bulk of the study involves
work directly undertaken by myself; diamond break-out, sample preparation, electron probe and ion
microprobe analysis, Fourier transform Infra-Red spectroscopy, some X-Ray diffraction, some
scanning electron microscopy, bulk d*C analyses. In addition, a number of lines of enquiry have
been followed by speciaists in particular analytical techniques and wherever possible, an active part
in this work has been undertaken by myself. These specidists include McCammon (Bayreuth,
M 6ssbauer), Hursthouse and Light (ESPRC, Cardiff, XRD), Parsons, Gould and Blake (Edinburgh,
Chemistry, XRD), Cartigny (Paris, d*®N and d"*C analysis), Conrad and Hemley (Carnegie
Institution, Washington, XRD), Angel and Ross (UCL, FTIR and XRD), Rogerson (Edinburgh,
SPM), Forsyth (Edinburgh, AFM), Findlay and Jeffreys (Edinburgh, SEM) and Condliffe (Leeds,
SEM). This invaluable assistance is acknowledged, where appropriate, in the text.

In addition to presenting data from inclusions broken out by myself, many diagrams presented
herein, involve published data from non-S&o Luiz sources and both published and unpublished data
from S&o Luiz from previous work. Where this is the case, due attention is drawn. In addition, the
thesis involves some work undertaken on a small number of lower mantle inclusions from Guines; it
is expected that this locality may be the next major source of deep seated diamonds available for
study and, at present, further work is being undertaken by Stachel and Harris.

Although it is clear that the material presented is of great scientific interest, it is important to note
that the total volume of sample is small, the lower mantle material available comprising
approximately 1x10°23 % of that volume of the earth. Every attempt has been made, however, to keep
sight of this throughout the following discussion. The reader would do well to do the same whilst, in

addition, keeping in mind that at the very heart of geological study is the value of the raw material.
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Section 1.2

Section 1.2 S&o Luiz alluvial diamond deposit

Material involved in the present study was supplied by Sopemi Ltd (Brazil) viathe Diamond Trading
Company (London). Samples are referred to throughout by numbers prefixed by BZ (Brazil) and JH
(Jeff Harris) where suffices are adopted according to the methodology described in appendix 3.1.

The S&o Luiz aluvial diamond deposit lies centrally within the continent of S. America in Mato
Grosso State, Juina Province, Brazil®, figure 1.2_1. The principal deposit is located within channels,
pal aeo-channels, flats and terraces of the Rio Cinta Larga, atributory of the Rio Aripuanad. A number
of secondary deposits lie in the Rio Cinta Larga catchment area, namely the Rio Vinte e Um, Rio
Mutum, lgarapé Porco, Rio Juininha and Rio Juina-Mirim? (Watkins, J. (SOPEMI), 1997, personal

communication).

The location of the magmatic source of the deposit is not known, athough there are a number of
Mesozoic kimberlites recognised in the Juina area (Tompkins, 1992), some of which lie upstream on
the Aripuana river. None of the kimberlites are being mined, but, given that the alluvial diamond
production of Juina Province is significant, ~ 10 Mcarats per year (Teixeira, N. (RTZ Mineracao),
1997 personal communication), it is likely that the kimberlites do have some diamond potential.
Little has been published on the detailed geology of the area although it is suspected that localised,
extensive surveying has been carried out. At present, research is being undertaken on the
geochemistry, field relations and diamond prospectivity of Juina kimberlites by Teixeira (RTZ,

Mineracao).

From a general geological point of view, Brazil has three major cratonic regions (figure 1.2_2) two
of which fit with African cratonic regions on reconstructed plate distribution (figure 1.2_3). The

three Brazilian cratons are:

The Amazonico Craton which contains the Guiana Shield to the north and the Gaupore Shield to
the south. It is within the broad outline of the Amazonico Craton that the S&o Luiz deposit is
located.

! More specifically, it can be found approximately 560 km NW of the state capital Cuiaba, 37 km W of Juina township. The
principal deposit is centred on alongitude of -59° 05" 50"" West and latitude of -11° 23" 33" South. It is located on Brazilian 1:250
000 Map SC21-Y-C, Juina at coordinates x = 271015, y = 873620 (Jeff Watkins (SOPEMI), 1997, personal communication).

2 River names can be trandated as follows: Rio S0 Luis; River of St. Louis; Rio Aripuand, Aripuena (State) River; Rio Cinta
Larga, River of the wide basin (or curve); Rio Vinte e Um, River 21; Rio Mutum, Mutum river; |garapé Porcdo, Braided river; Rio
Juininha, Little river of Juina; Rio Juina-Mirim, River of JuinaMirim.
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Section 1.2

The S8o Francisco Craton, to the east of the country which is considered to be the western portion
of the Congo Craton.

The S&o Luis Craton, which lies around the coastal town of S&o Luis, and is considered to be the
southern portion of the West African Craton. This name has no relationship with the Sdo Luiz of
the present study.

Additionally, asmall craton (Rio de la Plata Craton) has been identified in the south of the country.

Brazilian kimberlites (Svisero, 1995) have been identified as lying along a series of lineaments,
figure 1.2_2, a common observation for kimberlitic distribution (eg. Hoal et al., 1995). All these
lineaments were re-activated during the triggering of Atlantic spreading and saw a degree of
volcanic activity (Tompkins, 1992). Juina kimberlites lie on a lineament trending at ~ 125° across
Brazil towards Rio de Janeiro®. This lineament contains another nine kimberlite clusters in addition
to that of Juina (figure, 1.2 _2). The type of volcanism along the lineation appears to vary according
to basement type with kimberlitic volcanism within the bounds of the Amazonico craton and
volcanism dominated by dunites and lamprophyres within the Parana Basin. Although the Juina
kimberlites lie within the general bounds of the Amazonico Craton they, as indeed all other
Lineament 125° AZ kimberlites, are not truly cratonic. In fact the Juina kimberlites and the three
other kimberlitic fields nearby, al lie within a mobile belt, the Rio Negro-Juruena Mobile Belt,
bounding the stable core of the craton, what is termed the Central Amazonico Province, figure 1.2_4.
This mobile belt is believed to have an island arc affinity (Carrington, 1990 personal communication
to Wilding (1990)) caused by docking of the Central Amazonico Province with basement rocks to the
south west and has a metamorphic age of approximately 1450-1750 Ma. It has been remobilised
during the Proterozoic presumably as it is the most obvious point of weakness within the cratonic

area.

) 2

% The other two lineaments being the Transbrasilien Lineament trending at approximately 30° from Fortaleza and containing three
kimberlite fields and the Blumenau lineament within the Parana Basin and containing one kimberlite field. The Blumenau lineament
has been found to extend into Angola and Zaire on reconstruction of the S. American and African plates.
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Section 1.3

Section 1.3 The diamond deposits of Guinea

Material involved in the present study was supplied through the Diamond Trading Company
(London). Samples are referred to throughout the text by numbers prefixed by GU (Guinea) where
suffices are adopted according to the methodology described in appendix 3.1.

Guinea has a modest yet significant diamond production. Geologically, it occupies part of the West
African Craton® which extends into Sierra Leone, famous as the source of the world’s third largest
gem diamond (the 969.8 carat ‘ Star of Sierra Leone’). Historically, diamonds have been available on
the market from suppliers in Conakry, the capital city of Guinea. However, the sources of material on
this market are poorly constrained and probably include some illegally imported stones from Sierra
Leone. Recently, however, stones have become available from Kankan, a locality inland where the
source area is far better constrained (Harris, 1996, personal communication). It is from this supply

source that the Guinean diamonds considered herein were obtained.

Archean granitoids and Archean and Proterozoic supracrustal metamorphic rocks form the well
exposed basement of this part of the West African craton (cf. Hurley et a., 1971). Kimberlite
intrusions are fairly prolific (eg. Rombouts, 1987), but the diamond grade varies considerably. For
the Kankan area, Sutherland (1993) presents the characteristics of the kimberlite dykes of the upper
drainage basin of the Mandala River (~8°30'N ~9°30'W), figure 1.3 1, and their associated alluvia
diamond deposits. He describes diamonds under 24 subdivisions, involving floodplain, terrace,
pediment and slope from 8 localities. Although no detailed study has been made of the inclusion
parageneses from the Mandala basin, the diamond characteristics show striking similarities to
features of lower mantle sourced stones from S&o Luiz and Guinea® described in sections 5.1 to 5.3.
These similarities, in terms of quantity of plastically deformed, dodecahedral or irregular, pitted,
inclusion-rich stones, may not be entirely coincidental. Amongst nearby Guinean sources, there is
much variability; some appear to be distinctly different e.g. Benko (Rombouts, 1987), indeed
throughout Guinea and Sierra Leone striking variations between very proxima deposits are
commonplace; others, however, show strong similarities with Mandala Basin material (Sutherland,

D. (Placer Analysis), 1994 personal communication).

) 2

! Sierra Leone, Guinea, Liberiaand the Céte d' Ivoire al encompass the central part of the West African craton.

2 Morphology; octahedra and macles rarely exceed 6%, the dominant forms being dodecahedra intermediate and irregular (often ~
70%): plastic deformation is very extensive (40 - 90 %): pitting is common (45 - 90 %) and stones are overwhelmingly colourless or
brown (Sutherland, 1993).

Constitution of the deep transition zone and lower mantle shown by diamonds and their inclusions 1



Section 1.4

Section 1.4 Diamond from a social perspective
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Section 1.4.1

Section 1.4.1 Historical interest in diamond

The first diamond discoveries were probably made in alluvia depositsin India around

800 B.C. The recorded history of diamond appears much later and can be found in the

works of Plato and Ptolemy of Alexandria. The source of Indian aluvial diamonds has never been
found, supplies largely dried up in the 18th century. Up until the late 19th century, Brazil had
become the most prolific producer of diamonds worldwide, however, at this point, diamonds were
discovered in South Africa

One of the first South African finds was on land owned by Deiderik and Johannes De Beers who sold
their property soon after, due to the subsequent influx of miners. In 1888, and incorporating the old
De Beers land, the De Beers Mining Company was formed by Cecil Rhodes. Under its present
ownership of the Oppenheimer family it is, by far, the largest player in the worldwide diamond
market.

Diamonds are now described from Brazil, Guyana, Argentina, Colombia, U.S.A., Canada, Finland,
Norway, Russia, Sakha, Kazakhstan, China, India, Sri Lanka, Sierra Leone, Ivory Coast, Angola,
Guinea, Zaire, Botswana, South Africa, Lesotho, Zimbabwe, Namibia and Australia. The most recent
finds have been in the Canadian Northwest Territories (Fipke et a., 1995) and Norway (Reuter,
1996). Of the plethora of works on the major localities, particularly from Southern Africa and
Russia, the reader’s attention is drawn, in particular, to Harris (1991), Dawson (1980), papers in

Nixon (1979) and the volumes of the six International Kimberlite Conferences.

Throughout history, diamonds have been regarded with awe, respect and, above all, desire: a
testiment to diamond’ s unique nature. Traditionally, diamonds have been a token of love, although,
until the 20th century, they have been solely playthings of the wealthy. A diamond was the gift of
Archduke Maximilian of Austriato Princess Mary of Burgundy in 1477 (reputedly she was the first
woman to wear a diamond ring) and in 1773 the light-blue Orloff stone' was given to Catherine the
Great of Russia by Prince Gregory Orloff. Indeed, in England in the 1500's diamond rings were

known as scribbling rings as they would be used to scribble romantic pledges on window-panes.

The properties which have sparked such interest in diamond are obvious; hardness, brilliance, colour
and rarity; but it is perhaps aso for these reasons that some cultures have adopted a quite different

approach to this remarkable mineral. In China diamond has been regarded as being unlucky and,

! Originaly the eye of anidol in a Brahman temple, this stone was stolen by a French soldier.
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considering the wars, murders and generally unpleasant behaviour which have surrounded diamonds,

such relegation is perhaps not surprising:

The Daryai-Nur, a flawless, transparent pink stone of approximately 175-195 carats, was stolen
during the Persian attack of Delhi in 1739. It now resides amongst the crown jewels of the ex-Shah
of Iran. The Koh-i-Noor stone (meaning: ‘mountain of light’), whose recorded history dates back to
1304, was taken as a spoil of war by the Mogul Sultan Babur in the 16th century. When one of its
subsequent owners, the Shah Nadir, was murdered, it was taken to Afghanistan where it was given to
Ranjit Singh of Punjab in exchange for military help. It resided for just a short time in Indian hands,
however; the British demanded it as indemnity during the Sikh wars. It now resides as a 108.93 carat
stone in the British crown jewels. The Pigot, named after Lord Pigot, Governor of Madras who
purchased it in 1775, was bought by Ali Pasha, Viceroy of Egypt in 1818. During a fracas in his
palace, the Viceroy was mortally wounded by the Sultan of Turkey, but the sultan failed to get his
hands on the stone as, on the Viceroy’s dying command, the stone was smashed by one of his guards.
Furthermore, a single diamond had a profound effect on the course of European history. Napoleon
used a 140.5 carat stone as collateral for loans to finance his military efforts. Perhaps the most
legendary of unlucky stones, however, is the Hope diamond. It currently resides in the Smithsonian
Ingtitute, partly because its history was so disaster-ridden that many buyers refused to consider the
stone's offer for sale in 1949. It is thought that this remarkable blue stone, was cut from the Blue
Travernier, formerly part of the French crown jewels and stolen during the French Revolution. This
stone had been brought to Europe from Indiain 1642 and was purchased by and cut for Louis X1V of
France. As the Hope diamond, named after its 1830 buyer, it saw two bankruptcies, one suicide, one
accidental death and afamily break-up.

Amongst other stones of note are;

The Cullinan; the largest recorded stone; originally 3106 carats and, in fact, a broken fragment
from a larger stone. It was found during an inspection at the Premier mine in 1905 and named
after the Premier Diamond Company’s chairman. It was purchased by the Transvaal government
and given to Britain’s Edward VI1I in 1907. The stone was cut by Joseph Asscher of Amsterdam
into 9 major and 96 minor stones; the largest being the Star of Africa, 530.2 carats and the
Cuillinan I1, 317.4 carats.

The Regent; regarded as one of the most perfectly cut large stones. It was brought to England by
William Pitt, another Governor of Madras and sold in 1717 to the Duke of Orleans. It now
residesin the Louvre.

The Excelsior: this high clarity blue-white stone was found in 1893. It was cut into 21 stones of
which the largest is 69.80 carats.
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The 232-carat Star of Yakutia, from Mir, Sakha
The 342-carat XXV Party Congress, from Udachnaya, Sakha

In addition to being used as an excuse for conflict, diamonds have also been used as a means of
conflict. Diamond powder was regarded as being deadly poisonous. The Turkish Sultan Bgjazet was
believed to have been murdered by his son who dlipped powdered diamond into his food. Benvenuto
Célini cheerfully considered himself to have cheated death because his murderer’s lapidary had
swapped the diamond he had been given as a murder weapon for powdered glass! Pope Clement VI
died after being fed 14 spoonfulls of crushed gemstones as an attempted cure for his failing health; it
was thought that the diamond was the cause of death. Carbon is certainly considered to be a
carcinogen although contemporary beliefs of the detrimental physiological properties of diamond lie

more as a possible asphixiant than a toxin.

It is not in keeping with the remainder of this work to end discussion on an aspect of diamond on a
negative note. With thisin mind it should be noted that diamonds have been regarded as being a cure
for mental illness, a talisman to ward off evil spirits, lightning and pestilence, and a surity of success
in the law courts. From a scientific standpoint, | shall attempt to show that they can also be regarded

as efficient messengers from the deep earth.

) 2
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Section 1.4.2 General diamond characteristics

In terms of gem quality stones, the four C's are used as the indicators of quality.

These are colour, clarity, cut and carat, where the cut is the only man-made factor

involved in adiamond’s value'.

Colour: The colour of diamond, from a popular perspective, is purely a matter of aesthetics. Public
tastes change but, due to the strong historical definitions of value, combined with the direction of
20th century marketing, pure, colourless, stones have, until recently, commanded the highest prices.
The terminology of diamond colour used by the gem trade, table, 1.4 1, reflects this. Colourless
stones are, however, not the only stones. Black, white, brown, blue, yellow, pink and red stones; of
differing hue and saturation are in current production. In some respects, the historical preference for
colourless’ stones, with their ‘virginal’ connotations is quite appropriate because any colouration

represents some form of deviation from pure Fd3m carbon. Thus:

Black stones are graphitised, surficially or internally; due to radiation damage or unfavourable
physical conditions. Such stones are termed ‘boart’.

White colouration arises from trapped CO, (Harris and Gurney, 1979).

The colour of brown stones arises from plastic deformation, section 5.3.2.

Substitiutional boron absorbs the red part of the visible spectrum, giving rise to blue stones.
Single substituted N is responsible for the yellow colouration of some stones.

The origin of the colour of rare, pink and red stones is, as yet, unclear, although plastic

deformation has been a suggested mechanism.

Table 1.4 _1 The traditional colour classification scale for gem-quality diamonds. In addition,
categories for ‘fancy’ or coloured stones are in use.

| Clless | Nr.colourless | Ft. Yellow | V. Light Yellow | Light Yellow |

IDIE[F]G[H[IJi]K[L[MIN]O[P[]Q[R[S[TJUlV[W[Xx]Y[Z]

Some coloured stones can be far rarer, however, than the purest of colourless stones. At present, the
public is being persuaded to buy such coloured gems and the market value is now reflecting the

diamond industry’s success. Intense pink or ‘pigeon-blood red’ stones, of which only six stones

! Various techniques, for example, heat treating, are employed to improve the colour of stones; most dedlers, however, will not
handle such material.

2 In the distant past, preference was dictated mostly by availability; large stones were more often colourless but coloured stones were
equally valued. Henry VII of England’s gift to Agnes Sorrell in 1477 was a five-carat pink stone of unknown source; rare now;
unique then.
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above 3 carats have ever been tendered for sale, command prices of $1 million per carat, compared to
$15,000 for a D-class flawless stone. Intense pink stones have been offered for invited viewing once a
year in Tokyo, Hong Kong and Geneva since 1985, and Perth and London since 1996 (Jackson,
1996). Brown, yellow (cognac and champagne), and blue stones (particularly for use as semi-

conductors) also have their market niche.

Clarity: The clarity of a stoneis dependent on a number of factors:

Its intrinsic purity of colour (or lack of colour) which is dependent on the distribution of
impurities.

Deformation of any kind, either in the form of fractures or plastic deformation, detracts from a
gem-stone’ s vaue.

Macroscopic impurities such as graphitisation, voids relating to fibrous growth and, in particular,
mineral inclusions, have enormous scientific value; the latter being at the core of this thesis. It is
perhaps justifiable that inclusion-filled stones now have value as ‘ nature’ s imperfections'; indeed
when it comes to rarity, diamonds containing TAPP inclusions (section 2.2.1.3.3) are rarer than
the famed pigeon-blood red stones from Argyle. It is tempting to view marketing of inclusion-

filled diamonds as a shrewd mechanism for boosting the value of certain stones.

The classification of diamond clarity is outlined in table 1.4 2 and is based on a combination of
reasonable eyesight and the 10x magnification of a jewler's ‘loupe’. The scale runs from FL (the
cleanest stones) to |5 (the most flawed gem-quality stones). Diamonds of better quality than VVS are
termed ‘loupe-clean’ whereas stones containing inclusions which are not visible with the naked eye

are those better than Sl,.

Table 1.4_2 Classification of the clarity of gem-quality diamond.

FL Flawless SH Small inclusions / dlight internal
faulting

IF Some surface blemishes S, Small inclusions/ definite faults

VVS, V.v.smal inclusions, v. diff. to find I Inclusions easily visible to the x10

VVS, V.v.smdlinclusions, difficulttofind 1, Inclusions just visible to the naked eye

VS, V. smal inclusions/ 9. scratches I3 Inclusions easily visible to the naked eye

VS, V. small inclusions/ external defects

Cut: The term ‘cutting’ is a misnomer in relation to the diamond industry. It is certainly true to say

that pulsed laser bursts are used in some circumstances to ‘cut’ stones but, for gemmological
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purposes, stones are either cleaved or polished®. Diamond ‘cutting’, in fact, is relatively recent. The
first records of diamond polishing comes from 14th century India but for at least two hundred years
subsequently, diamonds were not, generaly, ‘cut’; they retained their value despite only partially
exhibiting their brilliance. The queen of Hungary had a celebrated crown of uncut stones fashioned
in approximately 1074. The first commercially orientated cutting centres were set up in Antwerp in
1550 (trading having started there in 1447), indeed Antwerp can still be considered the home of the
diamond trade. Even after stones became more prized when cut or faceted, it was not until the early
20th century, when the theory of optical refraction was applied to diamond faceting in detail, that
stones were cut routinely for optimum brilliance. An example of poor pre-20th century faceting
comes from Hyderabad in India. The Great Mogul diamond was cut under the orders of the Shah
Jehan (who also ordered the building of the Tgj Mahal). It was so badly cut that instead of paying the
lapidary he was heavily fined. Faceted stones which have brilliance below present standards are

often, therefore, pre-1900 in age.

Diamonds are faceted to achieve the greatest possible reflection of incident light. The angle of facet
depends, therefore, on the critical angle of refraction, a special case of Snell’s Law, equation 1.4 1 as
illustrated in figure 1.4_1. The interrelation of facets depends on the ultimate overall shape desired.
The most popular, and indeed, most brilliant, shape is termed the round-brilliant. Other shapes are:
hearts, pears (eg. Cullinan I), marquise, ovals, trillions, emeralds, princesses and radiants, figure
14 2.

sini=n Equation 1.4 1

where: i is the angle of incidence of a ray within diamond on the diamond / air boundary such that total internal reflection takes
place: nis the refractive index of diamond which depends on, amongst other factors, N content and is equal to 2.417 (Peter, 1923)
for pure |l diamond.

The most important features of a cut stone are the table and the depth, figure 1.4 3. For a brilliant-
cut stone the depth% and table%, as defined by equations 1.4 2 and 1.4 3, must lie within the ranges
57-63% and 58-65% respectively”.

depth (mm) Equation 1.4 2

depth% = 100x - -
average girdle diameter (mm)

longest table measurement (mm) Equation 1.4 3
average girdle diameter (mm)

table% =100 x

% Diamonds are polished with diamond powder in light oil against a steel lap (scaife). The stoneis lowered close enough to the skaife
to alow for contact between the stone and the diamond powder but not too close as to permit contact between the stone and the stedl.

4 Some dealers demand tighter constraints. As, commonly, ~65% of a stone's weight is lost on cutting, however, and, in some cases
more value is gained on increased weight than is lost on decreased brilliance, these constraints are sometimes deliberately flaunted.
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Carat: The carat is a measurement of weight defined as 0.2 g. Its origin is from the carob seed,
which was used in Egypt and the Middle East as a standard unit due to its remarkably constant size

and weight. The carat is subdivided into ‘points': 100 points comprising one carat.
Asthe density of diamond is, for the purposes of the gem-industry, constant, the carat is also a useful
measure of size, particularly within suites of stones of constant shape. Figure 1.4 4 is a scae

representation of the size of brilliant-cut stones. Although a useful scale for industry purposes, the

carat has no scientific value and is thus not considered further herein.

) 2
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Section 1.5 Diamond studies

From a geological point of view, the study of diamond itself provides an opportunity to glean
inferences on the conditions of the environment surrounding its formation (e.g. P, T, fO,, isotopic
composition of source material, its speed of growth) and any factors which have affected its state
subsequent to growth (the role of shear as manifest by plastic deformation or fracture, fluctuationsin

fO, as manifest by absorption or re-precipitation).

The observations whereby such inferences can be obtained can be subdivided into two main

categories; physical characteristics and compositional characteristics.

) 2
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Section 1.5.1 Physical characteristics

Crystallography and Morphology: Diamond is cubic (space group Fd3m) with a
cell edge of 3.567 A at ATP (Skinner, 1956). It grows in one of two general

directions: (111) giving rise to an octahedral morphology or (100) giving a cubic morphology.

