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Abstract

This multi-disciplinary study determines the composition and struc-
ture of mantle fluid inclusions in natural fibrous diamonds, and their
role in diamond growth. Coated diamonds from Mbuji Mayi (Demo-
cratic Republic of Congo) and Panda (Canada) were analysed by elec-
tron microprobe, laser ablation inductively coupled mass spectrome-
try and infrared spectroscopy. Carbonate and KCl are important
components of the complex fluid. Therefore, KCI-K,CO3 was used
as a solvent catalyst for graphite in high-pressure high-temperature
diamond growth experiments. Grown diamonds have skeletal mor-
phologies; growth was rapid and occurred at temperatures as low as
1050°C.

Fluid-inclusions in Panda and Mbuji Mayi diamond coats are dom-
inated by liquid water and carbonate. The absence of silicate melt
indicates fibrous diamond growth occurred below or close to the host
rock solidus. Three end-member fluid compositions are recognised:
Fe-Mg-Ca carbonate, KCl and alumnosilicate. The trace element
composition of the Mbuji Mayi coat fluids is consistent with K-rich
carbonatite. The carbonate fluid component was derived externally
before infiltration into peridotitic and eclogitic growth environments.
The silicate fluid is restricted to eclogitic samples and is thought to
have been derived locally by reactions between the oxidising fluid and
more reduced mantle minerals. Carbonate reduction and crystallisa-
tion concentrated KCI.

Panda diamond coats contain silicate inclusions whose chemistries in-
dicate formation in eclogitic and peridotitic (lherzolitic) hosts. There-

fore, diamond coats grow in the same paragenetic environments as



octahedral diamonds. Inclusion geothermobarometry indicates that
peridotitic inclusions equilibrated at 930-1010°C and 4.2-4.6 GPa.
These conditions are below the lherzolite solidus and are ~200°C lower
than inclusions in Panda octahedral diamonds.

A model is presented in which fibrous diamonds grow in a solid host
rock containing older octahedral diamonds, following the influx of
H5O-rich carbonate melt. This melt metasomatised and fertilised the
host rock. Diamond was precipitated by the reduction of carbonate

and nucleated on diamond cores.
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Chapter 1

Introduction

1.1 Objectives

This study is an investigation into the composition of mantle fluids ! trapped as
inclusions in natural fibrous diamonds and the role of those fluids in the growth of
the diamond host. Evidence for the growth of diamond in fluid is provided by the
low density of crystallographic dislocations in the diamond lattice (Sunagawa,
1984) and the polyhedral shape of diamond (Bulanova, 1995). In addition, the
symmetrical and fibrous morphology and the presence of fluid inclusions in the
diamond coat strengthen the argument for fluid involvement in the growth of
fibrous diamond.

The approach taken was to compare and contrast the major element com-
positions of individual fluid inclusions in fibrous diamonds from two different
locations: the Mbuji Mayi kimberlite (Democratic Republic of Congo (DRC),
Congo-Kasai craton, Central Africa) and the Panda kimberlite (Slave craton,
Canada). The compositions of silicate macro-inclusions in the Panda fibrous
diamonds are compared to equivalents in Panda octahedral diamonds, and the

trace element compositions of micro-inclusions in both the Mbuji Mayi diamond

IThe term ”fluid” is not adequately defined in the literature; some authors restrict its
use to describe volatiles in the system C-O-H-(S-N); while others include all non-solid phases
(carbonate, dissolved oxides). One reason for this is that at high pressure water-rich fluids and
hydrous