Most diamonds exhibit a dominantly octahedral morphology, general conditions of pressure and
temperature of formation being within the stablility field of preferred (111) growth.

The cubic morphology is adopted by diamonds growing at low T (Giardini and Tydings, 1962) as
shown on figure 1.5 1. As aresult, rather than being xenocrystal, as inferred for the majority of
diamonds, naturally occurring cubic diamonds are thought to have formed at relatively shallow
depths (~100 km in the cratonic lithosphere), in some cases associated with their kimberlite or
lamproite hosts. Indeed, commonly, diamonds are found exhibiting cubic overgrowths on
octahedral cores eg. Mbuji Mayi (Boyd et al., 1987). Entirely cubic stones are rare, comprising
typically < 1 % of the sample from any one mine (Harris, 1992).

Additional forms of diamond® occur as a result of specific ambient conditions:

Resorption of cubic stones produces tetrahexahedra and octahedral stones form dodecahedra.
Rapid growth, thought to be related to kimberlitic fluids (Arima et a., 1993) gives rise to fibrous
stones and fibrous coats to existing stones eg. from Botswana, Angola, Sierra Leone, Y akutia and
the Northern Territory of Australia (Boyd et al., 1992), Zaire and Mbuji Mayii (Boyd et al., 1987)
and Mbuiji Mayii (Javoy et al., 1984).

Individual stones which have < 50 % identifiable morphology are termed irregular.

Twinning occurs giving rise to macles, of which some rare stones are tetrahedral in morphology
(Moore, 1990).

The term carbonado is adopted? for some rare aggregated stones.

! Although a number of carbon alotropes are known, e. g. graphite and buckminsterfullerine (Ce), perhaps most worthy of
particular mention is londsdaleite (Frondel and Marvin, 1967). This is a hexagonal polymorph of diamond which, unlike other C
dlotropes shares some of diamond's exceptional physical characteristics. It is a high pressure, low temperature phase found in
meteorites (Frondel and Marvin, 1962) and impact zones (Hough et al., 1995).

2 The origins of carbonado are still a matter for much debate. So far, they have only been found in placer deposits, prompting a
tendency to induce mechanisms of formation completely unrelated to amagmatic event e. g. large impact metamorphism (Smith and
Dawson 1985), transformation of subducted organic carbon to diamond (Robinson, 1978) or radiation damage of cods (Kaminskii
1987). The most recent study of carbonado, using stones from the Central African Republic (Kagi et a 1994), would favour a
scenario secondary to kimberlite / lamproite eruption. Kagi et a (1994) favour radiation induced fusion of seed stones; seed stones
having been identified by their aggregated N content including platelets. This aggregation would suggest that seeds were formed at
conditions of high temperature and thus in the normal lithosphere setting expected for the formation of diamond in general (see
section 1.3.2.2. for a detailed discussion of N aggregation). Very intense laser induced photoluminescence is characteristic of
carbonado. This is indicative of radiation damage and, in addition to the abundance of crustal mineral inclusions, would suggest
annealing of the seedsin acrustal setting.
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Additional properties: Diamond is well known for its exceptiona physical properties, particularly
its hardness. In addition, it has the lowest electrical conductivity and highest thermal conductivity,
melting point and refractive index recorded. Table 1.5 1 summarises some of the important physical
constants obtained for diamond. Furthermore, diamond is highly resistent to chemical attack. At low
temperatures oxidising agents represent the only means of compromising the chemical sanctity of
diamond; diamond oxidisesin air at ~ 900 K. At higher temperatures a number of molten metals are

highly carbonophilic; examples are tungsten, tantalum, iron, nickel and cobalt.

Table 1.5_1 Physical properties of diamond

Hardness (Moh) 10 Thermal conductivity — ~2000 Wm K™ (11)
Hardness (Knoop) 9000 kgmm™ (111) Resistivity > 10" ohm m

Bulk modulus 4.42x10" Nm Dielectric constant 5.70 (300K)
Thermal expansion 0.02844 x 10*K™ Refractive index 2.41726 (589.29nm)

For full expansions and discussion see referencesin Field Ed. (1979, 1992)

) 2
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Section 1.5.2 Compositional characteristics

Although principally composed of carbon, diamond exhibits a wide compositional
variation. In particular, the isotopic composition of carbon making up diamond has
been found to vary (and shows a larger range than most other minerals or magmatic rocks, section
1.5.2.1) and has been used to infer both the mechanisms and conditions of diamond formation and
the composition of the source region. Non-carbon species are also found to be present in diamond.

These occur as two general types,

Those occurring as inclusions, both macro- and microscopic (down to those comprising a few
unit cells occupying defects).

Those occupying lattice sites replacing carbon atoms in the diamond structure itself.

Consideration of the nature of inclusion phases and classification will be discussed separately in
section 1.6. Of the elements found as impurities in diamond, by far the most common is nitrogen, in
fact so much so, that the state of N occupying lattice sites forms the basis of one of the major
classification schemes of diamond (section 1.5.2.2). In addition to N, however, some 69 elements
have been detected as impurities in diamond; B, He, O, Na, Cr, Fe, Mg, Al, Si, Ca and Pt having
been found in quantities > 100 ppm (see Bibby, 1984 for detailed discussion). It is hard to say to
what extent these elements are incorporated in sub-microscopic inclusions rather than in lattice sites,
certainly for the elements of atomic radius differing substantially from carbon, the former scenario is
more likely. It should be noted, however, that some elements adopt very significantly smaller radii
with increasing pressure (e. g. see Moore et a., 1991 for a discussion of the role of Na in mgjoritic
garnets). Of the elements listed above, B, He and O aswell as N, can, often, be considered to occupy

|attice sites.

) 2
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Section 1.5.2.1 Carbon isotopic content of diamond

Besides'“C, the most common isotope of carbort*8, occurring in cosmic concentrations as 1.11
atomic % of total C (Nier, 1950). The carbon isotopic content of materials is most commonly

presented in terms of the paramete€ where:

Equation 1.5_1

(13 12 )
sC = (7] =TPE —1[x1000

standard

The standard material used is usually the Pee Dee Belemnite from the Pee Dee formation, South

Carolina, U.S.A. (Craig, 1957) and’C is expressed in parts per thousand (%o).

Observations: Early pioneering work on the determination of carbon isotopes in diamond was carried
out by Nier and Gulbransen (1939). The carbon isotopic characteristics of diamonds from a large
number of sources worldwide have now been determined. Of over 1300 analyses collated for the
present study, the range in values obtained was found to be frorh(Sdbblev et al., 1979) to 1.98

(van Heerden, 1993).

As figure 1.5_2 demonstrates, this range in composition is greater than that exhibited for carbon
isotopes in other mantle derived material (van Heerden, 1993) and is almost exactly the same as that
observed for meteorites (Deines and Wickman, 1973). The range does not, however, spread to the

extremely depleted values of some sediments (Kirkley et al., 1991).

In terms of the distribution of dat&**C values for diamond cluster strongly around a value of ~ -5 %o,
similar to that of OIB, MORB, carbonatites and kimberlites. Indeed the similarity of the maitéof

values around this value for a wide range of mantle derived material, has led to the acceptance of the
ranged™*C = -5 to -7 %o, as being the original (primordial) and representative mantle compositional
range. Unlike other mantle carbon sources, however, diamond shows a marked negative skew in its
distribution igure 1.5_3). The first of the highly depleté’C values was obtained by Smirnov et al.
(1979).

The distribution of3*3C values seen ifigure 1.5_3, is not globally constant. The carbon isotopic

characteristics of stones from Dokolwayo (Daniels, 1991), for example, does mirror the global trend.

1 This value was obtained from a polycrystalline diamond intergrowth of unknown paragenesis from the Mir pipe, Yakutia.
2 This value was obtained from a Hunan stone of unknown paragenesis.
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Other localities, however, yield different characteristics. Star diamonds (Hill, 1989) show a restricted
range in values clustering closely arostdC = -5 %o, whereas Argyle stones (Jaques et al., 1989)

show a distinctly positive skew with a mode&&C = ~ -12 %c-.

Explanation of 8"°C variation: Three explanations can be envisaged for the preseritéCofalues

outwith the primordial mantle range:

¢ The true primordial range @&C in the mantle is, in fact, not as restricted as often cited; areas
exist in the mantle which have bul’C values relatively depleted or enriched compared to the
range -5 to -7 %o (a view supported by, amongst others, Deines et al$.1993)

+ There exist a number of processes by which carbon isotopes can be fractionated.

+ There exists a mechanism whereby depleted or enriched material can be taken into the mantle, for

example, by means of subduction.

Given that diamond is envisaged to be precipitated in an environment involving fluid, it would seem
inevitable that some explanation of the excessive rang€anvalues in diamond should be attributed

to its particular mechanisms of growth: in particular to fractionation due to the presence of a fluid
phase (Deines, 1980). Growth of diamond from a homogeri#dDssource, in the absence of fluid

(but in the presence of meltian produce a variation i&™C, because of fractionation between growth
faces. The range of fractionation, however, in a fluid absent phase is likely to be small and close to
1% (Deines, 1980 and Polyakov and Kharlashina, 1995). In the presence of fluid, fractionation occurs
depending on the fluid species involved. Diamond is expected to precipitate within fluid comprising
various proportions of the components, C, H and O and a number of diamond precipitating reactions
can be envisaged. Deines (1980) concluded that only reactions involvingnd@H were plausible

under mantle conditions, CO being expected to be present in insignificant quantities. Deines (1980)
modelled the precipitation of diamond under conditions of 4.5 GPa, 1793 K using an initial source
813C value of -5 %o. As diamond ienrichedin §**C compared to CiHby ~ 1 %., he found that

reactions involving methane, e. g. the dehydrogenation of methane:

CH; <> C+2H Equation 1.5_1

3 These differences, as will be discussed in the following paragraphs, have a strong correlation with paragenesis type.

“ This can be thenly explanation of any'*C heterogeneity if théotal carbon in a particular source rock is converted to
diamond. Certainly, if diamond is a stable phase, carbon will be strongly partitioned into crystallising diamond, however, C
can be accommodated within a number of crystalline substances and, in particular, melt and other fluid phases. The total
conversion of carbon to diamond, however, is not considered particularly relevent to natural diamond precipitation régimes.

5 Here, the term fluid is used, in particular, to refer to C-H-O fluid. Fractionation involving melt is low.
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largely cause a sligh§'*C = ~ 3 %o, negative skew in distribution centring around the irstfig
value of the fluid. In contrast, as diamondlépletedn §*3C compared to Cby ~ 4 %o, precipitation

of diamond by reduction of GO

CO,-C+0 Equation 1.5 2

produces distributions with a shift in me3iC of ~ 5 %o and a positive skeWigure1.5_4 shows the

form of distributions which Deines (1980) obtained.

It should be noted, however, that the particular end-result of fractionation depends, of course, on the
relative proportions of other species involved and whether, in fact, precipitation occurred under

conditions of equilibrium and in open or closed systems.

Fluid fractionation may provide a satisfactory explanation for the randge@ values for some
individual diamonds (eg. Javoy et al., 1984). Althb neither distribution modelled by Deind980),

figure 1.5_4, necessarily, mirrors the distributiors&1C, many discrepancies can be accounted for by
varying physical conditions. For some stones, however, the rangé0ofs too large (Javoy et al.,

1984) to be explained by simple fractionation. In particular, variatiof¥f in coated stones is
explained by the coat forming in altogether different physical conditions from the core (Boyd et al.,
1987). Within individual pipes, the range &FC compositions in diamonds, even accounting for
variation in pressure and temperature conditions (Deines, 1980) is often greater than can be explained
by fractionation from a single souré&’C value. Javoy et al. (1986) invoked degassing of 8&9a
mechanism for enhancing fractionation, however, his fractionation factors have been disputed (Mattey
et al., 1990). Another factor must, therefore be added to explanatidiifranges within many
diamond populations. Source mixing is the proposed model for the ranges obtained from diamonds
from: Finsch and Premier (Deines et al., 1984): Roberts Victor (Deines et al., 1987): Jagersfontein and
Koffiefontein (Deines et al., 1991): a single diamond from Koffiefontein (Harte and Otter, 1992) and

Letseng-la-Terai (McDade and Harris, 1996).

When we consider diamonds on the basis of their paragersesiso( 1.6), we see that neither
peridotitic figure 1.5_5), websteritic figure 1.5_6), nor coated stonefig(ire 1.5_7) contribute
significantly to the negative distribution 8%°C values for diamond. On the other hand, diamonds of
the eclogitic {igure 1.5_8) and sulphidefifure 1.5_9) paragenese¢plus a number of stones of
unknown paragenesidigure 1.5 _10) do show significant depletéd®C. Eclogitic stones from
Dokolwayo (Daniels, 1991) have a distribution very similar to the global eclogitic distribution,

whereas Argyle (Jaques et al., 1989) and Sloan (Otter, 1989) eclogitic diamonds have a pronounced
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peak at depleted values. It should be kept in mind, however, that not all diamond sources involving
eclogitic diamonds yield heavily depleted carbon isotopic contents. Eclogitic diamonds from Ellendale
(Jaques et al., 1989), Star (Hill, 1989), and, to an extent, Premier (Deines et al., 1989) &ifgield

values clustering around -5 %eo.

Certainly, the bulk composition of source rocks for eclogitic diamonds is quite different from that of

peridotitic and coated diamonds, simply on the basis of inclusion chemistry. It would be reasonable to
suggest, therefore, that, for at least eclogitic diamonds with highly depleted carbon isotopic content,
the source of carbon has a different isotopic content from that of peridotitic source material rather than
having to invoke an unusual mechanism of formation. The same is also probably true for sulphide and

websteritic paragenesis stones.

) 2

6 As described in section 1.4.

Mark T. Hutchison, University of Edinburgh 1997 4



Section 1.5.2.2

Section 1.5.2.2 Nitrogen in diamond

Nitrogen is the most widespread and abundant impurity in diamond. Its abundance, however, is
highly variable. Values of the order of 5500 ppm have been recorded whereas, type Il diamonds
typicaly have nitrogen contents below 20 ppm (Bibby, 1982). Furthermore, in type I1b diamonds,
nitrogen content is so low, <0.2 ppm that the presence of boron is not wholly compensated for; such

crystals are p-type semiconductors.
Two particular aspects of nitrogen are considered important in addition to its concentration. These

are the isotopic characteristics of nitrogen and its state of aggregation. Details of these two factors
are discussed in the following sections, 1.5.2.2.1 and 1.5.2.2.2.

) 2
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Section 1.5.2.2.1 Aggregation of N in diamond and Infra Red absorption characteristics

The presence of nitrogen in diamond causes absorption in the one-phonon region of the Infra-Red
spectrum (Kaiser and Bond, 1959). The energy of absorption is dependent on both the concentration

and distribution of nitrogen impurities and is usually measured using Fourier Transform Infra-Red
Spectroscopy (FTIR).

Observations: A number of different absorptions can be identified and these give rise to the common

classification system used for diamond.

Diamonds exhibiting no absorption in the one-phonon region are termed Type 112
Diamonds exhibiting absorption in the one-phonon region are termed Type | which is further
subdivided:

Q-

A broad absorption around 1150 cm* classifies a stone as Type Ib

Diamonds exhibiting additional absorption at 1282 cm™* are termed 1aA

Q-

Q-

Absorption at 1175 cm* gives rise to 1aB* diamonds. In detail, pure |aB diamonds tend to
show a plateau between 1310 cm™ and 1230 cm™ (over the position of 1aA absorption) a
maximum pesk at 1175 cm™ with a shoulder at 1100 cm™ and a spike at the Raman
energy of 1332 cm™ . Occasionaly, local absorption aso occurs a 1365 cm™ (B’
absorption), and at 1370 cm™ (D absorption).

Figure 1.5 11 represents the typical absorption characteristics of N-rich stones of differing
aggregation state and incorporates the typical absorption characteristics of carbon in the two-phonon
region present in all diamond spectra. In addition, table 1.5 2 summarises the classification scheme
outlined above.

! The designation of astone as Type |1 has, historically, been a hazy matter. Although the implication is that Type |1 stones are free
from nitrogen impurity, such a conclusion depends on the analytical threshold and uncertainty of the technique used to determine
concentration from IR absorption. Up until five years ago, the minimum threshold for determination of N content in diamond from
FTIR was ~ 30 atomic ppm. This value refers to the general supply of stonesie. not those which have been specialy cut, polished,
orientated and scrupulously cleaned for analysis. Diamonds described as Type Il using apparatus developed over five years or so
ago, can, therefore be considered to have less than 30ppm N. More modern apparatus (eg. the Nicolet Magna-IR™ 750
Spectrometer used in the present study) which can measure down to ~10 atomic ppm nitrogen give rise to a definition of Type Il as
referring to stones with £10 atomic ppm nitrogen. For most studies of nitrogen, such indistinction of classification is relatively
unimportant because diamonds containing £30 ppm nitrogen are rare. Low N stones comprise a significant proportion of the present
study, however. Indeed, similarly sourced stones from other localities yield low nitrogen concentrations. For example, K30 and K34
fPer bearing diamonds from Koffiefontein are classified as Type || and stone K33 yields 33 ppm N (Deines et d., 1991). Care has,
therefore, been taken to classify the meaning of Type Il for the present and related studiesin the following text, section 5.5.2.1.

2 Additionally, absorption at 0.305, 0.348 and 0.364mm (in the 3 phonon region) is observed for some rare blue diamonds. This is
attributed to the presence of B which appears, naturally, in concentrations up to ~ 0.25 ppm: such stones are termed Type | 1b.

% Diamonds exhibiting characteristics of 1aA and 1aB absorption are termed Type |aAB.
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Table 1.5_2 Diamond classification on the basis of FTIR one-phonon absorption characteristics.

Classification One-phonon absorption N aggregation Notes
Ib Broad 1150cm™ peak Single-substituted N
laA 1282cm™ peak Pairs of N
laB 1175 & 1332 cm™ pesks 4 N atoms + vacancy Often with D and B’
I No absorption Generally £ 30 at. ppm N
lb 2460 & 2790 cm* peaks Single-substituted B

Explanation: Much work has been undertaken on the interpretation of the one-phonon absorption. It
has been concluded that, certainly at relatively low P, T conditions (~ 5 GPa)*, N singly substitutes
for carbon in diamond. It is this accommodation which gives rise to Ib absorption (Kaiser and Bond,
1959). It is thermodynamically preferable, however, for nitrogen to exist in higher forms of
aggregation, ie. pairs and certain types of clusters. Nitrogen atoms migrating through the diamond
lattice due to the movement of defects will tend to rest longer when they become adjacent to
additional N atoms. This scenario leads to |aA absorption where N exists as pairs (Davies, 1976)
and, on further aggregation, |aB absorption, where four nitrogen atoms cluster around a vacancy®,®
(Lousber and van Wyk, 1981). Additionally, D and B’ absorptions are considered to be due to
aggregations of tens to thousands of C and N atoms displaced by the stabilisation of vacancies on
formation of B centres and forming strings or plates (Evans and Phaal, 1962 and Woods, 1985): D is
also termed ‘platelet absorption’. Platelet size is dependent on the concentration of nitrogen; high
concentrations of nitrogen will aggregate quickly thus forming many short platelets whereas on
dower growth, where nitrogen concentrations are lower, platelets will accumulate to greater lengths
(Woods, 1985).

It is now possible to quantify the type and abundance of nitrogen impurity in diamond because FTIR
spectra can be deconvoluted. Specifically, total N content and % A, % B and % D components of
aggregation can be determined from FTIR analyses. Boyd et al. (1994 and 1995) present the most

complete description of the quantification methodology to date.

Factors involved in the progression of aggregation: The progression of aggregation that a N
containing stone is expected to experience is Ib to 1aA to 1aAB to |aB, with the starting state
depending on the initial aggregation. The degree to which this progression proceeds has been found

41t is not known whether or not diamond formed at extreme conditions of temperature accommodates nitrogen, initialy, in an
aggregated state. Certainly the presence of some 1aA signature in lower mantle sourced stones from the present study, section 5.5.4
and 5.5 would suggest that high states of aggregation even at lower mantle conditions require some period of time to evolve before
becoming flly 1aB stones. High temperature may still, however, favour missing out the Ib - 18A step. This interpretation further
compromises the effectiveness of quantitiative determination of temperature and residence time for aggregated stones.

5 Absorption at 24000 cm?, in the visible spectrum, is interpreted as being due to 3 N atoms surrounding a vacancy. Such
aggregation istermed N3.

® Thereis observed to be a progression from Ib to 12A to |1aB on addition of thermal energy and / or time (Evans and Harris, 1989),
which emphasises the migrational and relative stability aspects of aggregation.
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to depend on a number of factors, notably temperature, time and total N content and has been
quantified in terms of %laA, %laB and %lb by Evans and Harris (1989). Although it may seem that
the determination of N aggregation could, therefore, be a useful tool in dating stones if their
conditions of formation are known, the progression of aggregation is highly temperature dependent
and is aso significantly affected by plastic deformation: a factor whose effect is poorly understood. In
practice, therefore, given the uncertainties in not only the formation temperature but temperature
history of even the best constrained stones, in addition to the unknown role of other factors, e. g. N3
centres’, platelets, pressure, initial aggregation, plastic deformation, defects etc., it is considered here
that any quantification of residence time or temperature history is inappropriate. Indeed, this is
especialy true for stones of the present study whose temperature histories are subject to large
uncertainty. It should be kept in mind, however, that consideration of the role of temperature and
time in aggregation still has an important role to play. Indeed aggregation state represents a useful
tool in indicating, qualitatively, the likely history of a suite of stones and it is from this qualitative

viewpoint that the aggregation of stonesin the present study will be considered, section 5.5.2.1.2.

) 2

7 On progression from IaA to 1aB, the intermediary formation of N3 centres have not been observed (Evans and Harris, 1989).
Given, however, that the conditions of formation of N3 centres are not known, their role cannot be considered mutually exclusive
from |aA to |aB aggregation in al natural systems.
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Section 1.5.2.2.2 Nitrogen Isotopic content of diamond

In addition to *N, a second nitrogen isotope occurs in significant quantities naturally; *°N. Some of
the earliest work on nitrogen isotopic content of diamond was conducted by Javoy et a. (1984) who
studied the nitrogen isotopic content of coated diamonds from Mbuji Mayi. Subseguent work has
been undertaken by, amongst others, Boyd et a. (1988, 1992), vanHeerden (1993), Boyd and
Pillinger (1994), Cartigny et a. (1996), and the present study (section 5.4.2.2.1). In a similar fashion
to carbon, nitrogen isotopic contents are typically expressed in the delta notation, of the form of

equation 1.5_1, as d*N. For nitrogen, the standard used is atmospheric nitrogen.

Observations: Despite being a light element, as nitrogen is a trace element in diamond, it has
significant potential to be fractionated isotopically, certainly more so than carbon, section 1.5.2.1.
Most initial work on d**N was undertaken on coated stones where a range from +7.7 %o to -8.7 %o
was found (Boyd et al., 1992). Furthermore, d°N values in coats were generaly found to be more
depleted than cores of individual stones (Boyd et al., 1987, 1992). For non-coated stones, the d™°N
range comprises +16.6 %o (Boyd and Pillinger, 1994) to -34.5 %o (Cartigny et al, 1996). The
distribution of over 450 d*°N values from the literature and the present study, was found to be
largely Gaussian with a mean of 0.57 %o (figure 1.5 12). Little work has been undertaken to study
the role of paragenesis on nitrogen isotopic content of diamond, indeed the distribution of all stones
analysed is dominated by the signature of stones of unknown paragenesis (figure 1.5 _13). Available
data (van Heerden, 1993 and Cartigny et a., 1996) indicate a more enriched range amongst eclogitic
stones, 13.6 %o to -4.6 %o, with a mean of 2.97 %o (figure 1.5 14) and a slightly depleted
distribution for coated stones (figure 1.5 15) centring on a mean of -2.19 %. and exhibiting a
positive skew. Peridotitic stones (figure 1.5 16), on the other hand, have a mean of 0.8 %o and a

range close to the global range.

Source of nitrogen isotopic signature: The generally accepted scenario for the evolution of the
Earth’s atmosphere is that it evolved from degassing of the upper mantle on formation of the crust.
One would expect, by balance, that the mantle has a d™N composition intermediary between crustal
material and the atmosphere. As the atmosphere is defined as having a d™N value of 0 %o, and the
nitrogen isotopic content of such crustal material as organic matter in sediments, ammoniacal
nitrogen in metasediments and S-type granites, all have positive values for d”°N (as discussed in
Boyd and Pillinger, 1994), dlightly positive d"°N values are expected for mantle material. However,
the first extensive study of d™°N compositions of diamonds (Javoy et al., 1986), yielded negative d*°N
values for coated diamonds. Javoy et al. (1986) assumed that these values were representative of the

! Cartigny et d’s (1996) value of -34.5 %o was for an eclogitic stone from Fuxian.
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bulk mantle and invoked a number of complex models to redress the anomaly. Javoy’s (1995,
personal communication) preference appears to be that a secondary, positive d”°N is required in
order to redress the balance. This positive reservoir may be C1 chondrites, which have largely
enriched d*°N values (Kung and Clayton, 1978). The only additional nitrogen bearing materials
known, which yield significantly depleted d°N values, are enstatite chondrites (Kung and Clayton,
1978). Javoy et al. (1986) suggests that this is the source of negative d*N in diamond and it follows,
therefore, that the bulk composition of the mantle diamond source is of enstatite chondrites. The
coated stones which Javoy et al. (1984) use for their model, however, are unrepresentative of the
diamond population (compare figure 1.5_15 with 1.5_12). Indeed, coated stones, in contrast to more
enriched eclogitic and peridotitic material, on the basis of, amongst other factors, inclusion
chemistry, exhibit more similarity with their host kimberlite than with typical mantle material.
vanHeerden (1993), having observed that the diamond population generally has positive d°N values
suggested that if these values are taken as being representative of the mantle, the simple degassing
model from a positive d™°N reservoir used to explain atmospheric evolution, works. On the other
hand, there may be indications from the d*°N distribution of S8o Luiz material, section 5.4.2.2.1, that

there are parts of the deep mantle where arelatively depleted mantle reservoir exists.

It is irrefutable that the diamond population does have a significant scatter in d°N values, figures
15 12 - 1.5 16. Fractionation can provide a suitable explanation for this observation. There are
indications that significant nitrogen isotope fractionation can occur on diamond formation (Boyd et
a., 1994). Indeed, unlike for carbon isotopes, significant fractionation has been found to occur
between growth zones (Boyd and Pillinger, 1994 and Boyd et al., 1988). A fractionation of ~ 4.5 %o
d™N was measured bewteen nitrogen on {100} compared to {111}. The influence of fluid
fractionation has not been studied but is likely to be significant. Fractionation can, therefore, till be

considered a plausible mechanism for the cause of nitrogen isotopic variation in diamond.

) 2
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Section 1.5.2.3 Additional Impurities

A comprehensive review of impurities in diamond can be found in Bibby (1982) and, in particular,
an excellent discussion of gases in diamond can be found in Ozima (1989). More recently, technical
advances have alowed for improved precision and the ability to analyse smaller sample sizes.
Results obtained using recent advances can be found in Blagic et al. (1992), Hart et a. (1993),
Mathez et a. (1993) and Verchovsky et al. (1993).

Requirements: Particular emphasis has been placed on an attempt to measure the isotopic
proportions of radiogenic elements, in particular, the noble gases. Results obtained so far give a
starting point for calculations of mantle evolution and can be compared with more recently sourced
material such as MORB to investigate the evolution of systems such as the mantle / atmosphere. In

order to obtain useful results, however, there are two main requirements:

Precision of measurement at the ppm or even ppb level.

Analytica techniques successfully employed have tended to be nuclear (giving good resolution
and high count rates allowing for high precision); neutron activation anaysis (NAA) (eg. Luther
and Moore, 1964) and micro-activation using °He (e. g. Mathez et al., 1993). In NAA, the decay
of artificialy heavy isotopes of the element to be analysed is measured. An example of such a
reaction followed is °B(n,Li)*He. For micro-activation, a typical reaction would be
*0(®He,p)*®F where '®F decays to *®0 by positron emission, a reaction which can be monitored.
For samples where abundances of the trace elements of interest are high, however, more direct
techniques such as combustion mass spectrometry (eg. Verchovsky et al., 1993) have been
adopted. Combustion does have its problems. It introduces minute quantities of atmospheric gases
which add uncertainty to any results obtained. For minerals other than diamond, release of
volatiles by melting is the most commonly adopted approach to avoid this problem. However,
with the melting point of diamond above 4200K (Van Vechten, 1973), melting is an unrealistic
approach. This problem has been successfully avoided, due to the breakthrough observation that
volatile release may go very close to completion on graphitisation of diamond (Kaiser and Bond,
1959). This technique, where applicable, is now widely employed.

Confidence asto the ability of diamond to retain its impurities.

Studies of diffusion of gases in diamond have been the most extensive and show the following
broad results. Two modes of degassing tend to occur in step-heating experiments. The first, a fast
diffusion usualy involving a small quantity of trapped gas occurs at low temperatures (up to 1973
K). This is thought to involve gases caught in defects. The second mode occurs a higher
temperature (above 2073 K) and is very slow, of the order of 10™ cm?s® for He (Ozima, 1989),
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which is relatively mobile compared to other elements, for example Ar (Fukunaga et al., 1987).
The variability of diffusion values obtained is huge but, even so, the general consensus appears to
be that diffusion is sufficiently low to retain heterogeneity at reasonable mantle temperatures for
times approaching the age of the Earth (Ozima, 1989). Such results alow for reasonable
confidence that trace element compositions are representative of composition on crystallisation of

diamond.

As far as results and inferences obtained from the study of impurities in diamond are concerned,
these are best tackled individually.

Oxygen: Where O appears to be present as a lattice occupying component (i.e. not residing in, for
example, sub-microscopic silicate inclusions), concentrations obtained from diamonds from a variety
of sourcesyield values ranging from 10-100 ppm (Mathez et al., 1993).

Helium: Helium isotopic compositions (*He/*He) of ~ 2 x 10 have been determined for a number of
diamonds (Takaoka and Ozima, 1989). This value is higher than the planetary ratio of 1.4 x 10
(Ozima, 1989). Since the value of the *He/*He ratio is expected to have decreased with time,
assuming that the diamond value is representative of mantle material, this would indicate that the
planetary ratio adopted is not indicative of the bulk earth. A solar composition, in line with
observations by Anderson (1989), section 4.2, with a ratio of ~ 4 x 10 is suggested, therefore, as
being more representative of the bulk earth. Some problems arise, however, due to the possible
formation of *He by cosmogenic means. Unless cosmogenic signatures can be removed, alluvia
diamonds and stones in the upper 50m of kimberlite bodies are unsuitable for meaningful helium

ratios in this context (Verchovsky and Begemann, 1993)*.

Argon: The high “°Ar/**Ar ratio determined for some diamonds would suggest that subducting slab

material was not a significant component in their source region (Bibby, 1982).

Hydrogen: Hydrogen is commonly found in diamond and can be identified by its absorption at
3107cm™ in the infra red (Kiflawi et a., 1996). In some cases, hydrogen is an important catalyst in
the crystallisation of diamond (section 6.1.1).

) 2

! This problem may be surpasssble by the adoption of step-heating techniques. Cosmogenic *He may be released at lower
temperature than primordial *He.
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Section 1.5.3 Interrelation of compositional and physical

characteristics

The study of the interrelationships of compositional and physical features of diamond

has been followed extensively in the literature. Definitive conclusions have not, however, been
particularly forthcoming. More than anything, it is clear that the lack of consistency in the
interrelationship of determined variables (such as d°N, d"*C, N content) is indicative of a high

degree of complexity relating to the mechanisms of diamond growth.

Carbon and nitrogen isotopes: The range in d**C and d"®N compositions for both suites of stones
and individual diamondsis such that alarge number of analyses are required in order to say anything
meaningful about the distribution of isotopes. The same is true when interrelations of carbon and
nitrogen isotopes are considered. Although the distributions of d*>N look reasonably well grouped
from figures 1.5 12 - 1.5 16, for individua stones and sources, the range of values is large. van
Heerden (1993) observed large variations in d®N for Argyle plates showing homogeneous d**C
content, Javoy et al. (1984) found a positive correlation of d*°N against d**C for a population of
stones from Mbuji Mayi whereas van Heerden (1993) observed an opposite trend. Apparent
discrepancies could, perhaps, be solved by discriminating between sources and diamond type.
Plotting all available data on the basis of paragenesis, figure 1.5 17, shows that perhaps some trends

can be identified:

For all analyses, irrespective of paragenesis, it is clear that the variation in d**N values is almost
double that of d"3C values'. Furthermore, it is only within the field of least depleted carbon
isotopic content, d*C of ~ -8 %o to ~ -3 %o (‘mantle’ values) that strongly negative values of d'°N
(< -10 %o) appear. Depleted d'*C stones, as a general rule, have positive d°*N values. The
distribution of al analyses is strongly mirrored by the behaviour of stones of unknown
parageneses as this population involves diamonds from a variety of sources and, presumably,
mineralogies.

The eclogitic suite of stones, predominantly involving data from Australian stones (van Heerden,
1993), generally represent the common carbon-depleted eclogitic diamonds (d*C ~ -10 %o).
Values for nitrogen are, typically, positive and, although no particular trend is obvious, it is
perhaps noteworthy that the only negative values for nitrogen isotopic content lie amongst the

more depleted d"*C stones.

! The differences in mass between N and **N compared to **C and *2C are not significant. As discussed previously, section
1.3.2.2.2, nitrogen, being atrace element is subject to greater fractionation than carbon.
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The stones of peridotitic paragenesis which have been measured for nitrogen isotopic content are,
perhaps, a little unrepresentative of the global population. As discussed before, Argyle peridotitic
diamonds, of which figure 1.5 17 is predominantly composed, are unusually depleted in carbon
isotopic content. Interestingly, unlike the eclogitic stones analysed, there does appear to be a
significant trend in d*®*N against d*3C; the less depleted the carbon isotopic content the more
depleted the nitrogen isotopic content.

Coated stones show the opposite trend to peridotitic stones: increasing enrichment in d*C is

matched by increasing enrichment in d*°N.

Clearly, more analyses are required for particular trends of nitrogen isotopic content of diamond
against carbon isotopic content, to be assured. Extensive work is being carried out presently by
Cartigny and Harris (following from Cartigny et a., 1996). At present though, it can be said that the
inter-relationship of d**N with d**C may provide a means for distinguishing parageneses (van
Heerden, 1993).

Interrelationship of nitrogen characteristics: vanHeerden (1993) observed an increase in nitrogen
content and nitrogen aggregation state with enrichment in d™°N content for some Argyle 2 mm
diamonds. However for some other stones he found a trend of decreasing nitrogen content with
increasing d°N, a similar observation being made by Boyd et al. (1988). vanHeerden (1993) also
observed that eclogitic stones from Argyle have lower nitrogen content and are more highly
aggregated than peridotitic stones. This cannot, however, be regarded as a global trend. Some
interrelationships are a little clearer, however. For example, coated stones tend to have higher
nitrogen contents. Such stones are envisaged to have grown quickly and, as such, kinetic factors
rather than equilibrium factors have been relatively more important. Impurities such as N are more
likely to be accommodated under such a scenario. Furthermore, the centres of plates studied by, for
example, vanHeerden (1993) often have higher nitrogen content and higher d°N values. This is
consistent with fractional crystallisation where nitrogen, and particularly *°N, behaves compatibly
with diamond (Boyd et al., 1994).

Relationship of colour and morphology to d**C composition: Extensive study has been made, (e.g.
Deines et al., 1984, 1987, 1989, 1991, 1993) into the significance of visually observable
characteristics of diamonds in terms of their d**C composition (for discussion see Harris, 1992).
Colourless diamonds from Bellsbank appear to be more enriched in d*C than coloured stones,
although the correlation is extremely variable (Deines, 1980). Furthermore, Deines (1980) does
suggest that there is a rough correlation between shape and carbon isotopic content from Premier
(dodecahedral diamonds are more depleted in d**C than octahedra and macles). Generally, however,

amongst Premier diamonds, Deines (1980) found no significant relationships between shape, colour
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and carbon isotopic content. This observation reflects the worl dwide concensus that shape and colour

usually appear to have little to do with composition.

Relationship of mineral chemistry to isotopic content: In a broad sense, the relationships between
dC, d™®N and inclusion chemistry have been previously discussed in sections 1.5.1, 1.5.2.2 and
1.5.3 in so much as paragenesis type has been linked to d*3C and d*>N content. The reader is referred
to Deines et al. (1984, 1987, 1989, 1991, 1993) and Deines and Harris (1995) for discussion for
individual localities and the review of Kirkley et al. (1991) for worldwide sources.

) 2
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Section 1.5.4 Formation of diamond

Details of the formation mechanisms of diamond will be discussed from a chemical

point of view in section 6.1.1 and on an atomistic scale in section 6.1.2. It is the role
of the present section to discuss, in a broad sense, the traditional view for the formation of diamond
within a geological framework, in particular, concerning the source regions which account for 99%
of diamonds mined at present. The reader will be able to compare and contrast the following
discussion with that of the scenario proposed specifically for the formation of the diamonds from S&o

Luiz and Guineain section 6.3.

Two key observations have been made by workers in the field of diamond formation. Firstly,
diamond is a high pressure phase stable at conditions in excess of 4.8 GPa at 1400 K (Kennedy and
Kennedy, 1976), figure 1.5_18. Secondly, on Earth, primary sources of diamond have been observed
predominantly in kimberlites and lamproites in cratonic or craton related settings' (for further
discussion of locations of diamond sources see section 7.5.3). These two observations have led
workers to believe that the source of diamond for which we have examples at the Earth's surface is
thickened continental mantle lithosphere (e.g. Haggerty, 1986) and, perhaps, in some cases, sub-
cratonic asthenosphere. Here, the P, T conditions of alow geotherm favour formation of diamonds at
depths of ~ 100km (in the thickest cratonic areas) assuming adeguate carbon to facilitate the
sourcing of diamond. In addition, the conditions of oxygen fugacity are thought to be favourable for
diamond stability (the role of fO, on diamond formation will be discussed in detail in 6.2.1). A useful
discussion of the growth of diamond in such a setting is provided by Haggerty (1986). Figure 1.5
19, being his figure 2, illustrates the different régimes for particular types of diamond as far as
morphology and type are concerned. According to Haggerty (1986), diamonds do not, generally,
form in the asthenosphere because of high fO,, but will form in the lithosphere in differing forms
according to conditions of pressure and temperature: low aggregated nitrogen-bearing cubes forming
at shallow depths with an increasing tendency towards more aggregated nitrogen and octahedra
shaped stones with increasing depth. Included material is dictated by the host mineralogy, either,
broadly, eclogitic or peridotitic (section 1.6). Additionally, the diamond content of the kimberlite or
lamproite body (thisis found to differ widely, Harris, 1992) will be due to the complex interplay of a
number of factors: the region of the Earth from where such magmatism is sourced, the oxygen
fugacity of the kimberlitic melt, the scale of residence of kimberlite before fina eruption (if any) and

the mechanism of kimberlite emplacement? and its relationship with host rock tectonics.

! Rarely, diamonds have been also been found in a variety of other earth-bound settings calling for different explanations for their
formation from those discussed in this section. Briefly, these stones are found in ultra high-pressure metamorphic rocks e.g.
Kokchetav, Kazakhstan (Sobolev and Shatsky, 1990) and China (Shutong et al., 1992) and as graphitised diamonds in the Rhonda
massif of S. Spain and its African counterpart, Beni Boussera (Pearson et a 1989, 1993 and Davies et a 1993). In addition,
diamond has been recovered from impact craters (Hough et a 1995) and in ophiolitic settings (Kaminsky et al., 1986).

2 Diamond is found to float in melts of certain compositions (Suzuki et al., 1995). This fact will, likely, have some bearing on the
diamond productivity of even rapidly emplaced magmas, like kimberlites.
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An additional formation model is proposed by Kesson and Ringwood (1989), figure 1.5 20. They
prefer a subduction origin where, rather than being precipitated from a fluid, diamond is formed
from melt produced on dehydration of the slab. Eclogitic diamonds are envisaged to be primary
precipitations from the melt whereas peridotitic diamonds evolve from percolation of these meltsinto
surrounding peridotitic rock. Kesson and Ringwood (1989) therefore propose that E-type stones will
predate P-type stones sourced from the same subduction event. Although this may be a wholly
feasible model for the explanation of some diamond, it does not serve to explain, for example, the

range in carbon isotopic signatures observed in most populations.

Xenocrysts or phenocrysts?: An additional question arises. Is the diamond we see in kimberlites
and lamproites merely sampled by eruptives, i.e. xenocrystal, or isit a product of crystallisation from

the melt, i.e. phenocrystal? It appears that the answer to this question can be ‘yes' on both counts:

Experimentation has shown that given a volatile rich kimberlite melt, providing carbon is present,
diamond will grow (Arima et a., 1993). In addition, fibrous diamonds show a plethora of included
material of phases found as phenocrysts in kimberlite (e.g. Javoy et a 1984). The state of N
aggregation of these diamonds as dominantly 1aA (Boyd et a 1987 and 1992) or, rarely, Ib (terms
discussed in 1.5.2.2), imply short residence times of low temperature between diamond formation
and exhumation to the Earth's surface (Evans and Harris 1989); again compatible with a
phenocrystal origin. Fibrous morphology implies rapid growth, and because fibrous diamonds usually
exhibit a cubic morphology (e. g. Boyd et al., 1994), low temperatures of formation are implied (see
figure 1.5 1). All these features are compatible with a phenocrystal origin, or at least an origin
closely related to the event causing low degree melting or metasomatism triggering kimberlite or
lamproite formation (Boyd et a 1994). In addition to fibrous diamonds, a phenocrystal origin has
been implied for the formation of some true micro-diamonds®. Fibrous and cubic diamonds, athough
being the dominant type from some sources (eg. Mbuji Mayi in Zaire, Javoy et a 1984) are not
representative of most diamonds currently in production, which are octahedral or dodecahedral in

morphology and have features which would imply a xenocrystal origin:

Features of the majority of diamond (such as morphology, nitrogen aggregation and isotopic ratiosin
their inclusions) strongly indicate ages greater than those of their host kimberlite or lamproite and
are, thus, xenocrysts. The vast mgjority of diamonds are non-cubic in dominant morphology and
reasonably aggregated 1aAB or 1aB: such stones must have formed at reasonably high temperature
(>1400 K assuming a pressure of 4.5 GPa) and have resided in the lithosphere for a considerable

% The definition of micro-diamond, strictly, is a diamond which has grown to a size no greater than 1mm in maximum dimension.
Because of the tendency to adopt a smple size classification for diamond, there are many examples in the literature of diamonds
being referred to as micro-diamonds simply because they are smaler than 1mm; many of these stones could be broken fragments of
larger stones.

Mark T. Hutchison, University of Edinburgh 1997 2
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length of time, c. 97 Ma’ (for 25% laB aggregation of 1000 ppm N)°. More compelling evidence
comes from the dating of groups of inclusions from a number of diamonds. Most notably ages of
1930 Mafor Iherzolitic garnet and cpx inclusions from Premier in the Kaapvaal Shield (Richardson
et a., 1984), 3200 - 3300 Ma for sub Cagarnets from Bultfontein (Kimberley) and Finsch
(Richardson et al., 1994), 990 Ma from eclogitic garnet and cpx from Orapa (Richardson et al.,
1990) and 1158-1542 for eclogitic cpx from Argyle (Burgess et al., 1992) have been recorded. All

these ages are significantly older than their kimberlite sources (see references in Harris, 1992).

The present consensus is, therefore, that although most diamonds are clearly much older than their
magmatic hosts, diamond survives, in most cases (sections 7.5.1 and 7.5.3) in kimberlite or
lamproitic melts (albeit eventually metastable in relation to graphite). Furthermore, under certain
conditions, diamond xenocrysts can act as seeds for the precipitation of more diamond (kimberlite
and lamproite both being carbon rich) and new crystals can form in the melt (Arima et al., 1993). It
is important to keep this framework in mind when considering the form of relationships of ultradeep
diamonds, as discussed in this work, with their kimberlite sources. This draws into discussion
possible régimes of ultra-deep kimberlites (eg. Haggerty, 1994) and will be considered in detail in

section 7.3.3.

Formation conditions: The development of geothermometers and geobarometers appropriate for
application to inclusion assemblages has led to the determination of formation conditions for
diamonds from a large number of localities®. Details are reviewed in Finnerty and Boyd (1987) and
Harris (1992). The most commonly adopted thermometers are; garnet-olivine (O’ Neill and Woods
1979), garnet-cpx (Mori and Green, 1985) and opx-cpx (Lindsley and Dixon, 1976), for peridotitic
inclusions, and garnet-cpx (Ellis and Green, 1979; Powell, 1985 and Krogh, 1988) for eclogites. Two
barometers, garnet-cpx (Nickel and Green, 1985) and opx-garnet (MacGregor, 1974) are adopted for
peridotites. Assuming a pressure of 5 GPa, temperatures of formation range from 1173 - 1773 K. On
average, eclogitic diamonds appear to originate from regions of hotter geotherms than peridotitic
diamonds in that temperature ranges assuming the same pressure span to higher values for eclogitic
inclusion pairs. There is significant overlap, however, and exceptions occur, Roberts Victor eclogitic
stones, for example, appear to be have a cooler source than peridotitic stones (Harris, 1992). Often,
diamonds of different paragenesis from the same locality are indistinguishable by means of

temperature.

) 2

4 This calculation involves large temperature related uncertainty and should be treated with caution. See section 1.5.2.2.1 for
discussion of calculations.

® Such stones could still be phenocrysts, simply residing in amagma chamber for significant time to aggregate.
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® Determination of the range of formation conditions of diamond has important implications for clarifying the histories of continental
evolution (e.g. Gurney, 1990).

Mark T. Hutchison, University of Edinburgh 1997 4
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Section 1.6 Inclusions in diamond

In addition to atomic and molecular impurities, diamonds commonly contain inclusions of crystalline
material of various sizes from afew unit cells to the macroscopic scale. Reviews of the occurrence of
inclusions in diamonds are given by Harris and Gurney (1979), Meyer (1987), Gurney (1989), Harris
(1992), van Heerden et a. (1995). Included material was first reported as early as 1645 by John
Evelyn. Since then, and including those discovered in the present study, at least 56 different phases
have now been described asinclusions in diamond, table 1.6_1. Inclusions can be classified into two*

principal categories (Meyer, 1987).

Epigenetic inclusions are defined as crystals which have grown from external sources into
fracture systems of their diamond hosts. This definition also includes provision for
pseudomorphic replacement of pre-existing inclusions. Inclusions can easily be classified as
epigenetic if their stability field is significantly outwith that of diamond?; for example serpentine;
although any phase, can, of course, be incorporated into a fracture system at a date subsequent to
diamond formation.

Syngenetic inclusions, on the other hand, have grown simultaneously with their occluded

diamond, have a common phase field and, often, an imposed morphology is evident.

Epigenetic inclusions give valuable insights into the compositions of fluids (for example kimberlitic
magma) associated with diamond at different points during their lifetime. Indeed, a number of
inclusions released from stones in the present study are likely to have an epigenetic origin. Examples
of epigenetic inclusions in this study are the biotite, plagioclase and albite inclusions from BZ239,
section 2.2.1.9. The particular aim of the present study, however, is to investigate aspects of the
nature of the deep earth; transition zone and lower mantle. In order to attempt this through study of

inclusions, it isimperative, therefore, to consider syngenetic inclusions only.

! Meyer (1987) defines a third, ‘protogenetic’ category for inclusions which have formed before the occluded diamond. Such
inclusions, in most cases, are difficult to separate from a syngenetic classification.

2 The stability field of Cr-spinels (Cr-poor chromite) is outwith that of diamond (although FeCr,0, chromite lies within diamond
stability) and yet Cr-spinel (~ 65 wt% Cr,05 up to 8 wit% Al,Os, Meyer, 1987) is a common inclusion in otherwise inclusion-free
stones. There is much debate as to whether diamond grows naturally under metastable conditions (e.g. Angus and Hayman, 1988)
which may be a reasonble explanation for the observation of seemingly syngenetic Cr-spinel inclusions. This is till a rather open
question.

Constitution of the deep transition zone and lower mantle shown by diamonds and their inclusions 1
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Table 1.6_1 Summary of epigenetic and syngenetic inclusion phases with syngenetic inclusions
subdivided into paragenesis type.

Epigenetic Harzburgitic Lherzolitic Websteritic # Eclogitic
Serpentine Sulphide ¥ Sulphide * Sulphide * Omphacite
Graphite * Py-am garnet Py-am garnet Py-am garnet Py-am garnet
Haematite >2 wi% Cr,0; @ >2 wi% Cr,0; @ up to 1 wt% TiO, <2 wt% Cr,0; @ *
Kaolinite Olivine FOsg 5 R of Iherz. trend T Mg #0.55-0.80 Kyanite
Acmite Cr-spinel ¢ Olivine Fogp.025 Olivine Fo<g Sanidine
Richterite Mg-limenite ¢ Cr-diopside Cpx Quartz *
Perovskite Zircon ¢ Opx Encg Rutile
Mn - lImenite Nativeiron ¢ Ruby
Spinel Diamond ¢ [Imenite
Xenotime Clouds ¢ Chromite
Sdlaite Clouds
Goethite
Fluids §
Staurolite
Sulphur *
Sulphide Majoritic garnet  Ferropericlase Unknown
Pyrrhotite * Majoritic garnet *  TAPP *¥ Phlogopite
Chalcopyrite Pyrrhotite * Typel Px * Biotite *
Pentlandite Diopside * Typell Px *¥ Muscovite
Heazlewoodite Type lll Px *¥ Amphibole
Pyrite fPer * Magnetite
Monosulphide s.s. Wollastonite *¥ Apatite
Cubanite Corundum § * Moissanite *
Quartz * Sapphire *¥
Cdlcite
Glassp

All terms are compositional, no structural information is necessarily implied. Data adapted from Harris (1992) table 9.3.

# Deineset al. (1993) @ Gurney (1984) § Schrauder and Navon (1994) § Var. ruby recovered in the present study is believed to be
part of the ferropericlase association p Wang et al. (1994) and Wilding (1993, personal communication) * Discovered in diamonds
from the present study. ¥ Unique to the present study. + According to Deines and Harris (1995) only 20% of sulphides could have
formed in equilibrium with olivine; hence the proposal for an additional sulphide paragenesis. T For definition of the Iherzolite trend
see section 1.6.1.1. ¢ Classified under the general peridotite paragenesis.  McDade and Harris (1996) obtained a calcite inclusion
from diamond from Letseng-la-Terai which had strong syngenetic characteristics. Daniels et a. (1996) record a staurolite
inclusion in a diamond from the Dokolwayo kimberlite; given their interpretation of thisinclusion as being of crustal origin possibly
subducted before diamond occlusion, thisinclusion is protogenetic.

Syngenetic inclusions can be subdivided into a number of different parageneses. These parageneses
are associations of phases which make up particular mantle rock types. Occasionally, severa phases
from one particular paragenesis are seen found within the same diamond. Indeed certain phases have
been assigned to a particular paragenesis purely on basis of such association e. g. native Fe (Sobolev

et a., 1981). Historically, 7 paragenesis types have been coined; eclogitic, harzburgitic, lherzolitic,

Mark T. Hutchison, University of Edinburgh 1997 2
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wehrlitic, sulphide®, websteritic* and unknown. Of these, the wehrlitic paragenesis is only loosely
defined (McCandless et al., 1989) and is rarely used and the unknown paragenesis is a temporary
classification for phases which cannot be confidently incorporated within other parageneses. Due to
the findings of the present study, a number of phases which have previously been incorporated in the
unknown paragenesis have been incorporated into two new paragenesis types. Table 1.6 1
summarises the phases discovered as inclusions in diamond on the basis of paragenesis type

including the present study.

The particular compositional details of the parageneses types harzburgitic, lherzolitic, websteritic,
sulphide and eclogitic are discussed in the following sections; 1.6.1-3 and the fPer and majoritic

garnet parageneses’ are discussed in section 2.3.
As previously mentioned, the classification scheme largely arises from similarities between inclusion

types and the parageneses found in mantle rock types. In detail, there are often marked chemical

differences between the compositions of diamond-sourced and xenolith-sourced phases.

) 2

% There has been much debate recently (e.g. Deines and Harris, 1995) over whether the sulphides should be classified as a separate
paragenesis or as part of a general peridotitic paragenesis (involving harzburgitic, Iherzolitic, websteritic). Sulphides are the most
common inclusion in diamond and often occur outwith an association with other phases. Indeed they come from diamonds which
have stable isotope characteristics distinct from other parageneses (Eggler et al., 1991 and Deines and Harris, 1995), compare figure
1.3 9withfigures1.3 5-1.3_10.

4 Harzburgitic, websteritic and |herzolitic paragenesis are commonly combined as a peridotitic paragenesis although many features
of the websteritic paragenesis suggest that it is transitional between peridotitic and eclogitic parageneses.

5 The fPer paragenesis is interpreted as having a lower mantle origin and the majoritic garnet as having a transition zone origin,
section 4.4.2. These parageneses are so-called because fPer and majoritic garnet can be considered indicators of such depths of
origin.
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Section 1.6.1 Peridotitic parageneses

Although this paragenesis can been subdivided, it is sometimes useful to retain the

classification for general discussion, especially as much previous work makes no

attempt to subdivide inclusion type further. Sulphides aside, peridotitic inclusions make up the
majority of crystalline material included in diamond (e.g. Harris, 1992)*. The fact that peridotitic
inclusions dominate is particularly interesting due to the fact that diamondiferous peridotite nodules
are exceedingly rare’. This fact alone is enough to indicate that the source of peridotitic inclusions is
different from that of mantle peridotites appearing at the earth’s surface in, for example, kimberlites.
Indeed, when we look to the compositional details of peridotitic inclusions compared to peridotitic
minerals from other sources, we observe striking differences. This is true across the board from both
Iherzolitic, websteritic and harzburgitic subivisions. For example, in terms of CaO and Cr,Os
compositions, Richardson et al. (1984) show that Finsch garnet inclusions have a distinctly
harzburgitic composition whereas garnets from associated peridotitic nodules are distinctly
Iherzolitic. This distinction presumably has an explanation in the form of different source areas for
diamonds and nodules and, indeed, garnet concentrates which yield intermediary compositions,

probably come from intermediary localities.

The most prolific phases in the peridotitic parageneses are garnet, olivine, cpx and opx. Extensive
measurement of compositional details of each of these phases included in diamond has been carried
out (eg. Meyer and Boyd, 1972, and reviewed in Harris, 1992; Harris and Gurney, 1979 and Meyer,

1987). figures. 1.6_1 - 1.6_3 summarise much of the compositiona findings so far obtained.

Garnets: The chemistry of garnet inclusions varies more amongst peridotitic parageneses than
amongst other phases. This is often due to the source rock bulk composition lying away from a
garnet composition; small changes in bulk composition are, therefore, reflected in large changes in
the composition of garnet. The most commonly adopted method of subdivision of peridotitic garnet is
on the basis of the Cr,0; wt% / CaO wit% plot. Peridotitic diamond inclusions are found to plot in
two general areas. a field of low CaO incorporating a range of Cr,Os; contents and a band of
increasing Cr,05 with CaO starting at ~4 wt% Ca0, 2 wt% Cr,05° (where values vary from pipe to
pipe), figure 1.6 1. In terms of thermodynamics, the presence of a field, rather than a line in
compositional space, is indicative of the presence of an additional degree of freedom and thus a loss

of one component in the system. Consideration of the phase diagram comprising Al,Os;, CaSiO; and

! On the basis of individual localities, however, this generalisation does not hold true; some kimberlites show a predominance of
other parageneses; the Argyle mine, for example has a strong eclogitic dominance.

2 Jagues et al. (1990) describe a diamondiferous peridotite xenolith from Argyle.
% Eclogitic garnets plot in athird field, CaO-rich but with Cr,O; contents, arbitrarily below 2 wt%, section 1.4.2.

Constitution of the deep transition zone and lower mantle shown by diamonds and their inclusions 1
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MgSiO; (Boyd, 1970) shows that most mantle peridotitic bulk compositions lie, either in a phase
field involving garnet, cpx and opx (a lherzolitic assemblage), or else on a reaction line comprising
garnet and opx (a harzburgitic assemblage)’. On the basis of a three component Iherzolitic field, at
fixed pressure and temperature, the composition of garnet is invariant, however in the harzburgitic
region, the composition of garnet is variable but of lower Ca-content. Because natural systems do not
simply involve the three components, CaSiO;, MgSiO; and Al,Os (Cr,Os, for example, is, of course,
an important component), |herzolitic garnets will have more than one degree of freedom; the
important point, however, being that harzburgitic garnets will have one more degree of freedom than
Iherzolitic garnets. These observations serve to explain the distribution of peridotitic garnet
inclusions in diamond. Harzburgitic inclusions plot in afield at relatively low Ca contents whereas,
Iherzalitic inclusions plot, essentialy on aline in Cr,Oz; / CaO space (called the Iherzalitic trend);
any variation from simply a straight line to higher Cr contents can be attributed to higher conditions
of pressure and / or temperature (Brey, 1991). Due to their higher Cr contents, inclusions of the
harzburgitic garnet are purple whereas, the presence ssmply of Fe causes the deep red colouration of
Iherzolitic garnets. Additionally, websteritic garnets can be distiguished from garnets of other
parageneses because of a high TiO, content, up to 1 wt% and, like eclogitic garnets have an orange
colour. Table 1.6 2 presents typical compositiona details for garnet inclusions of the peridotitic
paragenesis in addition to websteritic garnets transitional with the eclogitic paragenesis. Figure

1.6_2 shows the compositional differences between peridotitic garnets and eclogitic garnets.

Table 1.6 2 Typical compositions of peridotitic and websteritic garnet and opx inclusions in
addition to eclogitic garnet and cpx.

wt%o P-Garnett W-Garneti E-Garnet© E-Cpx © P-Opxf W-Opx#

Sio, 418 (0.07) 40.3(051) 39.9(048)  54.9(0.51) 569  55.0(0.66)

TiO, 0.1(0.06) 0.7 (0.24) 0.5 (0.14) 0.5 (0.16) 0.0 0.1 (0.03)
AlLO;  195(0.40) 10.4(0.28) 22.3(0.35)  9.5(3.31) 0.8 0.6 (0.16)
Cr,0;  6.0(0.55) 3.4 (1.36) 0.1 (0.04) 0.1 (0.04) 0.3 0.5 (0.76)
FeO 6.1(0.14)  135(3.26) 16.6(155)  5.4(132) 46  11.9(2.24)
MnO - - 0.4 (0.12) 0.1 (0.04) - -
MgO  21.4(047) 17.3(1.85 118(210)  10.7 (2.51) 359  30.2(152)
CaO 47(0.78)  4.2(0.97) 7.9 (2.40) 13.3 (1.97) 0.6 0.8 (0.16)
Na,O 0.0 (0.0) 0.0 (0.02) 0.1 (0.09) 4.8 (1.37) 0.1 0.1 (0.03)
K,0 - 0.0 (0.0) - 0.3(0.23) - 0.0 (0.00)

} Deineset a. (1993) © Data from Orapa diamonds (Deines et al., 1993). Figures in brackets refer to standard deviation of 1s. P-
Peridotitic W- Websteritic

Olivines: Harzburgitic olivines tend to be more Mg-rich (~Fogs) than Iherzolitic olivines (~Fogy). In
comparison to both paragneses, however, websteritic olivines exhibit a significant Fe enrichment;

being typically of <Fog, composition.

4 At conditions of 3 GPa, 1473 K.
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Enstatites: Like olivines, the harzburgitic enstatites are commonly more Mg-rich (Engs) than
Iherzolitic enstatites (Engy), average compositions are summarised in table 1.6 2. Websteritic

enstatites, in comparison are significantly Fe-rich, being typically around Engs in composition.

Clinopyroxenes: The lherzolite paragenesis is typified by Cr-rich diopsides. These have Cr,0O3
contents of ~3 wt % and tend to be Mg-rich ~19 wt % oxide (Deines et a., 1991). Figure 1.6 3
shows the compositional range of peridotitic cpx inclusions compared to eclogitic inclusions in terms
of the pyroxene quadrilateral. The harzburgitic paragenesis, by definition, does not include a cpx

phase.

The websteritic paragenesis: Gurney et al. (1984) made the first discovery of inclusions with
chemistry transitional between eclogitic and peridotitic compositions from Orapa. They discovered
an assemblage of garnet, opx and cpx involving an unusual combination of high Fe and Cr content
from eight diamonds from the Orapa kimberlite. Subsequently, websteritic inclusions have been
observed from Monastery (Moore and Gurney, 1989) and by Deines et al. (1993) from Orapa and by
McDade and Harris (1996) from Letseng-la-Terai.

) 2
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Section 1.6.2 Eclogitic paragenesis

Garnets: Eclogitic garnets plot in a quite distinctive compositional field from

peridotitic garnets. They are more Carich and, in addition, have more Fe and less Mg

than peridotitic inclusions. The distinction is best elucidated by a Ca - Mg - Fe cation plot, figure
1.6 2. In addition, their Cr,O; contents are < 2 wt% which puts them on a quite separate
compositional field on a Cr,0O; / CaO (figure 1.6 1) and Na contents are often significant. Like
websteritic garnet inclusions, they exhibit an orange colour. Average compositions from Deines et .
(1993) are presented in table 1.6 _2.

Clinopyroxenes: Eclogitic cpx inclusions are omphacitic. Compared to typical omphacites, however,
they have elevated K contents; K,O ~ 0.26 wt %. When plotted in the pyroxene quadrilateral, they

occupy a distinct field from peridotitic cpx being relatively Fe-rich, Digg.goH20.40 (figure 1.6_3).
Average compositions from Deines et a. (1993) are presented in table 1.6_2.

) 2
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Section 1.6.3 Sulphide inclusions

A wide range of sulphides have been recovered as inclusions from diamond, table

16 1. These are, generally, Fe-Ni-Cu-sulphides, figure 1.6 4. Most sulphide
inclusions are composites of several phases and have bulk compositions consistent with *

from an original monosulphide phase (as discussed in Harris, 1992) and summarised in figure 1.6_5.

Monosulphide solid solution from South African diamonds shows a range of Fe:Ni ratios clustering
around 8 - 10 wt % NiO (Deines and Harris, 1995) with pyrrhotite, chalcopyrite, pentlandite, pyrite
and cubanite being the most common phases forming composite inclusions (Harris, 1992). On the
basis of mgjor element chemistry and carbon isotopic content, Deines and Harris (1995) conclude
that most sulphide inclusions could not have crystallised in coexistence with olivine: they propose a
separate paragenesis for most sulphide inclusions. Perhaps it is not surprising, therefore, that despite
the proliferation of sulphide inclusions, it is uncommon to observe them in coexistence with silicates,
especialy alivine. In terms of sulphur isotopic content, Eldridge et al. (1991) found that for African
sulphide inclusions in diamond, sulphur isotopic contents differed significantly from other mantle
material. Indeed sulphur isotopic values were found to have affinities with sedimentary signatures.
Eldridge et al. (1991) cite this observation as evidence for a subducted component amongst the
source of lithospheric diamonds. Rudnick et al. (1993), however, found no significant difference
between sulphide isotopic composition of Siberian diamonds and ‘average’ mantle although they do,

however, cite the highly variable Pb isotopic compositions as evidence for mixing.

) 2
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Section 1.6.4 Occurrence and significance of inclusion type

Commonly, both peridotitic and eclogitic inclusions are recovered from a single
locality but in widely differing proportions. The Argyle mine, for example exhibits a
dominance of eclogitic inclusions whereas for the Finsch mine, around 98% of stones are peridotitic
(Harris and Gurney, 1979; Richardson et al 1984). Even within parageneses, the occurrence of
individual phases varies in proportion (eg. Harris, 1992). This relative abundance" can be interpreted

as reflecting the petrology of the diamond source régime.

It is often accepted that peridotitic material is fairly representative of the mantle in general, the
particular compositional differences between peridotitic inclusions in diamond and phases in
peridotitic xenoliths arising from the fact that peridotitic diamonds are sourced from, generaly,
greater depths than peridotite xenoliths (geothermometry supports this, Finnerty and Boyd, 1987):
peridotitic diamonds, clearly from suitable depths for diamond stabilisation; peridotite xenoliths from
shallower depths. Eclogite formation models tend to either involve cumulate or melt products of
magmatic events in the mantle, removal of a trondjhemite-tonalite-granodiorite component to leave
an eclogitic restite (Ireland et a., 1994), or else involve metamorphism or metasomatism of initially
crustal material (e.g. Taylor and Neal, 1989). Kesson and Ringwood (1989) would attest that eclogite
arises from the partial melting of subducted former serpentinite slab on dehydration; such a model is
becoming increasingly popular. For reviews of the petrology of mantle xenoliths, the reader is
referred to the detailed discussions of Harte and Hawkesworth (1987) and Ringwood (1989).

) 2

! Care must be taken over the significance of relative abundance of different phases included in any diamond population. This is
because a sampling bias is difficult to avoid and as Gurney et a. (1986) have shown, abundances of paragenesis type vary with
diamond size. Often in studies of inclusion material, emphasis is put on identifying and setting aside particular phases. In addition,
some inclusions offer themselves for study due, for example, to their obvious colour. In contrast, other inclusions, especialy
colourless ones, may be unrepresented in a sample population due to the difficulty involved in identifying them. In the present study,
much effort has been put into locating specific, unusual inclusions for study from a restricted size range; no attempt is made herein,
therefore to read any significance into the relative proportion of phases recovered.
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Chapter 2 Inclusion Chemistry

The determination of details of the chemistry of S8o Luiz and Guinean diamond inclusions has been
a multi-stage process. Chapter 2 initially describes the important considerations of the break-out
process (section 2.1) with methodology being detailed in appendix 1. Details of the major and minor
element chemistry (as determined by EPMA) are presented in section 2.2 with subsequent
classification being summarised in section 2.3. Trace element characteristics of selected inclusions
have been determined by ion microprobe and are presented in section 2.4 and the details of oxidation
state of iron as determined by Mossbauer spectroscopy are presented in section 2.5. Visual
observations are reported throughout the chapter where they relate to points of chemistry (sections
2.2.1.9, 2.2.2 and 2.2.1.3.2 discuss BS-imaging features of BZ83, composite grains and majoritic
garnets respectively and section 2.1 and appendix 2 include data on epigenetic inclusions). In
addition, a detailed visua study of textures in fPer inclusions has been undertaken and is discussed

in the section 2.6.

) 2
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Section 2.1 Inclusion break-out

The unique nature and limited population of Sd0 Luiz and Guinean stones called for both a
particularly carefully considered and undertaken inclusion release procedure. Presently, there are two
methods of inclusion release which are adopted by practitioners; combustion and fracturing. The
earliest attempts to determine the nature of impurities in diamond adopted the combustion approach
(Dumas and Stas, 1840 and Davy, 1814) where wet chemica methods were employed to determine
the composition of ash produced on combustion. Combustion is a method till favoured by some
workers notably Shimizu (Shimizu and Sobolev, 1995). Such a technique has the particular
advantage that inclusion material is wholly separated from its diamond host; in theory, all included
material can be recovered and is often instantly recognisable as such as it is the only material left
after inclusion release. Additionally, the morphology of inclusions tends to be retained by adopting
combustion, rather than fracturing, where there is arisk of breaking the inclusions in addition to the
diamond. There are a number of fundamental disadvantages with the combustion technique,
however, which make it unsuitable for the present study. Firstly combustion destroys the diamond
host thus precluding d13C, d®N, N concentration and FTIR analyses. In addition, any combustible
inclusion material eg. graphite, included diamond® and some sulphides would be lost. Perhaps most
concerning, however, is that adopting a combustion approach brings into question the authenticity of
the recovered material. Specifically, heating the inclusions in an oxygenated environment may
prompt diffusion of volatile species, resetting of exsolution textures and potentially provide sufficient
activation energy to revert any high P,T polymorphs still remaining after exhumation to their ATP
stable state. It is concluded that adopting combustion to release inclusions involves an unnecessary
risk of undoing the excellent work which diamond often offers in providing a chemicaly and
physically protective seal for itsinclusions. These risks, in addition, are not wholly hypothetical. For
example the 'downtown' feature of Sr heterogeneity in Yakutian garnet inclusions analysed by
Shimizu and Sobolev (1995) may well be an artefact of release by combustion?. Diffusion of Sr in
garnet is faster (1.0 x 108 cm?s?) than many elements (Burton et al. 1995) and heating to 1000 K
could serve to explain the inhomogeneities observed by Shimizu and Sobolev (1995) particularly if
elevated Sr had been previously introduced into the system via fractures (Burton, 1997 personal

communication).

! Inclusions of diamond within diamond have been recorded from a number of sources eg. Letseng-la-Terrai (McDade and Harris,
in preparation) and China (Wang et al., 1994).

2 An alternative explanation may be that the Sr heterogeneity is not, as Smimizu and Sobolev (1995) attest, a diffusion profile at all,
but a completely separate Sr-rich grain boundary phase. Certainly the garnet presented in Shimizu and Sobolev (1995) does not
show a smooth diffusion profile, but a sharp step close to the inclusion edge characteristic of agrain boundary with a separate phase.
The other heterogeneous stones Shimizu and Sobolev (1995) refer to, however, may be smoother.
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In this study, therefore, | have chosen to adopt the approach of diamond fracture for the release of

inclusions. Full details of methods and apparatus are presented in appendix 1

Diamond fracture is not a method free of its own problems, these tend, however, to be related to the
skill and care of the operator rather than involving damaging effects out of his or her control.

Specific difficulties involve the identification of inclusion material, as distinct from:

Crud?® which may have percolated and crystallised into fractures. Crud looks cruddy, however, in
order to minimise the possibility of discarding useful material, al material which could, at least
partially, be primary was picked out and mounted for polishing. As a result, some of the grains
mounted and numbered as inclusions are clearly not primary (appendices 1 and 2), as indicated

by poor electron probe totals, extreme friability or inability to take a polish.

Diamond Specific problems involving diamond fragments are that their irregular relief resultsin
them often looking anisotropic. In addition, they occasionally exhibit colour (either intrinsically
or due to crud, particularly along fracture systems) and, even when fragments are colourless,
confusion can arise between identification as diamond, as opposed to colourless inclusions. Some
of the key grainsin the study of S8o Luiz material are colourless inclusions so particular attention
has to be applied to this point in practice. With care and experience the problem can be
adequately resolved; colourless inclusions tend to look like individua crystals, even if the
morphology is commonly that of diamond and thus can be distinguished from fragments of the
single crystal host. In addition, analysis in cross-polars can be instructive as flat faced grains
which show anisotropy cannot be diamond. In a similar fashion to the philosophy adopted for the
separation of crud, a prudent approach was adopted. As the reader will see (appendix 2) however,
only two diamond shardsc (from JH6) were picked out: due to their resistence to polish they were

quickly identified as such.

% As defined in the glossary
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Crusher material A less easily resolvable problem involves crusher material contamination. As
will be discussed in section 2.2.1.7, native iron has been described as inclusions in diamond
(Meyer and McCallum, 1985 and Sobolev, 1981) so any iron recovered cannot necessarily be
written off as being crusher metal. Careful electron probe analysis of unknowns and definite

crusher shards have in the present case, resolved this problem.

Glass Glass from the crusher windows is easily recognised as it tends to form long shards, is of

even thickness and clearly isotropic.

) 2
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Section 2.2 Major and minor element analyses of S&o Luiz and

Guinean inclusions determined by electron microprobe

The polished samples of potential inclusion material were analysed for major and minor elements
using the Cambridge Instruments MkV and Cameca Camebax electron microprobe apparatus
(EPMA) of the University of Edinburgh Dept. of Geology and Geophysics. Operating conditions and
correction procedures are outlined in appendix 8. Results obtained are considered under two
frameworks; inclusion type analysis (section 2.2.1) and composite grain studies (section 2.2.2). All
electron probe analyses are presented in appendix 3.1, averaged analyses for each inclusion being

presented according to association in appendix 3.2.

) 2
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Section 2.2.1 Inclusion type analysis Ve

.
Ty

Luiz diamonds’. These are olivine, quartz, mantle lithosphere garnet, majoritic garnet, TAPP (14 2d

A total of 14 different phases have been identified as syngenetic inclusions from S0

mineral of roughly pyrope-almandine composition, section 3.3.1), ferropericlase ([Mg,F€]O, often
termed magnesiowiistite in the literature?), upper mantle clinopyroxene, Type |, Il and 111 pyroxene
(see section 2.2.1.5 for classification), CaSiO;, Al,Oz; (var. ruby and sapphire), pyrrhotite +
haematite. In addition to these phases, moissanite (SIC) and a high-Al phase of uncertain
composition have been described from S&o Luiz (Wilding, 1990). Native iron has been observed in
work undertaken by Harris and Watt (1993, personal communication). As will be described later,

section 2.2.1.8, these grains are thought to be contaminant from the crusher material.

) 2

Y1t should be noted that, at this stage, the reader should be wary of inferring any structural implication relating to the phases listed. In
this chapter, mineral names are used to infer composition only, thus simplifying classification. Although likely to conform to their
ATP structures, some grains may, in fact, still exist as high pressure polymorphs. This consideration is discussed in detail in chapter
3.

2 The term ferropericlase (commonly abbreviated to fPer) is adopted herein, rather than the more commonly adopted term,
magnesiowUstite because, with one exception, al these grains are magnesium rich (i.e. closer to the periclase end-member). Neither
term, however, is strictly correct, the International Mineralogical Association (1.M.A.) approved terms being the rather unwieldy
ferroan periclase and magnesium wistite.
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Section 2.2.1.1 Inclusions of olivine composition

Three olivines have been extracted from S&o Luiz diamonds. Two (BZ111 and BZ117B) were found
by Wilding (1990), and one (BZ243C) during the present study. All three olivines are relatively Mg-
poor, Mg/(Mg+Fe) varies from 0.87 - 0.91, compared to olivines from mantle xenoliths (Mg/(Mg+Fe)
being typically ~0.89 - 0.95) and olivine inclusions in diamond from other sources (Harris and
Gurney, 1979, Mg/(Mg+Fe) being typically ~0.92 - 0.94). Ni occurs as ~0.35 wt% and Cr and Mn
contents are low (MnO ~0.1 wt% and Cr,0; ~0.2 wt% for BZ243C and <0.04 wt% for BZ111 and
BZ117B).

) 2
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Section 2.2.1.2 Silica inclusions

Five silica inclusions have been found as inclusions in S80 Luiz diamonds; two from the work of
Wilding (1990), BZ99 and BZ103 and three from the present study; BZ235D, BZ239D and BZ239F.
The compositions of these grains are unremarkable; being essentialy just SiO,. The only significant
minor element appears to be Fe comprising ~0.2 wt% in BZ103, BZ239D, BZ239F and ~0.08 wt% in
BZz235D. All three silica grains recovered in the present study have a milky amorphous character to
them which could be interpreted as being characteristic of epigenetic silica. Alternatively, an
amorphous nature may be indicative of these grains having undergone rapid polymorphic transition
from stishovite to quartz' and thus have become polymineralic on a fine scale. As discussed by
Wilding (1990), BZ99 and BZ103 have a clear colouration and strong crystalline morphology: it is
likely that at |east these two grains are syngenetic.

) 2

! Bz239 silicainclusions would thus be consistent with reasonably Fe-rich fPer BZ239A and BZ239G in alower mantle association,
section 4.4.2.4.
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Section 2.2.1.3 Inclusions with garnet-like compositions

Inclusions which fall into the broad compositional field of garnet occur in the S8o Luiz sample. Three
very distinct compositiona types have been identified of which the third has been shown to have a

structure distinct to true garnet (Harris et al., 1997, section 3.3.1):
Grosspaldite (grossular - pyrope - amandine) garnets

Majoritic garnets
Tetragonal amandine pyrope phase (TAPP) inclusions

) 2
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Section 2.2.1.3.1 Grosspaldite garnets

This suite of garnets has been discussed at length by Wilding (1990) and consists of grains yielding
normal quantities of Al and Si relative to O: namely 2 Al and 3 Si cations per 12 O anions. Wilding
(1990) terms these garnets Group | and recovered a total of 20 from S&o Luiz diamonds. Two grains
are involved in the present study : BZ237C from S8o Luiz and GU3B from Guinea. Both grains have
a very dlightly majoritic component (they involve an excess of Si of less than 3.1 cations per 12 O

anions) and otherwise, are compositionally quite distinct from each other.

GU3B: GU3B has a chemical composition consistent with Wilding's (1990) Group | garnets and
coexists with a pyroxene similar to those found with Group | garnets by Wilding (1990). It is strongly
grossular enriched (GrsaPysAl6). Additionally, GU3B has a significant TiO, component, ~1.67 wt%.
In terms of silica content it is marginal in composition between grosspaldite and mgjoritic garnet, and,
in particular has a far smaller mgjoritic component than the majority of majoritic garnets recovered in
the present study (section 2.2.1.3.2).

Figure 2.2 1 summarises the compositional field of S0 Luiz grosspaldite garnets from Wilding
(1990) in terms of a Cr,O; / CaO plot used to subdivide garnets of upper mantle composition.
Included is GU3B which clearly lies within the limits of Wilding's Group | field.

BZ237C: BZ237C has an unusual chemistry which sets it apart from both Wilding (1990) Group |
inclusions and the other ‘garnet’ composition inclusions involved in this study. Unlike Group | and
majoritic garnets the CaO content is only ~ 1.72 wt%, CaO. However, this is also significantly more
calcic than TAPP grains, (section 2.2.1.3.3). In terms of Fe and Mg cations, its composition is
pyropeg,-amandine;s, intermediary between TAPP and majoritic and Group | compositions. In
addition, BZ237C contains ~ 3.0 wt% Cr,Os, a value comparable to TAPP but significantly more than
majoritic or Group | grains. The coexistence of BZ237C with a pyroxene (BZ237A, see section
2.2.1.5.5) which is also considered unique in terms of other pyroxene grains, lends support to the

consideration of inclusions from BZ237 being part of a separate association (section 2.3).

) 2
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Section 2.2.1.3.2 Majoritic garnets

Terminology: Garnets are termed ‘majoritic’ if, compositionally, they lie along the solid solution
series between garnet, X3Y ,Siz01, and pyroxene, XSiOz. Where X is primarily Ca, Mg and Fe and Y
is Al. Garnets of this type are commonly orange in colour and can be recognised compositionally, by
an excess of Si and deficiency of Al in comparison to ‘normal’ garnet. Naturally-occurring majoritic
garnets throughout the literature have between 3.10" and ~ 3.43° Si cation per 12 O anions and
between 1.95 and ~ 0.96 Al cations per 12 O anions.

Dominant composition: Wilding (1990) identified 14 majoritic garnets which he termed Group 1l
garnet. In addition, the present study has yielded a further 6 magjoritic garnets from Séo Luiz;
BZ215C, BZ216A1, BZ217A, BZ218A, BZ223A, BZ223B and 1 from blebs within Guinean inclusion
GU3B: GUS3B itslf, with 3.08 Si cations per 12 O anions falls short of being defined as a majoritic
garnet. The 6 Sdo Luiz grains exhibit between 3.11 and 3.18 Si cations per 12 O anions and show a
wide range in Ca, Mg and Fe contents. Table 2.2 1 summarises the compositions of the mgjoritic

grainsin terms of grossular, pyrope and almandine components and Si content.

Table 2.2_1 Compositions of majoritic garnets recovered from S&o Luiz and Guinea discovered
as part of the present study with marginal grain GU3B included for comparison.

Sample BZ215C  BZ216Al  BZ217A BZ218A  BZ223A BZ223B  GU3B  GU3BDkK*
Gr 0.39 0.35 0.08 0.19 0.40 0.39 0.32 0.35
Py 0.36 0.48 0.65 0.48 0.34 0.34 0.42 0.43
Al 0.25 0.17 0.27 0.34 0.26 0.26 0.26 0.22

Sin2o 311 314 3.18 314 3.18 3.16 3.08 3.36

* Dark blebsin GU3B. Gr: grossular, Py: pyrope, Al: dmandine

Plotting the seven grains along with the Group Il magjoritic garnets of Wilding (1990) shows a
consistency in composition between the two studies, figure 2.2_2. Compositional details are aso very
similar to those of mgjoritic garnets obtained from diamonds from Monastery (Moore and Gurney,
1985 and Moore et al., 1991).

Compositional heterogeneities: BS-electron imaging of the seven samples discussed above was
carried out on the Cameca Camebax electron microprobe of the University of Edinburgh, Department
of Geology and Geophysics. Samples BZ216A1, BZ217A, BZ218A, BZ223A and GU3B, showed
small patches of relatively light or dark BS-reflectivity, often towards the edge of the grains (textures

! Garnets exhibiting between 3.1 and 3.0 Si cations per 12 O anions are not generally termed majoritic because such ‘excess’ of Si
could aternatively be attributed to analytical uncertainty.

2 Sample A1-24 from Moore and Gurney (1985). A value of 3.36 was recorded for the majoritic inclusionsin GU3C.
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in BS-images of BZ215C were concluded to be due to topography®). These features are only resolvable
at the highest contrast capability of the electron microprobe and so represent only a small contrast in
mean atomic mass. In order to determine the composition of the blebs, analyses were carried out by
electron microprobe analysis and EDS. The analyses obtained (appendix 3.1) were often poor as a

result of the following:

Patches often occur at the edge of the grain where the polish is often poorer and the surface slopes.

Patches are very small (<2mm in diameter) thus involving host material in the analysis.
The analyses were, however, good enough to give indications of the identity of phases present.

BZ216A1: BZ216A1 showed a relatively dark bleb (~ 3 nm) well into the grain in addition to a few
small dark areas at the edges, figure 2.2 3. Electron microprobe analyses on both areas gave poor
totals of ~94% (appendix 3.1). However the high SIO, (47.8 and 54.3 wt%) and Na,O (6.2 and 5.0
wt%) suggest that the blebs are of ajadeitic composition which is consistent with alower mean atomic
weight and thus lower BS-reflectivity. Comparing the analyses BZ216A1Dk-1, BZ216A1Dk-2 (from
appendix 3.1) and BZ216A1 (from appendix 3.2), there is possibly a transition in composition from
BZ216A1 to BZ216A1Dk-2 to BZ216A1Dk-1 which can be explained in terms of analysis
BZ216A1Dk-1 being predominantly made up of jadeitic material whereas BZ216A1DK-2 comprises a

significant proportion of host majoritic garnet.

BZ217A: Dark areas can be seen in BZ217A close to the edge of the specimen (figure 2.2_4). These
look very similar to those of BZ215C but electron microprobe analyses (appendix 3.1) show them to
have compositions broadly similar to blebs in BZ216A1. The blebs in BZ217A incorporate at least 6
wit% NaxO and appear to be jadeitic diopside.

BZ218A: BZ218A appears to be homogeneous in BS-imaging except for a fragmented edge which
could be indicative of a grain boundary (figure 2.2 5). This edge yields Na on an EDS analysis, and
the electron microprobe analysis (appendix 3.1) shows Si contents typical of pyroxenes. Although the
NaO content of ~2% is smaller than dark areas in other grains the analysis total is poor and it is
considered likely that this areais jadeitic diopside. Indeed, the predominance of Mg over Fe over Cais
consistent with the host, appendix 3.2.

BZ223A: BS-imaging of BZ223A shows marked inhomogeneities as seenin figure 2.2_6. There are a
number of light spots ~2 nm in diameter; two areas of dark BS-reflectivity; a patch at one end; two
features with tails near the light blebs.

The dark areas, in terms of their morphology, are reminiscent of charging spots. Electron microprobe

analyses, athough giving low totals, would appear to correct to a typical mgoritic garnet SiO,

% In BZ215C and BZ223B no analyses inconsistent with the host composition were obtained. In BZ215C a network of interwoven
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content. However there is higher than usual Na for the garnet so it is possible that these minute blebs

are jadeitic diopside masked by their Ca, Mg, Fe mgjoritic garnet host.

The light areas are puzzling. They yield a relative abundance of Mg over Fe over Ca but with
relatively high Fe and, athough yielding analyses with a total deficit of around 10 wt%, fall at least
10% short in SiO, to make up even a garnet composition. Their Al,O; content is high, at least 25
wit%. The composition of the blebs cannot be solved with the data available but three possibilities are

envisaged:

The light areas are an exsolved phase of Al, Fe spinel. Analyses of BZ223AL-1 and BZ223AL-2
can be interpreted as incorporating both a majoritic garnet host component and an Al, Fe spinel.
The light areas are an exsolved phase approximating to a (Ca,Mg,Fe),(Al,S),SIO; composition
(gehlenite) of the type recorded by Liu (1978). In terms of seven oxygen cations, analyses
BZ223AL-1 and BZ223AL-2 (appendix 3.1) would fit such a composition providing that some Si
fits in the Al site. Because of the poor nature of these analyses, however, any such conclusion
should be treated with caution.

The light areas are hydrated blebs. Certainly the low totals and the irregular cation calculation,
appendix 3.1, would be consistent the presence of fluid, however this feature is more likely to be
due to the size and topography of the area analysed. One may expect this to lower the mean atomic
weight and thus produce dark BS-reflectivity (although a very significant fluid content would have
to be present in order to be detectable by BS-EPMA), however, such an effect could be
counteracted by the observed excess Fe in the blebs. It is believed that such an explanation is the
least likely of the three scenarios.

GU3B: Some dark flecks appear towards one end of the sample and are reminiscent of topography,
figure 2.2_7. Electron microprobe analyses obtained, for one bleb in particular, however, were good,
appendix 3.1. Like the host, the composition of the blebs is of a Mg, Ca, Fe mgjoritic garnet but,
instead of the 3.08 Si cations per 12 O anions of the host, the blebs have 3.36 Si cations per 12 O
anions. With 45 wt% SiO, and 13.6 wit% Al,Os, the blebs can be said, therefore, to be highly
majoritic, which is consistent with their relatively low BS-reflectivity.

Summary and discussion: Observations on majoritic garnets from the present study yield four

different types:

Homogeneous majoritic garnet: BZ215C and BZ223B
Magjoritic garnet hosts with dark blebs of jadeitic diopside; BZ216A1, BZ217A, BZ218A

dark blebs, ~1 nm across at the edge of the grain appeared to be due to topography.

Constitution of the deep transition zone and lower mantle shown by diamonds and their inclusions 3
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A majoritic garnet host (BZ223A) with dark blebs of jadeitic diopside and light blebs of an
unknown phase, possibly an Al, Fe spinel composition; a (Ca,Mg,Fe).(Al,Si),SiO; phase; or else a
fluid rich phase

A dightly majoritic garnet (GU3B) with dark blebs of highly majoritic composition

Wilding (1990) observed some of the above features in majoritic garnets from Sdo Luiz. Of his 14
Group |l garnets, he identified BS-inhomogeneity within 11* and of these he observed 5 textural

subdivisions all involving a jadeitic pyroxene + / - normal-Si garnet.

Source of dark areas in majoritic garnet: A process of exsolution is best invoked to explain
the textural and compositional features of dark areas in the majoritic garnets of the current study
because at the proposed depths of formation of the majoritic garnet association (section 4.4.2.2) a full

solid solution between pyroxene and garnet is envisaged.

Jadeitic diopside composition exsolving from a magjoritic host is indicative of an originally more

majoritic inclusion.

Highly majoritic blebs exsolving within a slightly majoritic host, purely in compositional terms, would
suggest an original grain with an intermediary majoritic composition. Such exsolution would indicate
a solvus within majoritic compositions which has not been observed, section 4.3.1. An aternative
explanation arises from the observation that GU3B came from the same diamond as the jadeitic
diopside GU3C. It could be that these grains are different parts of a composite grain®, in which case
the blebs of highly majoritic garnet could be remnants of the original grain before exsolution of

dightly magjoritic garnet and jadeitic diopside composition.

The details of the phase relations in the mgjoritic and jadeitic systems are dealt with in section 4.3.1

and the present discussion will be expanded in light of thisin section 4.3.2.

Source of light areas in BZ223A: If, as suggested, the light blebs in BZ223A are of Al-Fe
spinel or (Ca,Mg,Fe),(Al,Si),SIO; composition (e. g. Liu 1978), it could be that they have exsolved
from an original majorite grain in a similar fashion to the exsolution of jadeitic diopside from
majoritic garnet. Certainly with 3.18 S cations per 12 O anions and due to the fact that light blebs are
widespread throughout the sample, this may be considered possible.

) 2

4 He termed these Group 11B as opposed to the 3 Group |1A grains which yielded a homogeneous BS-image.

5 Guinean inclusions from GU2 and GU3 were supplied aready released from their diamond hosts. No information on inclusion
association is known.
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Section 2.2.1.3.3 TAPP grains

In addition to the other types of ‘garnet’ recovered from Luiz some of inclusions have been
recovered which fall into a third category. They are termed TAPP (tetragonal almandine-pyrope

phase) which has a structural implication as discussed in section 3.3.1.

Three grains falling into the TAPP category were recovered in the study by Harte and Harris (1994).
These grains are BZ205A, BZ206B and BZ207A. In addition, a further seven grains of TAPP, have
been identified during the present study, namely, BZ238A, BZ240B, BZ243A, BZ244B, BZ259A1,
BZ259A2, BZ265A. Of the TAPP inclusions, three occurred alone in diamond and five co-existed
with separate inclusions of ferropericlase (including one case where TAPP was also in direct contact
with a (Mg,Fe)SiO; inclusion). In another case, lacking ferropericlase, TAPP was in contact with a
Mg, Al, Nasdilicate.

The TAPP crystals are of apple green colour and 30-100 mm in diameter. They exhibit either a distinct
cubo-octahedral morphology, or in one case, BZ259A, an elongate and tabular form.

Table 2.2_2 Site allocation for cations in TAPP grains in terms of garnet and TAPP structure ¥.

Sample 205A 206B 207A 238A 240B 243A 244B  259A *
Garnet

S in S site 2.94 2.92 2.81 291 2.94 2.95 291 2.97
Ti+R3inS 0.06 0.08 0.19 0.09 0.06 0.05 0.09 0.03
Ti+R3inY 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Na+ R2in X 2.92 2.90 3.03 2.88 2.92 2.92 2.91 2.95
Ti+R3in X 0.08 0.10 -0.03 0.12 0.08 0.08 0.09 0.05
TAPP

S inS1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
S inS2 1.94 1.92 1.81 1.91 1.94 1.95 1.91 1.97
AlinSi2 0.06 0.08 0.19 0.09 0.06 0.05 0.09 0.03
MginM1 0.93 0.84 0.82 0.89 0.93 1.00 0.92 0.98
Fe* inM1 0.07 0.16 0.18 0.11 0.07 0.00 0.08 0.02
AP inM2 1.88 1.82 1.49 1.84 1.88 1.94 1.86 1.89
crtinM2 0.13 0.12 0.07 0.17 0.13 0.13 0.15 0.13
MninM2 0.05 0.03 0.02 0.05 0.04 0.05 0.06 0.04
Ti*inM2 0.00 0.00 0.22 0.00 0.00 0.00 0.00 0.00
M2 2.06 1.97 1.81 2.06 2.05 2.13 2.07 2.07
MginM3 1.69 1.89 1.81 1.73 1.73 1.54 1.72 1.81
Fe* inM3 0.22 0.11 0.38 0.18 0.20 0.30 0.19 0.09
Ni, Na, K in M3 0.03 0.03 0.01 0.03 0.03 0.02 0.02 0.03
M3 1.94 2.03 2.19 1.94 1.95 1.86 1.93 1.93

¥ - Compositiona details of BZ265A are not included, identification as TAPP for this grain was made by in-situ XRD (section
3.3.1.3), * - averaged from BZ259A1 and BZ259A2

All nine inclusions for which compositional details have been determined, have very similar
compositions with the exception of BZ207A which, although relatively Fe-Ti rich, is consistent with
the stoichiometry of the other grains, table 2.2 2. The composition of TAPP is similar to pyrope-
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amandine garnet although the Mg/(Mg+Fe) (typicaly close to 0.93) is unusualy high for naturally
occurring garnets. The CaO content at <0.15 wt% is much lower than that generally found in garnets
from peridotite and eclogite xenoliths from the upper mantle. Indeed, plotting the compositions of the
nine grains on a Cr,0; / CaO wt% diagram, TAPP clearly occupies a compositional field of its own’,
figure 2.2_8. The TAPP compositions notably show normal garnet Si:Al ratios without evidence for a

majoritic type of substitution.

Cation totals are normalised to 8 cations per 12 O anions and are assigned to sites on the basis of full
occupancy on M1 (which is supported by crystallochemical evidence, section 3.3.1.2). BZ265A is
ommited from the table as identification as TAPP followed in-situ structural analysis (section 3.3.1.3)
rather than EPMA.

) 2

1 TAPP also shows distinctive features of ferric iron content (section 2.5.1.2) and trace element characteristics (section 2.4.3.2).
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Section 2.2.1.4 fPer inclusions

A total of 41 inclusions of a composition lying along the solid solution series periclase (MgO) -
wigtite (FeO) have been recovered from S8o Luiz. Of these, 12 are detailed in Wilding (1990) and 7
were recovered by Harris (1993, personal communication), the rest being retrieved as part of the

present study. In addition, 2 samples from Guinea have been recovered in the present study.

A few samples of fPer diamond inclusions have, additionally, been recorded from the literature, these
are often referred to as ‘magnesio-wustite’. Table 2.2_3 summarises the locations of worldwide

sources of fPer inclusions and includes both published and unpublished data.
Analyses: The range in composition of fPer inclusions from S&0 Luiz is greater than that of any
other phase recovered. In terms of Mg#', compositions range from 0.38 (BZ66) to 0.85 (BZ251A).

The distribution is negatively skewed, figure 2.2_9.

Table 2.2_3 Occurrence of fPer inclusions in diamond worldwide

Locality Number of fPer Locality Number of fPer
Séo Luiz (BZ)t 41 Koffiefontein (RSA) ¥ 4
Guinea ¥ 12* River Ranch (ZIM)¢ 1
Letseng-la-terai (LES) 6~ 1 Monastery (RSA)= 1
Sloane (USA)¥ 1 Orrorroo (AU)© 2

* Guinea has yielded 2 definite samples from the present study in addition to 10 possible inclusions from unbroken diamonds. More
material has cometo light through work by Stachel and Harris (1996, personal communication).

BZ- Brazil, LES- Lesotho, USA- Colorado, U.S.A., RSA- Republic of South Africa, ZIM- Zimbabwe, AU- Austraia.

T Present study;  Present study + Stachel and Harris (1996, personal communication); 6~ McDade and Harris (1995); ¥ Moore et
a. (1986); ¢ Kopylovaet al. (1995); @ Moore and Gurney (1986); © Scott-Smith et al. (1984).

The two Guinean inclusions analysed for the present study broaden the distribution towards the Mg-
rich end; GU2A and GU4A1 both having Mg# of 0.87. In terms of literature data, the distribution is
expanded yet further. The single inclusion of fPer from Monastery (Moore and Gurney, 1986) is
exceptionaly Fe-rich, Mg# being 0.13; whereas inclusions from Orrorroo (Scott-Smith et al., 1984),
Koffiefontein and Colorado (Moore et al., 1986) lie at the Mg-rich end; the Colorado fPer has a Mg#
of 0.88. Full analyses of published fPer compositions from the literature are presented in table 2.2_4

and are incorporated into the histogram, figure 2.2_9.

! Based on cations and Fe as Fe** from appendix 3.2.
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Table 2.2_4 Compositions of fPer inclusions from the literature

E5-1¥ A262* K30* K33* K34* ORR6A* ORR4A* A100 * Al-40 *
SiO, n.d. 0.00 0.08 0.09 0.13 0.00 0.00
TiO, n.d. 0.00 0.00 0.00 0.00 0.00 0.00 0.17
Al,O3 n.d. 0.00 0.00 0.00 0.07 0.01 0.00 0.10 0.17
Cr,03 0.50 0.57 0.49 0.52 0.67 0.16 0.23 0.84
FeO 22.27 19.80 21.70 20.50 20.30 21.13 22.92 19.40 93.00
MnO 0.04 0.19 0.15 0.16 0.17 0.15 0.16 0.32 0.32
NiO n.d. 1.41 1.20 1.10
Na,O 0.30 0.29 0.25 0.20 0.07
MgO 73.57 78.10 77.30 76.80 76.90 77.70 76.75 78.70 7.29
Cao 0.07 0.00 0.00 0.05 0.03 0.00 0.00 0.04
K,0 0.06
Total 96.45 100.37 100.01 98.43 98.47 100.35 101.16 99.47 100.95
Cations
Si 0.000 0.000 0.006 0.007 0.010 0.000 0.000 0.000 0.000
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.019
Al 0.000 0.000 0.000 0.000 0.006 0.001 0.000 0.009 0.022
Cr 0.031 0.033 0.029 0.031 0.040 0.009 0.013 0.049 0.000
Fe? 1.410 1.193 1.315 1.258 1.245 1.279 1.387 1.174 8.110
Fe* 0.036 0.031 0.034 0.032 0.032 0.033 0.036 0.030 0.601
Mn 0.003 0.012 0.009 0.010 0.011 0.009 0.010 0.020 0.030
Ni 0.000 0.084 0.000 0.000 0.000 0.072 0.066 0.000 0.000
Na 0.000 0.043 0.042 0.036 0.029 0.000 0.000 0.010 0.000
Mg 8.515 8.604 8.565 8.615 8.624 8.597 8.488 8.705 1.217
Ca 0.006 0.000 0.000 0.004 0.002 0.000 0.000 0.003 0.000
K 0.000 0.000 0.000 0.006 0.000 0.000 0.000 0.000 0.000
Total 10.000 10.000 10.000 10.000 10.000 10.000 10.000 10.000 10.000
Mg# 0.86 0.88 0.87 0.87 0.87 0.87 0.86 0.88 0.13

¥ River Ranch (Kopylovaet a., 1995) ¥ Orrorroo (Scott-Smith et a., 1984); * Koffiefontein (Moore et a., 1986); Cation values are
calculated on the basis of 10 O anions and normalised to 10 cations. Fe** is calculated from ratios determined by Méssbauer
analysis in S& Luiz material, section 2.5.2, where ratios of Fe*'/SFe used = 0.025 for all samples except for A1-40 where a value
of 0.069 is employed.

In terms of minor elements, Ni, Cr and Mn are particularly important with Al and, occasionally Na
being present in small, yet significant concentrations. Throughout all fPer inclusions (including data
from the literature from other localities) there appears to be a close positive correlation of Ni with
Mg content, figure 2.2_10. In terms of Cr content, Cr also appears to be more abundant in Mg-rich
fPer athough the correlation, figure 2.2_11 is poor, most likely as a result of the larger error on Cr
concentrations. Indeed, plotting Ni + Cr against Mg#, figure 2.2_12 shows a good correlation.
Exceptions to the trend are BZ66 and BZ205C, which show anomalously high Cr contents and
BZ250C which shows an anomalously high Ni content.

Elements, Al, Ti and Na also show general positive correlations with Mg#. This is summarised in
terms of Na + Ti + Al cations in figure 2.2_13. However, rather than following a linear trend, fPer
compositions bound against a maximum for a particular, Mg#. This behaviour is likely due to the

small concentrations involved and, thus large errrors. Again, BZ66 appears to be highly anomalous.

Discussion: A large range in Mg# is often interpreted as due to some form of fractionation process

involving melt. As will be discussed in section 4.4.2, the relationship in trace element content

Mark T. Hutchison, University of Edinburgh 1997 2
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against Mg# for fPer and the likely association of most grains with CaSi-Pvk is strong evidence to
support such an interpretation. Indeed, the range in fPer in contrast to other phases would suggest
that fPer is the liquidus phase. Normally, one would expect to see Al, Ti and Na to increase with
evolution of, for example, a crystalising melt, cf. figure 2.2 13, however, in the presence of
coexisting pyroxene, particularly Type Il and Type Ill, sections 2.2.1.5.3 and 2.2.1.5.4 one would
expect any crystallising melt to become quickly depleted in Al, Naand Ti.

) 2
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Section 2.2.1.5 Inclusions with pyroxene-like compositions

A tota of 14 inclusions of pyroxene stoichiometry have been recovered from S&o Luiz during the
present study and that of the series BZ201 - BZ214 (Harte and Harris, 1994). In addition one
pyroxene inclusion, GU3C has been recovered from Guinea. These inclusions can easily be

subdivided in terms of major element chemistry, figure 2.2_14.

BZ213A: BZ213A liesin acompositional field on its own compared to other pyroxene stoichiometry
inclusions recovered from S8o Luiz. It is particularly Ca-rich, ~ 19 wt%. In terms of the pyroxene
guadrilateral it plots as a Ca-deficient Dig;Hdg. Its Cr,O3, Na,O and Al,Os; contents are al fairly low,
0.73, 0.72 and 1.15 wt%, respectively, especialy compared to the TZ Group, classified in the
following. In terms of upper mantle composition, whether BZ213A can be considered eclogitic or
Iherzalitic is alittle ambiguous. With low Na content it is certainly not a typical eclogitic omphacite
but with the exception of dightly high Mg, it does still fit within the range of eclogitic compositions
defined by McCandless and Gurney (1989). Cpx of this type are, in some instances, seen in
association with eclogite xenoliths (eg. Reid et a., 1973 and Milashev et d., 1963) so BZ213A may
be in association with cpx of the TZ Group. There are, however, no exceptions to BZ213A fitting a
Group 2 Iherzolitic cpx composition of Stephens and Dawson (1977) and |herzolitic cpx of Hervig et
al. (1986); indeed Dawson (1997, personal communication) would prefer this mineral to be classified
as a fairly Cr-poor Group 2 Iherzolitic cpx®. As will be discussed in section 4.4.2, however, the

favoured interpretation is that BZ213A has an altogether different source from TZ Group cpx.

In terms of cation assignments, the slight deficit of Si can be accommodated by a small amount of
Al. M1 is satisfied by the remaining Al, all Fe, Cr and a large proportion of Mg. The remaining Mg
is assigned to M2 along with Ca, Ti, Ni, K, Naand Mn and is presented in table 2.2 5 along with
data from the TZ group described as follows.

BZ209A, BZ209B, BZ218B and GU3C (TZ? Group): Although GU3C is slightly more Carich
than, BZ209A, BZ209B and BZ218B, they are considered as a single group due to their general
compositional similarity and their association with majoritic garnets (section 2.3). Inclusions of the
TZ group are essentialy diopsides with a significant jadeite component, i. e. omphacites (significant
Al occupies M1 and Na occupies M2). In the case of GU3C there appears to be a dight excess of Si.
Little Mg is required to occupy the M2 site in order to achieve full occupancy (table 2.2_5). As figure
2.2 14 shows, the group plots at around Jadeite,g spAugite;; 5o where the augite component has a

composition of around Diopside;q gsHedenbergite,;. 17, appendix 3.2. Cr is present in small quantities

! This interpretation corresponds to that on the basis of trace elment concentrations, sections 2.4.5.1 and section 2.4.7.
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as ~ 0.1 wt% oxide and Ni and Mn are aimost entrirely absent. All inclusions from the TZ Group
occupy the same compositional field as Wilding's (1990) Group |l pyroxenes recovered from S&o
Luiz and can be considered to be well within the eclogitic Group 11° cpx compositional field of
McCandless and Gurney (1989).

Table 2.2_5 Cation assignments for BZ213A and for TZ association pyroxenes

Transition Zone (TZ) Association

BZ213A BZ209A BZ209B BZ218B GU3C
SiinSil 1.980 1.997 1.999 1.981 2.011
AlinSi1 0.020 0.003 0.001 0.019 0.000
Si site total 2.000 2.000 2.000 2.000 2.011
MginM1 0.841 0.557 0.553 0.586 0.660
AlinM1 0.029 0.256 0.272 0.255 0.187
Fe" inM1 0.100 0.148 0.163 0.091 0.152
Fe* inM1 0.009 0.035 0.009 0.067 0.000
CrinM1 0.020 0.003 0.003 0.001 0.001
M1 site total 0.999 1.000 1.000 1.000 1.000
Cain M2 0.724 0.572 0.587 0.618 0.738
TiinM2 0.006 0.024 0.022 0.015 0.012
Ni in M2 0.003 0.001 0.001 0.001 0.000
KinM2 0.000 0.023 0.012 0.002 0.000
MginM2 0.212 0.061 0.060 0.030 0.071
Nain M2 0.051 0.316 0.315 0.332 0.166
MninM2 0.004 0.003 0.003 0.002 0.002
M2 site total 1.000 1.000 1.000 1.000 0.989

Fe** content calculated on the basis of cation and charge balance after Ryburn et al. (1976).

Type | MgSi-Pvk: BZ120C, BZ207C and BZ251B are exceptionaly pure (Mg,Fe)SiO; and are
referred to as Type |. They are al essentially Enstatiteys goFerrosillite,.; in composition® with very
low Caand Na; all <0.1 wt% as oxide. Al and Ti are present in small quantities at ~ 1 - 3 wt% oxide
and 0.2 wt% oxide respectively. It should be noted that Type | pyroxenes plot at the Al end of figure
2.2 14 only because Al is relatively abundant compared to Na and Ca; its presence is small

compared to other pyroxene groups.

All inclusions of Type | pyroxene exhibit a small deficiency of Si which can be satisfied by Al, table
2.2 6. The remaining Al is assigned to M1 along with Mg and Fe. If there is an M2 site (see
discussion in section 3.3.5) then it is comprised almost entirely of Mg. It should be noted, however,
that for thisand Type Il and Type II1 MgSi-Pvk, assignments represent a reference model. Phases are
expected to have originally adopted perovskite-type structures (section 3.3.5).

2 TZ (Transition Zone) refers to the expected location of origin for the group involving BZ209A, BZ209B, BZ218B and GU3C.
The reasoning behind thiswill be discussed in detail in section 4.4.2.

8 TiO, isalittle high for both Group | and Group 11, it matches the |atter, however, more closdly.
“ Calculated on the basis of Mg and Fe**; Fe®** contents are very highin Type | pyroxene, section 2.5.3.

Mark T. Hutchison, University of Edinburgh 1997 2



Section 2.2.1.5

Table 2.2_6 Cation assignments for Type I, Il and 111 pyroxenes

Type | Type 11 Type 111
120C 207C 251B 210B  241B1  241B2 237A 242B 246A 259B
SiinSi1 1.961 1.935 1.961 1.757 1.875 1.832 2.000 1.914 1.888 1.957
AlinSi1 0.039 0.065 0.039 0.243 0.125 0.168 0.000 0.086 0.112 0.043
MginM1 0.843 0.679 0.865 0.661 0.524 0.574 0.475 0.406 0.435 0.483
AlinM1 0.011 0.044 0015 0.162 0.294 0.237 0.345 0.431 0.378 0.375

Fe” inM1 0.107 0.218 0.087 0.037 0.038 0.039 0.023 0.029 0.033 0.027
Fe* inM1 0.027* 0.055* 0.022* 0.110t 0.113f 0.118% 0.070% 0.0867 0.981 0.0807

CrinM1 0.012 0.004 0.011 0.031 0.031 0.032 0.087 0.048 0.056 0.036
CainM2 0.002 0.002 0.002 0.024 0.023 0.026 0.190 0.164 0.174 0.200
TiinM2 0.006 0.005 0.004 0.001 0.000 0.000 0.000 0.001 0.001 0.000
NiinM2 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
KinM2 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001
MginM2 0.984 0.988 0.992 0.879 0.813 0.855 0.368 0.443 0.450 0.378
Nain M2 0.004 0.005 0.002 0.070 0.053 0.059 0.422 0.313 0.307 0.405
MninM2 0.005 0.009 0.004 0.027 0.035 0.037 0.014 0.038 0.058 0.033
M2 Total 1.011 1.020 1.005 1.001 0.924 0.977 0.995 0.959 0.991 1.018

T Fe** content calculated on the basis of Fe*/SFe = 0.75 (section 2.5.3). * Fe** content calculated on the basis of Fe**/SFe = 0.20
(section 2.5.3).

Type Il MgSi-Pvk: An additional suite of inclusions (BZ210B, BZ241B1 and BZ241B?2) differs
from Type | pyroxene primarily in terms of Al content. These grains are termed Type Il, and all
contain ~ 10 wt% Al,O;. Projecting onto the pyroxene ternary, the composition of Type Il inclusions
lies at DiopsideggHedenbergite,. Cr, Mn, Na and Ca contents are also all significantly higher than
Type | pyroxenes, being around 1.2, 1.1, 0.9 and 0.6 wt% oxide respectively. Compared to Type I, Ti

contents are significantly lower, ~ 0.02 wt% oxide.

In terms of cations, Type Il pyroxenes have a distinct deficit of Si which can be accommodated by ~
50% of Al cations, table 2.2 _6. The remaining Al cations account for the deficiency of Fe and Mg
compared to Type |, and are assigned to M1 aong with Mg, Fe and Cr. M2 comprises,
predominantly Mg with Na, Mn and Ca.

Type I MgSi-Pvk: An additional distinct suite (comprising BZ237A, BZ242B, BZ246A and
BZ259B) are termed Type |11 and are similar in composition to Type Il pyroxene except that both Ca
and Na are present in significant quantities, ~ 5 wt% CaO and 6 wt% Na&O. This shift in
composition is offset by a decrease in the amount ferro-magnesium component athough the relative
abundances of Fe and Mg remain unchanged from Type | and Type Il pyroxene (Type Il
Mg/(Mg+Fe) = 0.97). Al also residesin Type Il pyroxenes at ~ 11 wt% oxide.

In terms of cations, unlike Type Il pyroxenes, Type Il pyroxenes show little Si deficit, table 2.2_6.
Almost al Al, therefore can be considered to occupy the M1 site. Mg is chosen to partition between

M1 and M2 in almost equal proportions, the remaining M2 being made up principally of Caand Na.

) 2
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Section 2.2.1.6 CaSiO; composition inclusions (CaSi-Pvk)

Three inclusions of a CaSiO; composition have been recovered from S&o Luiz diamonds: BZ97 and
BZ115 from work by Wilding (1990) and BZ252A from the present study. The compositions of al
three inclusions are of exceptionally pure CaSiO; compared to wollastonite from other localities
(Deer et a., 1983); the only significant minor elements being Al, Mg and Fe: al at oxide
concentrations of no more than 0.16 wt%. Ti, Cr, Mn, Ni and Na were aso detected but at

concentrations hardly discernable from background at < 0.05 wt %.
In terms of cations, (appendix 3.2) the Ca site is fully satisfied in all cases, any deficit appears on Si.
Minor elements Al and Fe can be considered to substitute for Si, with Fe on this site likely to be

predominantly the smaller cation, Fe**; an observation which is consistent with large Fe** content of

other S8o Luiz inclusions (section 2.5).

) 2
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Section 2.2.1.7 Alumina inclusions

A total of six inclusions of alumina composition have been recovered from Sdo Luiz: BZ214A from
the work of Harris, Watt and Harte (1993, personal communication and Watt et al., 1994) and
BZ227A, BZ228A, BZ229B, BZ241Acor* and BZ241C from the present study.

In terms of visual characteristics and major element characterisation, these can be subdivided into

three types:

Sapphire. Deep sky blue inclusion BZ227A comprises small amounts (0.6 - 0.1 wt%) of Fe, S,
Mg and Ti in addition to Al. Minor quantities of Cr, Ni, Na and Ca were additionally detected.
Ruby. Blood red inclusions BZ214A, BZ241C and BZ241Acor? owe their colour to the presence
of some 8 wt% Cr,O;. Si, Fe, Mg and Ti oxides comprise ~ 0.6-0.07 wt% and minor quantities of
other elements were detected but in quantities within error of the background.

Corundum. White inclusions BZ228A and BZ229B (originally observed as being blue and
indicative of BZ229B being contaminant) were found to yield only Ti (0.14 wt% for BZ228A and
0.75 wt% for BZ229B) and, perhaps, alittle Mg as minor components.

All minor elements are found to compensate for deficitsin Al cation concentrations (appendix 3.2).

In terms of Cr content, and colour, ruby grains are clearly distinct from the other inclusions of
alumina composition. Concentrations of minor elements are so low, however, that in order to be sure
of the classification scheme proposed above for sapphire and corundum, more analytical precision
was required. It was deemed to be the role of the ion microprobe to confirm the above classification,

section 2.4.2.
A single corundum containing 3.05 wt% TiO, as the only significant impurity has been recorded

from a Monastery diamond (Moore and Gurney, 1986). Compositionally, this grain is quite distinct

from S&o Luiz Al,Oz inclusions.

) 2

1 BZ241Acor is an additional grain which was found within the same pip as BZ241A fPer after polishing. lon microprobe analysis,
section 2.4.2, confirms this grain to be a fragment of inclusion BZ241C. Ideally this inclusion should be termed BZ241C2 but the
previous nomenclature is retained to avoid confusion over the pip name as opposed to inclusion name.

2 EPMA analyses were not obtained from BZ241Acor, confirmation as alumina composition is on the basis of EDS analysis.
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Section 2.2.1.8 ‘Inclusions’ of native iron

One grain, BZ208A, which was recovered amongst fragments from the breaking of BZ208 (Harte,
1993, personal communication), has a composition of what is, essentially, native iron, table 2.2 7.
Native iron has been reported as inclusions in diamond (Sobolev et al., 1981 and Meyer and
McCallum, 1985). Due to the fact, however, that fragments of the steel crusher, commonly, appear
amongst the products of diamond fracturing (section 2.1) it was considered important to compare the
compositions of BZ208A with the crusher material and iron grains from the literature. BZ208A,
crusher fragments Fel, Fe2 and Fe3 and electron microprobe standard iron were analysed by EPMA.
Average analyses were computed using the best' analyses and are presented in table 2.2 7. The
analyses of standard iron (FE) yielded good EPMA totals. confidence could thus be applied to

measurements of unknown material.

Table 2.2_7 Electron microprobe analyses of native iron crusher material, ‘inclusion” BZ208A,
iron standard material and inclusions from Sloan and Yakutian diamonds.

Sample Crusher t BZ208A FE (Standard) Yakutia Sloan
Analyses * 8 3 2 5 -
Si 0.243 0.253 0.005 0.271
Ti 0.000 0.000 0.000
Al 0.041 0.040 0.010 0.011
Cr 0.430 0.463 0.000 0.116 0.123
Fe 96.717 96.680 99.625 98.24 100.7
Mn 0.309 0.303 0.010 0.016 0.372
Ni 0.091 0.087 0.000 0.166 0.000
Mg 0.011 0.013 0.015 0.054
Co 0.144 0.170 0.175 0.12

Ca 0.093
Cu 0.15

Total 97.987 98.010 99.840 98.676 101.62

Y akutian analyses are averaged from the compositions of inclusions MP-412, MP-689, Ac-88, Ac-196 and Mn-8 from Sobolev et &l.,
1981. Sloan analyses are converted from oxide values from McCallum (1996 personal communication). * Number of analyses used
in calculation of average composition (unknown for Sloan inclusion). T Crusher material composition was constructed from analyses
of grains Fel, Fe2 and Fe3.

There is no significant difference between the composition of the crusher material and that of

‘inclusion’ BZ208A. We can conclude, therefore that BZ208A is a contaminant and not a inclusion

from diamond.

In contrast, both Meyer and McCallum (1985) and Sobolev et al. (1981) are confident that their
inclusions are syngenetic. Indeed, McCalum (1996, personal communication), cites that the Fe

recovered from Sloan appeared to be a single crystal (although with a rather deformed morphol ogy)

! Given the presence of C in the crusher steel, analyses totalling greater than 97.5 wt% were deemed appropriate to be incorporated
into the average for each sample.
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and came from a diamond which was identified as containing a grey inclusion before breaking. In
contrast to BZ208A, comparison of crusher material with Sloan and Y akutian inclusions, shows a
marked difference despite the fact that the Sloan stone yielding native iron was broken using a similar
crusher as the present study. Details of the procedure for release of the Y akutian inclusions have not
been ascertained. However, given the similarity of Sloan and Y akutian Fe, it would seem most likely
that both Sloan and Y akutian material are syngenetic. It should be noted that neither the Sloan or
Y akutian inclusions have Ni contents approaching those of Fe:Ni alloy observed to occur as blebs in
BZ66 (section 2.6.1.2).

) 2
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Section 2.2.1.9 Additional phases

Sulphides: Six grains, BZ215A, BZ221A2, BZ222A, BZ222B, BZ222C and BZ231A, were recovered
from four stones and were mounted in Araldite®. They were found to be of similar composition lying
within a restricted range in Fe (0.89 - 0.98 cations) per S anion. Also present are small quantities of
Ni together with some Cu and Co (appendix 3.1). These compositions are consistent with the six
grains being pyrrhotite. Pyrrhotites tend to be partially non-stoichiometric, ranging in composition
Fe S from x = 0.875 to 1, so the small quantities of Ni, Cu and Co may, either partially make up the
cation deficit, or else exist as minute grains of pentlandite and chal copyrite (sulphides commonly seen

in association with pyrrhotite as diamond inclusions; Harris, 1992).

Moissanite: Two moissanite (SiIC) composition inclusions, BZ98 and BZ118A have been recorded by
Wilding (1990) from S&o Luiz. They are reported to be typified by high, 150 wt%, electron
microprobe totals when oxygen to give SiO, is added to the analysed amount of Si. In addition, 6
similar grains were obtained in the present study; BZ219C, BZ223D, BZ230B, BZ230D, BZ232B and
BZz235C. These grains al give similar analyses, appendix 3.1, ranging from 153.6 to 158.4 Si
calculated as SIO, and between 0.09 and 0.46 wt % Al calculated as Al,Os. The six grains all have a

striking deep blue colour and range in size from ~100 to 40 nm.

SiC is a ubiquitous polishing and grinding material used in mineral preparation laboratories. The
possibility that moissanite grains could be contaminant must, therefore, be carefully addressed. There
is a concensus that moissanites recorded from a number of diamond sources are contaminant: Sloan
moissanite (Otter and Gurney, 1989) has been proved to be laboratory contaminant and there is aso
doubt as to the validity of the Monastery sample (Moore and Gurney, 1989) due to its retrieval in the
same laboratory. Wilding (1990) appears to be confident that BZ98 and BZ118A are syngenetic
inclusions: he cites their faceted single crystal morphology as negating the possibility of BZ98 and
BZ118A being contaminant. Indeed the appearence of faceted faces on a grain ‘released’ from an
Argyle stone (Jagues et a. 1986) has been used to suggest that syngenetic moissanite inclusions occur
within diamond from this source also. Study of carborundum grit used in the University of Edinburgh,
Department of Geology and Geophysics shows that although many grains show obvious features of
rounding and conchoidal fracture, many grains are single crystals showing clear growth faces and
sharp interfacial angles. It is concluded, therefore, that single crystal morphology cannot be used as

evidence to support a syngenetic origin for moissanite crystals.

Constitution of the deep transition zone and lower mantle shown by diamonds and their inclusions 1



Section 2.2.1.9

Table 2.2_8 Comparison of ‘inclusion” moissanite (Incl.) with polishing carborundum (Carb.)

Si Ti Al Cr Fe Mn Ni Na Mg Ca  Total

Incl. 1564 001 026 001 000 001 001 001 001 001 1567
Carb 1499 001 034 001 004 001 001 o001 001 001 1504

Inclusion data is averaged from 7 analyses, appendix 3.1, from grains BZ219C, BZ223D, BZ230B, BZ232B and BZ235C and
presented as wt% cal culated as oxide for each element. Averaged data for Carb includes two good analyses from two grains.

Of the six grains involved in the present study, ho moissanite grains were recovered from diamonds
which appeared to have blue inclusions before breaking. Furthermore, as well as grains showing clear
faces, smaller, irregular grains make up the population; similar, again, to polishing carborundum.
Stronger evidence that the six moissanite grains of the present study are contaminant comes from
their compositional determination. EPMA Analyses were carried out on carborundum grains used for
polishing in the laboratory; these yielded no significant compositional difference from the six
‘inclusions’, averaged in table 2.2 8, which, amongst themselves showed little compositional
variation. None of these points are enough to conclude that the six moissanite grains involved in the

present study are contaminant but it is considered that the likelihood is strong.

Magnetite: BZ83 was reported to be a fPer inclusion which yielded poor EPMA totals (Harte, 1991
personal communication following analysis by Harris, 1991) and was not considered further at that
time. Observations carried out at the University of Leeds, on potential fPer inclusions by BS-SEM
(section 2.6.1) included an analysis of BZ83. BS-imaging showed that BZ83 is a composite grain
comprising two parts with numerous 1 - 4 nm, circular, dark BS-intensity features within the lighter
half of the grain. These are located, predominantly, away from the grain boundary, figure 2.2_15. In
addition to the scratches on the polished surface, it would appear that there is also an undulose
variation in BS-reflectivity within the light BS-area. EDS-SEM measurements were obtained and
showed that the dark areas contained Fe with some Ti, Al and Mn whereas the light areas contained

principally Fe with some Mg.

BZ83 was investigated further by a combination of BS-EPMA imaging and EPMA anaysis. Two
analyses were obtained from each of the light and dark portions of BZ83 in addition to one analysis
from the largest of the dark circular patches. Full analyses obtained are presented in appendix 3.1. All
analyses gave low totals where Fe was originaly caculated solely as FeO. Such totals may be
indicative of a high Fe*" content and totals of 93 - 98% are considered typical of magnetite analyses.
The Fe* content has been estimated" following the method outlined in appendix 8, results being
presented in appendix 3.2. It was found that the dark blebs yielded essentially the same composition as

! Asdiscussed in section 2.5. for most minerals, the determination of Fe** content by EPMA can be considered very crude and should,
wherever possible, be backed, or even better, substituted, by some other means of analysis, eg. Mdsshauer analysis. In the case of
minerals such as magnetite where there are significant quantities of both Fe** and Fe** present, the errors involved are significantly
smaller and results can, therefore, be treated with more confidence.
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the dark half of the grain; BZ83DkBI-1 being equivalent to BZ83Dk-1 and BZ83Dk-2. Assigning
cations to their most likely sites (table 2.2_9) gives the following compositional details:

The dark portion of BZ83 is a magnetite with the A-site partially occupied by Fe* balanced by
Al** and the B-site involving Fe**, Ti**, Mn?* and Mg*". The Fe** / (Fe** + Fe**) value for the dark
portion is 0.342.

The light portion of BZ83 is a magnetite with full Fe** occupancy on the A-site and partial Fe**
occupancy on the B-site which is balanced by Fe**, Mg®* and a small amount of Mn®*. The light
portion is more Fe**-rich, with Fe** / (Fe** + Fe*") = 0.306.

Table 2.2 9 Site occupancy for cations in dark and light areas of BZ83 based on 4 oxygen
anions.

A-Site B-site

Fe3+ A|3+ Fe3+ Fez+ Mgz+ -I-i4+ Mn2+ 02—
Dark 0.95 0.05 0.93 0.97 0.04 0.04 0.02 4.00
Light 1.00 0.00 0.99 0.88 0.10 0.00 0.03 4.00

No association with another phase can be assigned to inclusion BZ83; it was the only inclusion
recovered from its host diamond. No paragenesis can therefore be assigned. It should be noted,
however, that the fPer inclusions recovered from S8o Luiz, with the possible exception of BZ66,
section 2.6.1.2, are likely to represent a bulk composition plotting partially into the Fe** portion of the
Fe** - Fe** - Mg*" compositional field, section 2.5.2. If the source of BZ83 involves a spinel phase
(magnesio-ferrite), it can be considered that BZ83 represents a source region partially more oxidised
than that sourcing fPer inclusions. This can be considered a reasonable suggestion, particularly in

light of the high Fe** contents recorded for many S&o Luiz inclusions, section 2.5.

Epigenetic phases:

Biotite: BZ239 yielded a single biotite grain as a composite with silica, BZ239D. It was
found to contain ~17 wt% Al,O3, 7 wit% K,0 and has a Mg# of 0.50, appendix 3.1. It is highly
unlikely that biotite would remain stable at conditions of diamond stability and so can be considered

epigenetic.

Feldspar Group Minerals: Wilding (1990) reports an inclusion (BZ106°%) of composition
CaAl,SiO;,. His analysis gives a good total but calculation on the basis of 7 oxygen anions does not
give a reasonabe cation total. This analysis is far more consistent with a composition of anorthite,
CaAl,Si,0Os, (table 2.2_10).

2 Allowing for some contribution of light-BS component in analysis BZ83Dk-1 due to the small size of the feature.
% Thisinclusion has been lost so no further details could be obtained.
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In addition to BZ106, one composite grain (BZ239E) of albite and andesine has been recovered in the
present study. The albite has a composition of Ang and the andesine has a composition of Any,. This
may represent a peristerite intergrowth exsolved from a single Angs. Although BZ239E looks pristine
the association of this composite grain with a quartz / biotite® composite, BZ239D, and a milky®
quartz grain, BZ239F, in the same diamond, suggests an epigenetic origin. This conclusion is
supported by the observation of the stone before breaking (appendix 1), which showed that it was
highly deformed and yielded evidence of surface colouration (other patches of the stone from where
fPer inclusion BZ239G was recovered, appeared to be pristing). On breaking, BZ239D and BZ239F
were reported to ook epigenetic.

Table 2.2_10 Composition of BZ106 (Wilding, 1990)

BZ106 wt% BZ106 per 8 O
SiO, 43.6 Si 2.02
TiO, 0.01 Ti 0.00
Al,O3 35.8 Al 1.96
FeO 0.42 Fe 0.02
MnO 0.01 Mn 0.02
Na,O 0.04 Na 0.00
MgO 0.01 Mg 0.00
CaO 19 Ca 0.94
K,O 0.25 K 0.01
Total 100.0 Total 4.98

BZ228D:A large, 200 x 200 x 160 nm, pseudo-spherical, white, amorphous (both in terms of
appearence and structure, section 3.3.6) grain (BZ228D) was recovered from BZ228. Its physical
features are classically reminiscent of a secondary inclusion. As it was recovered whole, however, it
was decided that it merited further study and turned out to be valuable as its features are indicative of

what to avoid in terms of searching for syngenetic unaltered inclusions.

After a structural determination by Gandolfi camera XRD (section 3.3.6), the grain was mounted in
Araldite® and polished. Investigation by BS-EPMA, showed that it is hollow, figure 2.2_16. No
guantitative analysis of the rim could be obtained due to the friable nature of the material, EDS
analysis over the area of the grain showed, however, a strong S Ka peak, significant Ca Ka, Ca Kb,
Si Ka and Cl Ka peaks and the presence of some P Ka and Cu Ka. Reducing the analysis field to
exclude counts from Araldite®, significantly reduced the count rate but also the presence of Cl, Cu and

P: these components are expected, therefore to have arisen from the Araldite® itself and from pip

4 Although there are some arguements to suggest a stability field for feldspars deep into the mantle (section 4.4.1) biotite is considered
most likely to be an epigenetic phase.
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brass. The count rate for the inclusion material was not sufficient to suggest that BZ228D is simply
some mix of sulphide and silicate; it is likely that there is also a significant hydrous component:

BZ228D is clearly not a syngenetic inclusion.

Sulphur: BZ235 yielded what appeared to be two fragments (BZ235B1 and BZ235B2) of a single
metallic grey, tabular crystal. Initial EPMA analyses for the standard set of elements, as an oxide
(appendix 3.1) yielded only very minor components of Al, Fe, Mn, Ni and Na Determined as a
sulphide, however, it gave totals of ~112% with minor Cu and Ni amongst the standard sulphide
element suite of Fe, Co, Ni, Cu, Zn and S. BZ235B1 and BZ235B2 are, ostensibly, native sulphur.
Although the grains themselves looked in good condition they came from a clearly oxidised stone and

50, therefore, are considered to be epigenetic.

) 2

5 The important observation here is the milky colour. As discussed previously, section 2.2.1.2, milky amorphous quartz grains are
indicative of an epigenetic origin in contrast to clear well-crystalised grains of SiO,, BZ99 and BZ103 (Wilding, 1990) which are
more likely to be syngenetic.

Constitution of the deep transition zone and lower mantle shown by diamonds and their inclusions 5
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Section 2.2.2 Compositional studies of composite grains Vi

.
Ty

Three composite grains of deep mantle origin have been recovered during the present

study:

BZ241B1,C, acomposite of Type Il pyroxene and a ruby
BZ237A6,C, acomposite of Type |1l pyroxene and a partially majoritic garnet
BZ259A2,B, acomposite of a TAPP and a Type 11 pyroxene

In addition, a forth composite (reported by Harte and Harris, 1994) has been further investigated in
this study:

BZ207A,C, acomposite of a TAPP and a Type | pyroxene.
Such touching grains are of particular importance because they were presumably in equilibrium at
the time of diamond occlusion. They alow a useful comparison with non-touching grains in an
assessment of how exhumation has affected composition and what the equilibrium compositions on
diamond formation were (section 4.5).
A compositional study was undertaken on the grains mentioned above. This adopted two pathways:
EPMA mapping in terms of four elements on each of BZ237A6,C, BZ241B1,C and BZ259A2,B

EPMA point analyses in traverses across the boundaries exposed in each of BZ207A,C,
BZ237A6,C, BZ241B1,C and BZ259A2,B

) 2

Constitution of the deep transition zone and lower mantle shown by diamonds and their inclusions 1



Section 2.2.2.1

Section 2.2.2.1 EPMA mapping of composite grains

Allowing for topographic effects and at the resolution of the analyses (1 nm), there is no evidence of

compositional gradients across the grain boundaries of any of the three composite grains studied.

BZ237A6,C: On the polished surface, the Type Ill pyroxene, BZ237A6 occupies a significant
triangular portion at one end and a long thin tail at the other whilst the garnet portion, BZ237C,
occurs as a band running diagonally across the grain. EPMA maps of the sample surface were made
for the elements; Fe, Al, Cr and Si.

All four maps (figure 2.2_17) contain a diffuse signature, principally towards the tail, which
corresponds to an undulose topography, particularly one deep scar, which was observed visually®.

This effect is seen most markedly in Al.

The garnet, BZ237C is picked out strongly by a large contrast in Fe and Al with the pyroxene,
BZ237A6. The contrast in Si is less, although quite evident and opposite in nature to Fe and Al.
However, for Cr, there appears to be very little difference between the garnet and pyroxene

composition grains.

BZ241B1,C: On the polished surface, a grain boundary lies across the middle of the composite
inclusion. EPMA maps of the sample surface were made for the elements; Fe, Al, Cr and Si (figure
2.2 18).

Marked contrasts appear in all four element maps and contain, to varying degrees, a diffuse signature
which corresponds to an undulose topography. The ruby, BZ241C is picked out strongly by a large
excess of Al and, to a lesser extent, Cr compared to the pyroxene. Fe and Si are much more
prominent in the pyroxene (BZ241B1). Within BZ241B1, there appears to be a further grain
boundary, evident in Fe and, to a lesser extent, in Cr. The additional detail which appears in Al,
however, combined with a visual inspection of the grain, allow one to conclude that this effect is due

to topography: in this portion of the inclusion the grain slopesinto the Aral dite®.

BZ259A2,B: On the polished surface, the grain boundary lies transversely across the middle. EPMA
maps of the sample surface were made for the elements; Fe, Al, Cr and Mg. All four maps (figure
2.2 _19) contain a diffuse signature which corresponds to an undul ose topography, particularly at the
edges of the grain and around a deep gash in the TAPP, BZ259A2. This effect is seen most markedly
in Al and Mg.

! Subsequent to EPMA mapping, BZ237C was subjected to ion microprobe analysis, section 2.4.5.1, the present topography of the
surface is different from that shown in figure 2.2_17.

Constitution of the deep transition zone and lower mantle shown by diamonds and their inclusions 1



Section 2.2.2.1

Marked contrasts appear between the TAPP and pyroxene compositions are seen in all four element
maps. The TAPP, BZ259A2 is picked out strongly by an excess of Cr, Al, Mg and, to a lesser
extent, Fe compared to the Type |11 pyroxene, BZ259B.

) 2
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Section 2.2.2.2 EPMA transects across composite grains

BZ207A,C: Seven EPMA anayses were carried out on BZ207A (pyroxene composition) and nine
were carried out on BZ207C (garnet composition), appendix 3.1. BZ207A,C is a small grain and it
has an area of ion microprobe damage near to the grain boundary. Two good analyses were obtained
for BZ207A and four on BZ207C, all of these analyses lay on the central axis of the grain, away from
the edges and the grain boundary (the low take-off angle of the Camebax makes the apparatus
particularly sensitive to rounding problems). It was considered unwise to attempt to polish away the
ion microprobe pit in order to improve the quality of the surface due to the risk of losing such a small

grain.

BZ237A6,C: Eleven EPMA analyses were conducted on BZ237A6 and ten were conducted on
BZ237C. Due to rounding problems only seven analyses on BZ237A6 and five on BZ237C were
considered good enough to incorporate into average analyses. Most good analyses were obtained
from restricted, well polished, areas and so a good range of distances from the suture was not
forthcoming. Within these small areas, no significant compositional variation could be found.
Between areas of good polish, the only compositional variations were seen in Si content. This was
found to match variation in analysis total and so it can be concluded that any detected variation in
the composition of BZ237A6 and BZ237C in relation to the suture is an artefact of the polishing

process rather than due to compositional zonation in the specimen.

BZ241B1,C: Due to the problems encountered for BZ207A,C it was decided to attempt to improve
the polish on BZ241B1,C. The grain surface was roughened with 6 mm diamond paste and
subsequently polished down with 1 nm paste. Eleven analyses were undertaken on the pyroxene
portion, BZ241B1, none of which yielded particularly good totals (appendix 3.1) due to the grain
beginning to break up (appendix 3.1).

BZ259A2,B: BZ259A2,B is the largest of the composite grains and its origina polish was found
sufficient to yield good EPMA analyses. The grain boundary, at this stage, however, had been eroded
during the inital polishing and so good analyses could not be obtained closer than 5 nm from the
boundary. In order to address this problem, the grain was re-polished; succesful analyses being
obtainable down to 2 nm from the boundary. The grain was still found to have rounded at the edges
S0 such areas were avoided. Effort was made to analyse pointsin a random order, ie. not consistently
approaching or retreating from the suture line, so as to avoid compositional artefacts caused by drift
in analytical conditions. In total 51 points were analysed and because of rounding problems and

general surface topography, some analysis points gave poor totals, both high and low. The
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distribution of total values did not vary with position from the grain boundary. Plotting analysis total
against wt% SiO, (figure 2.2_20) shows a good positive correlation: the quality of analysis, therefore,
significantly effects the values for individual oxides obtained. With this in mind, analyses with totals
between 97% and 101% only, were used in plotting. Even in this range, however, as figure 2.2_20
shows, there is a good, positive correlation between EPMA totals obtained and the wt% of the more
abundant elements: Si, Mg and Al. For the purposes of eliminating any potential bias this could
produce on the data, cation values were re-calculated from oxide wt% values normalised to give

100% totals and plotted against distance from the grain boundary calculated as outlined below®.

Calculation of distance from analysis point to grain boundary: The analysis points were
recorded by hand onto a photograph of the grain to enable measurements of the distance of each

analysis point from the polished surface to the grain boundary.

The boundary slopes towards the pyroxene (both the upper and lower sutures can be seen through the
transparent grain). This means that an analysis on the pyroxene side, a certain distance from the
suture, would be closer to the boundary than an equivalent point on the garnet side. Correction must
be made for this. Furthermore, the boundary aso slopes towards one edge of the grain so a
calculation of the true distance from the analysis point to the boundary must involve, not only the
distance, p, from the upper suture line (figure 2.2_21) and an estimate of the slope of the boundary,
but also a distance, r, from one side of the grain. Assuming that 5 nmm of the original 40mm grain has
been polished away, this gives an angle of dip of 54.01° on the one side of the grain and 47.72° on
the other. The distance from the analysis point to the boundary, g, can therefore be given by Equation
22 1.

N 01- 47.72)( Equation 2.2_1
a = psing 40 )E+ 47.72
& 6138 §
which simplifies to:
q = psin[0.1025r +47.72] Equation 2.2_2

Na, Ca, K, Ni and Ti, show no indication of gradation towards the suture even though analyses were
successfully obtained at 2 microns from the boundary (the closest that can be achieved without
overlap). There does exist, however, a striking compositional gradient for Mg and Fe, particularly on

the garnet side. As figure 2.2_22 shows, there appears to be an increase in Mg and decrease in Fe

¥ In practice, no significant difference, between using normalised values and simply plotting distance against wt% was found.
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away from the boundary into the garnet. Correspondingly, the Mg # increases from the boundary,
into the garnet from 0.912 at 3 nm to 0.92 at a distance of 30 mm. On the pyroxene side, both iron
and magnesium are seen to increase in concentration towards the boundary. Si shows a dight
increase in cation abundance from deep in the garnet to the suture, figure 2.2_22, and a very dlight
decrease from deep in the pyroxene to the suture. Al, if anything, shows an dlight increase in

abundance from the garnet to the suture.

) 2
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Section 2.3 Coexisting phases and mineral associations

Table 2.3 _1 Summary of associations defined in terms of inclusions from S&o Luiz and Guinea.

Association®  Phase Inclusion
U.M. Diopside BZ213A
TZ Pyrrhotite BZ215A* BZ221A2 BZ222AB  BZ222C BZ231A
Diopside BZ209A BZ209B BZ218B* Gu3c
Maj-Grt BZ218A* BZ215C* BZ216A1 BZ217A BZ223A,B
GU3B GU3BDk
L M. fPer BZ67 BZ70 BZ73 BZ74 BZ76
BZ103 BZ116Bt BZ201A BZ205B* BZ205C*
BZ206A* BZ226D1 BZ233C BZ238B* BZ239A
BZ239G BZ245A BZ245B BZ250C BZ255A
BZ260D BZ260E JH2A JH7AL JH11A1
JH12A1 JH17AL GU2A GU4A1
M wneﬂte:t BZ83L BZ83Dk
TAPP BZ205A* BZ206B* BZ238A* BZ240B BZ244B
CaSi-Pvk BZ97 BZ115 BZ252A
LM. I fPer BZ120A* BZ207B* BZ251A*
| MgSi-Pvk BZ120C* BZ207C# BZ251B* BZ2542
TAPP BZ207A#
L.M. Il fPer BZ210A* BZ241A*
Il MgSi-Pvk BZ210B* BZ241B1#  BZ241B2*
Ruby BZ214A¥ BZ241Acor§  BZ241C#
L.M. I fPer BZ242A*
11 MgSi-Pvk BZ237A6*F  BZ237A1-8  BZ242B* BZ246A BZ259B#
TAPP BZ259A1*  BZ259A2#
Low CaMgj-Grt ~ BZ237C*F
L.M./UM. fPer Bz243B*
Olivine BZ243C*
TAPP BZ243A*
Unknown Sapphire BZ227A
D’ fPer BZ66#
Fe:Ni BZ66L#

Inclusions occupying each association are those for which good EPMA analyses have been obtained and include inclusions released in
the present study (BZ214-BZ260), and those from Wilding (1990) and Harte, Harris and Watt (1993, personal communication) on
which some work has been carried out as part of the present study.

¢ Association names refer to source regions as discussed in section 4.4.2: U.M., Upper mantle; T.Z., Transition zone; L.M., general
lower mantle association; L.M. |, lower mantle association in association with Type | pyroxene, section 2.2.1.5.2; L.M. I, lower
mantle association in association with Type |l pyroxene, section 2.2.1.5.3; L.M. |1, lower mantle? association in association with
Type Il pyroxene, section 2.2.1.5.4; L.M. / U.M., 670 km region; D"’, possibly related to the D'’ layer of the core - mantle
boundary. T Wilding (1990) refersto thisinclusion as occuring in association with a CaSi-Pvk; this cannot be verified as the grain has
been lost. * Occurs from the same stone as a different phase from the same association. # Occurs as a composite (touching) grain with
a different phase from the same association. § See section 2.4.7. 3 Magnetite is only assigned to the L.M. association tentatively,
section 2.2.1.9 and section 4.4.2. ¥ No coexisting phases were found with BZ214A, assignment to the LM || association is on the
basis of similarity of this grain with BZ241C and BZ241Acor. F These grains may be considered transitiona in composition. The
garnet, BZ237C, has a composition transitional between majoritic garnet and TAPP and the pyroxene, BZ237A, although ostensibly
Type I11 is not entirely consistent with other Type |11 inclusions. 2 Good analyses could not be obtained for BZ254 due to a poor
polish, however, EDS spectra suggests that BZ254 is of an enstatite composition and thus belongs to the LM | association.
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The compositional aspects of individual phases occurring as inclusions, section 1.4 and section 2.2,
are a crucia part of any study of diamonds and their relationship to their source environment.
However, the key to determining the location of these source regions lies, primarily, with the
mineralogical association of inclusions within them. Such observation goes far to constraining the
environment of genesis in a framework of pressure, temperature and fO,. Commonly, the mineral
phases recovered from S0 Luiz and Guinean diamonds are highly unusual and, in some cases they,
and their associations are unique compared to those recorded from other sources (section 1.4). From
observations of which syngenetic phases occur from which diamonds (appendix 2) a number of
separate associations can be drawn up incorporating S8o Luiz and Guinean material. These
associations are presented in table 2.3 1. The reader will observe that each association is given a
name which may not have any connection with the discussion up to this point. These titles refer to the

source region which isinferred by each association and is discussed in detail in section 4.4.

) 2
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Section 2.4 Trace element analyses of S&o Luiz inclusions by ion

microprobe

A total of 69 analyses on 36 inclusions were carried out using the Cameca ims 4f ion microprobe of
the University of Edinburgh / NERC. Operating conditions, calculation procedures and errors are
outlined in appendix 9.1. All analyses obtained within the present study are presented in appendix
4.1 as concentrations in wt ppm. Averaged values for each grain calculated from analyses presented
in bold in appendix 4.1 and, normalised to C1 chondrite, are presented in appendix 4.2 which also
contains averaged values for each phase. These averaged phase compositions also include averaged
trace element data referred to in Harte et al. (1994).

) 2
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Section 2.4.1 Trace element characteristics of olivine 4

inclusions ; @

Two olivines from S&o Luiz have been analysed by ion microprobe. One analysis was undertaken on

BZ243C and, in addition, one analysis was performed by Harte (1993, personal communication) on
BZ111: the average olivine composition presented in appendix 4.2 incorporates both of these

analyses.

A chondrite normalised distribution (figure 2.4_1), shows that S&0 L uiz olivine contains very littlein
the way of any trace elements. Subsequently the scatter in the data obtained is large. Vauesfor LILE
and REE measured are typically around 0.1 x C1 with K content being particularly low, < 0.01 x C1.
The one exception is a spurious value for Yb obtained from analysis of BZ243C at 4.5 x C1, believed
to be due to an eectrical spike during the reading of Yb on one cycle (Yb for BZ243C is omitted
from the average olivine composition calculated). The HFSE show a trend in increasing C1
normalised value from Y to Nb.

Similar trace element compositions are observed in olivine from other geological settings' (e.g.
Hutchison et al., 1995). Furthermore, the trend in HFSE seen for BZ243C is the same as that seenin
olivines from Monastery (Hutchison et a., 1995). The one dissimilarity lies with the LREE. S&o Luiz
material shows a hump over La and Ce which is not observed from other sources. Given the scatter
in the data and the large errors involved, however, no great significance is attached to this

observation.

) 2

! Because of the scarecity of trace elements in olivines, little data appears in the literature; Hinton and Craven (1997, personal
communication) however, would support this attestation from experience.
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Section 2.4.2 Trace element characteristics of Alumina 4,

inclusions ' @

Grains of alumina from S80 Luiz have been analysed for trace elements belonging to both the
standard set (appendix 9) and for additional elements which could substitute into the corundum R3¢
structure. From the literature, corundums commonly contain significant quantities of transition
elements and platinum group elements (e.g. Schreyer et a., 1981 and Kerrich et al., 1987). Many of
these additional elements are difficult to analyse on the ion microprobe because of strong interference,
particularly with oxides and hydrides of aluminium present, and as a result of poor ionisation. The
additional masses chosen for analysis were: “°Ca, “*Ti, %°Cr, **Fe, *®Ni, ®Ga, "“Ge, ®Rb, ®sr, &Y,
%7r, ®Nb and *®Pb and the methology adopted for estimate of concentration is presented in appendix
9. The particularly wide assessment of compositions of the Al,Os inclusions was carried out in order
to determine if any distinctions might exist between and amongst the different inclusion types
(particularly as two diamonds yielding ruby inclusions, BZ214 and BZ241, have different carbon

isotopic content) and to determine if particular trace elements might indicate different parageneses.

Analyses were carried out on all six corundum grains, namely, BZ214A, BZ227A, BZ228A, BZ229B,
BZ241Acor and BZ241C; two analyses being carried out on each of BZ227A and BZ228A. It was
found that three distinct types of corundum could clearly be identified on the basis of this study, which

confirm the groupings on the basis of EPMA, section 2.2.1.7:

Group |, comprising of BZ227A
Group I, comprising of BZ214, BZ241Acor and BZ241C
Group |11, comprising of BZ228A and BZ229B

The analyses for the most distinctive and abundant elements’ in Al,O; are presented, according to the

above groups, infigures2.4 2t02.4 4.

Group |: BZ227A contains the smallest concentration of trace elements. Both analyses show a
generally steady decrease in concentration with increasing atomic number of the order of 10 to
0.00001 ppm. Peaks occur within this trend, however, at Ti, Fe and Ge at ~ 10, 10 and 0.1 ppm
respectively.

Group Il: With increasing atomic number, ruby type grains show a decrease in relative concentration
of the elements analysed, from of the order of 10 ppm to 0.00001 ppm with a relatively flat trend

! Of trace elements from the standard set, only 6 elements were detected at levels above background in BZ214A (appendix 4.1).
These elements were Rb, Sr, Yb, Pb, Y and Zr al of which lay significantly below chondritic values ranging between 0.001 x C1 for
Srand 0.63 x C1 for Ph.
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between Ge and Pb. Within this trend, a distinctive peak occurs at Cr (which particularly
distinguishes ruby from other corundums) with minor peaks at Ga, Sr and Zr at ~ 100, 0.1, 0.01 and
0.01 ppm respectively. No significant difference between analyses of BZ214A, BZ241C and
BZ241Acor was observed.

Group 111: Group Il grains also show a general decrease in concentration with increasing atomic
number to Ge. The range, compared to the other groups, however, is greater, 100 - 0.00001 ppm. In
addition there appears a broad hump over Sr, Y, Zr and Nb with concentrations of up to ~ 1 - 10 ppm.

The groupings based on trace elements successfully mirrors the early classification (section 2.2.1.7).

Aswith EPMA results, section 2.2.1.7, the grain (BZ241Acor) which appears in the same pip as fPer
inclusion, BZ241A, fits into Group Il (ruby group). An origin from within diamond for the Group |
and Group Il grains is unquestionable; having been observed before diamond break-out and, in the
case of BZ241C and BZ241Acor, being part of a composite grain; the possibility of contaminant can
be ruled out. Grains BZ228A and BZ229B are indistinguishable and, additionally, constitute a
separate group from the other corundum grains. explanation of their presence, however, is a more
complex issue. Being present in directly successive break-outs (although, granted, on separate days)
and being unexpected?, the possibility of contamination must be addressed. Al,O; is a commonly used
abrasive in labs such as the one used for the break-out of BZ228 and BZ229. Extensive consultation
with users of the lab suggested that Al,O; had not been used in the recent past. If it had been, what
would have been used would have been 0.25 mm white powder and not the 50 nm white coloured
grains discussed here. It would seem unlikely, therefore, that BZ228A and BZ229B could be
contaminant from Al,O3 polishing powder but even so, it is noteable that BZ229B is recorded as being
blue on release from diamond but appears to be distictly white subsequent to polishing. It is
considered advisable to treat these grains with caution. Perhaps fortunately, although inherently
interesting, their significance within a petrological framework is difficult to assess: no other

inclusions were recovered in association with any of these grains.

) 2

2 BZ228 yielded three tiny green flecks which were mounted as BZ228A1,2,3 and BZ229 yielded two blue shards mounted as
BZ229B1,2. All grains appeared questionable and were not expected to be corundums (Appendix 1).
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Section 2.4.3

Section 2.4.3 Trace element analyses of inclusions of broadly 4

garnet composition ; Q

Trace element concentrations (appendix 4.1) were measured within the present study on a single
majoritic garnet (BZ237C) and on five TAPP grains (BZ205A, BZ206B, BZ207A, BZ243A and
BZ259A1). In addition, analyses have been undertaken on majoritic inclusions by Harte (1992) and
Wilding (1990); and TAPP by Harte (1993, personal communication).

) 2
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Section 2.4.3.1

Section 2.4.3.1 Trace element characteristics of majoritic garnets

BZ237C was chosen for trace element analysis,* because it has characteristics which make it distinct
from grains analysed by Harte (1992) and Wilding (1990). Firstly, it is only dlightly majoritic
(although has inclusions within it which have a large majoritic component, section 2.2.1.3.2) and

secondly, it is associated with a Type |11 pyroxene rather than a TZ Group pyroxene.

Trace element concentrations were found to be generally low, never exceeding 4 x C1 (figure 2.4_6).
Amongst the LILE analyses Ba, at 0.06 x C1 is more abundant than Sr at 0.01 x C1. HFSE
concentrations were particularly low with an increasing trend from Y to Nb; all below 0.4 x C1.
Amongst the REE, within error, a sharp increase in REE concentrations from La, 0.23 x C1 was
found with a mound over Sm (2.99 x C1) and Eu. From Tb onwards, concentrations tailed off to a

chondritic plateau.

Comparison with earlier majoritic garnet analyses from Harte (1992) is made in figure 2.4_6. Vaues
for LILE are comparable between the two groups. For HFSE and REE from BZ237C, however,
concentrations are lower than magjoritic garnets throughout (with the exception of La, Ce and Nd in
BZ19) and do not show the same shoulder over Sm and Eu. Comparison with trace element
concentration of TAPP (section 2.4.3.2, figure 2.4 6) shows that BZ237C has a composition
intermediary between mgjoritic garnet and TAPP.

) 2

! 1t was confirmed by BS-EPMA, asfigure 2.4 5 shows, that the analysis was succesfully obtained from the BZ237C rather than the
Type Il MgSi-Pvk portion (BZ237A6), particularly, as the sputtered sample measured was collected from the central portion of the
analysis pit.

Constitution of the deep transition zone and lower mantle shown by diamonds and their inclusions 1



Section 2.4.3.2

Section 2.4.3.2 Trace element characteristics of inclusions with TAPP

composition

A total of 18 analyses were carried out on five separate TAPP inclusions, BZ205A, BZ206B,
BZ207A, BZ243A and BZ259A1. Chondrite normalised trace element concentrations are presented
in figure 2.4_7 along with an averaged value comprising data from BZ205A, BZ206B and BZ259A1.

BZ205A, BZ206B, BZ207A and BZ259A1 &l contain LILE concentrations around 0.1 x C1,
showing broadly similar values for Rb, Ba and K and a dip in Sr. Absolute concentrations are
dlightly higher than majoritic garnets. The trend in REE concentrations is particularly clear for
BZz206B (figure 2.4 _7) with a dominant plateau of MREE-HREE values. The overal pattern is
similar to that of mgjoritic garnets (section 2.4.3.1 and Harte, 1992) as is the trend in HFSE from Y
up to Zr and down to Nb. The most distinctive feature of the four TAPP grains is that absolute
concentrations of REE and HFSE are far lower than majoritic garnets (down to 0.01 x C1): afeature
which is probably linked to their coexistence with CaSi-Pvk (section 4.4.2.4). Analyses for BZ207A
were found to exhibit alarge scatter and, in particular, concentrations of Hf, Ta, Zr and Nb were very
high (> 100 x C1). These anomalies are believed to be due to the exceptional small size of the grain,
its close proximity to Type | MgSi-Pvk composite BZ207C and electrical spikes during analysis.
BZ207A analyses are, therefore, not included in the averaged TAPP composition presented (figure
24 7).

In contrast to the other TAPP compositions, the concentration of REE in BZ243A is relatively high,
showing a peak over Sm (33.79 x C1) similar to BZ237C (BZ243A is thus not included in the
calculated average TAPP composition). Apart from a high value for La, 28.14 x C1, the increase in
REE concentrations is steep across the LREE from chondritic at Ce. Throughout the rest of the REE,
the trend is far shallower showing a hump across Sm and Eu and a broad rise towards Lu. Vaues for
HFSE stradle the chondritic with a rise in concentration from Y to Nb. Although in terms of major
element concentrations (section 2.2.1.3.3), BZ243A is wholly compatible with the TAPP
compositiona field, in terms of trace elements, this inclusion compares more favourably with
majoritic garnets. Indeed, BZ243A shows more similarity with majoritic garnet compositions than
BZ237A (section 2.4.3.1).

These compositional characteristics are not entirely surprising. BZ243A, athough TAPP in major
element composition, does not occur in the same association as other TAPP grains (section 2.3), it
coexists with an olivine composition grain (BZ243C) and a fPer (BZ243B). Having a majoritic trace
element composition would suggest that BZ243A has not crystallised in association with the REE-
hungry CaSi-Pvk (section 2.4.5) and is strong evidence to support the assumption that the
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Section 2.4.3.2

paragenesis which BZ243A occupies lies at the upper and lower mantle boundary, as discussed in

section 4.4.2.

) 2
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Section 2.4.4

Section 2.4.4 Trace element characteristics of fPer 4

inclusions : @

A total of 21 analyses were carried out on 12 fPer inclusions from S&o Luiz, appendix 4.1. The
averaged value presented in appendix 4.2 incorporates 6 analyses by Harte and Craven (1993,
personal communication) on BZ66, BZ67, BZ70, BZ73, BZ74 and BZ120.

Figure 2.4_8 shows the chondrite normalised values obtained for fPer inclusions. There is a marked
scatter in the data, particularly over the REE. This is due to the fact that fPer contains very little in
the way of trace elements. Long counting times and a large number of analyses have been sufficient,

however, to obtain some useful data

LILE concentrations are low; chondritic values for Rb, a large range of Ba values from less than 0.01
x C1 to one analysis above chondritic. The majority of analyses show a decrease in chondrite
normalised concentration of Sr compared to Ba. Amongst the REE, the trend would appear to
increase towards HREE, although, given the scatter, this can be considered to be speculative. Values
average to being chondritic throughout but each element shows a scatter over, typicaly, an order of
magnitude'. Amongst the HFSE, Hf is generally low, the averaged value being high due to a result
from BZ205B, Ta appears to be chondritic. Y is significantly depleted, compared to the other HFSE:

Zr varies over two orders of magnitiude around 0.5 x C1 as does Nb.

) 2

! Scatter of this magnitude can be considered to be within error, appendix 9.
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Section 2.4.5

Section 2.4.5 Trace element analyses of inclusions of 4
.
pyroxene composition @

Trace element concentrations were measured within the present study on U.M., Type |, Type Il and
Type Il pyroxene inclusions, appendix 4.2. In addition, analyses have been undertaken on Type |

pyroxene BZ120 by Harte (1993, personal communication).

) 2
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Section 2.4.5.1

Section 2.4.5.1 Trace element characteristics of upper mantle pyroxene

A total of four analyses were undertaken on BZ213A. Chondrite normalised analyses are presented
infigure2.4 9.

Amongst LILE, Sris particularly enriched in BZ213A at ~ 44 x C1, in contrast to Bawhich is highly
depleted at 0.03 x C1; K lies at intermediary concentrations. REE are enriched markedly above
chondrite with atrend rising from La, ~ 12 x C1, to Nd, ~ 30 x C1 and then decreasing to Er, ~ 1 x
Cl. Specia attention was paid to the measurement of Eu. Of the four analyses obtained Eu
concentrations were not found to be inconsistent with the trend of neighbouring REE, no Eu anomaly
was, therefore, found. Yb concentrations were found to be high, ~6 x C1 and although such high
values occurred for only two of the four analyes, in the absence of any surrounding data, it is not
clear whether this point can be considered spurious or not. Of the HFSE, Y, Zr and Nb were all
analysed. Values are close to chondritic for Y and Nb; Zr isrelatively enriched at 3.28 x C1.

) 2
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Section 2.4.5.2

Section 2.4.5.2 Trace element characteristics of Type I, Type 11 and Type 111

pyroxenes

lon microprobe analyses were carried out on Type | pyroxene, BZ207C, Type Il pyroxenes, BZ210B
and BZ241B2 and Type Il pyroxenes, BZ237A, BZ246A and BZ259B, appendix 4.1. Averaged
values for Type | pyroxene include one analysis by Harte (1993, personal communication) on BZ120,
of the Wilding (1990) suite.

The scatter in trace element concentrations for al types of pyroxeneislarge (figure 2.4 _10). The best
constrained data are for Ba, Sr, LREE and HFSE. Throughout, concentrations of K, Ba, Sr and REE
are low (~ 0.1 x C1 for Type I', ~ 0.01 - 0.1 x C1 for Type 11> and ~ 0.8 x C1 for Type III).
Additional similarities between pyroxene type involve a fairly flat REE trend subsequent to a rise
from Lato Nd for Types | and II. Furthermore, Y is highly depleted relative to Zr and Nb. Features

distinctive of inclusion type are as follows:

Type | MgSi-Pvk: HFSE, Zr, Hf, Nb, Ta are enriched in increasing magnitude over chondrite, ~1 to
~10 x C1. Y is highly depleted at ~ 0.01 x C1, the Zr / Y ratio being 133 where incorporation of
BZ120, see above, brings the average down to 53. Heavy elements Pb and Th occur at ~ 3.6 and 0.25
x C1 respectively.

Type 1l MgSi-Pvk: Amongst the HFSE, values for Y and Zr only, were obtained; the Zr / Y ratio
ranges from 58 - 109, the average lying at 80.

Type 111 MgSi-Pvk: The averaged value for Type Il pyroxene is highly biased by large values for
BZ259B. For BZ259B, Sr is particularly enriched, ~ 3.5 x C1 and REE values lie along a largely
chondritic trend, although, Tm, Yb and Lu are more abundant at ~ 2 x C1. Amongst the HFSE, Hf is
particularly abundant, ~ 7 x C1, whereas Y, Zr and Nb all lie below chondrite. BZ259B hasa Zr /Y
ratio of ~ 5. The characteristics of trace element concentrations of the additional Type |11 pyroxenes,
BZ237A and BZ246A, generally mirror those of BZ259B3, yet at lower concentrations. Zr / Y ratios,
excepting BZ259B, range from 21 to 112 which gives an average for all Type 111 pyroxenes of 29.

) 2

! With the exception of onevalueat Sm, ~2 x C1.

2 With the exception of avery large value, ~ 17 x C1 for Yb from analysis of BZ210B and a very low value for Er from BZ241B2.
Given the trend in rare earths of ~ 0.1 x C1, the presence of Lu in BZ210B at ~ 0.1 x C1 and the presence of Yb in BZ241B2 of ~
0.1 x C1, these values can be considered anomalous.

% Except that the other Type |11 pyroxenes do not show the same enrichment in Sr and extreme HREE.
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Section 2.4.6

Section 2.4.6 Trace element characteristics of CaSiOz 4

composition inclusions (CaSi-Pvk) ; @

Anayses were undertaken on BZ97 and BZ115 (appendix 4.1) by ion microprobe. Chondrite
normalised analyses are presented in figure 2.4_11.

The range in concentration of LILE for CaSi-Pvk was found to be large. Rb was not detected in any
analysis, K islow (<0.1 x C1), Ba has values around 0.1 x C1. Sr is highly enriched (~ 100 x C1).
REE concentrations in CaSi-Pvk are far higher, ~ 100 x C1, than in any other S&o Luiz phase
measured. The trend in REE rises from La, ~ 200 x C1 to Ce, ~300 x C1 and then steadily decreases
to Lu, ~ 60 x C1. In addition there is a small Eu anomaly (~ 33% greater, normalised to chondrite,
than neighbouring elements), and a deficit involving Er, Tm and Yb in comparison to Lu. HFSE are
also enriched, particularly Y, ~ 86 x C1 with Hf, Ta and Zr ranging from 2 - 50 x C1. Heavy
elements are depleted, Pb less so than U and Th; values range from 5 - 0.3 x C1.

) 2
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Section 2.4.7

Section 2.4.7 Discussion of trace element characteristics of g

inclusions from S&o Luiz ; @

CasSi-Pvk inclusions: Inclusions of a CaSiO; major element composition are clearly highly enriched
in trace elements, particularly REE, Sr and Y. Such trace element characteristics are most

compatible with the CaSi-Pvk inclusions from S&o Luiz crystallising with a perovskite structure:

Perovskite itself (CaTiOy), is known for its capability of acting as a sink for REE, particularly
LREE and indeed perovskite structured minerals have been synthesised with REE as major
components, eg. La.xBaCuO,, (Maeno et al., 1994). Analyses have been undertaken by a
number of authors on samples of perovskite from kimberlites and anéites (Boctor and Boyd,
1979 and Campbell et al., 1997 and analyses summarised in Mitchell and Reed, 1988). All trace
element analyses are broadly similar to the results obtained from the CaSi-Pvk inclusions
athough concentrations from perovskite are significantly larger (typically of the order of 10° to
10? times chondrite). The literature shows a range in compositions of trace element compositions
of perovskite. Some analyses exhibit trends which match those observed from CaSi-Pvk from S&o
Luiz. In particular, all analyses from Benfontein, Monastery and De Beers (Boctor and Boyd,
1979) and a number of analyses in Mitchell and Reed (1988) show an excess in Ce over La
Furthermore, al analyses in Boctor and Boyd (1979), including samples from Bellsbank show an
excess in Lu over Yb. In contrast to S&o Luiz CaSi-Pvk, al samples from Boctor and Boyd
(1979) show a deficit in Y and a number of samples in Mitchell and Reed (1988) show low Sm.

Additionally, there is no evidence in the literature to support a Eu anomaly in natural perovskites.

Experimental investigation has also been made into the tenacity for trace elements in CaSi-Pvk.
Perovskite structured phases of a CaSiO; composition were synthesised from REE doped starting
materials by Kato et a. (1988). Although concentrations are not comparable, as they used doped

samples, CaSi-Pvk was found to accommodate most of the REE in comparison to coexisting

phases'.

Inclusions of broadly garnet composition:
BZz237C: The fact that BZ237C is both compositionally distinct from other majoritic
garnets, section 2.2.3.2, and belongs to a different paragenesis, section 2.3, goes far to explaining the

spurious trace element characteristics of the inclusion.

! Details of partitioning are discussed in detail in section 4.5.1.4.
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Section 2.4.7

The lower REE, Sr and Y concentrations, compared to other mgjoritic garnets are all consistent with
BZ237C coexisting with CaSi-Pvk. This conclusion is consistent with the general lack of majoritic
component in BZ237C? and the fact that BZ237C has significantly less CaO (1.72 wt%) compared to
majoritic garnets (which commonly contain up to 15 wt%). However, unlike the TAPP grains
believed to coexist with CaSi-Pvk, CaO and trace element concentrations in BZ237C are not as low.
It is concluded that the LM I1I paragenesis, to which BZ237C belongs, probably contains less CaSi-
Pvk than LM | and LM |1 parageneses.

TAPP: The differences between TAPP and magjoritic garnet trace element compositions can
be best explained by incorporating observations of the trace element characteristics of CaSi-Pvk
(section 2.4.5). Combining the trace element concentrations of TAPP and CaSi-Pvk in aratio of 6:1
gives a concentration which falls within the majoritic field of Harte (1992), figure 2.4_12. The fit is
not exact, however, in particular, the resulting composition has a steeper REE trend than mgjoritic
garnet. This can be accounted by the accommodation of trace elements in diospide coexistin with

majoritic garnet.

fPer inclusions: The low trace element concentrations of fPer inclusions are certainly consistent with
crystallisation with CaSi-Pvk®, since values are low for al elements. It is also considered likely,
however, that the trace element characteristics of fPer inclusions are controlled by structural factors:

fPer is simply not of an appropriate structure to accommodate large amounts of trace elements.

Pyroxene composition inclusions:

Upper mantle pyroxene BZ213A: BZ213A exhibits a striking similarity, both in terms of
trend and absolute values of trace element concentrations, to mantle pyroxenes from a variety of
localities. Analyses from both mantle megacrysts and cpx in xenoliths are compared with BZ213A in
figure 2.4 13 and include data from Hutchison et al. (1995), Harte et al. (1991), Caporuscio and
Smyth (1990) and Shimizu (1975). Amongst REE, two types of trend can be seen in figure 2.4 13;

A fairly flat REE pattern tailing off towards HREE reflected in samples from Matsoku (Harte et
a., 1991), Monastery (Hutchison et al., 1995 and Harte et a., 1991), Thaba Putsoa (Shimizu,
1975 and Harte et al., 1991) and Mothae (Shimizu, 1975).

A more fractionated REE trend falling steeply in concentration towards HREE reflected in
samples from Liquobong (Shimizu, 1975), Bultfontein (Shimizu, 1975), Bobejaan (Caporuscio
and Smyth, 1990), Roberts Victor (Caporuscio and Smyth, 1990).

2 Mgjoritic garnets lose their majoritic component at depths approaching 22 GPa, section 4.4.1.
% Also see section 4.5.1.3.

Mark T. Hutchison, University of Edinburgh 1997 2



Section 2.4.7

These trends reflect, in general, the contrast between eclogite and peridotitic asociations, however it
should be noted that in eclogites the slopes of trends can vary hugely with bulk composition (Harte
and Kirkley, 1997).

BZ213A more closely resembles the second trend. In terms of concentration, Roberts Victor samples
are generally more depleted than BZ213A: the samples which best match BZ213A are the cpx from
Bobejaan (Bellshank, Caporuscio and Smyth, 1990) and Shimizu's (1975) granular |herzolite cpx
from Liquobong and Bultfontein. Tem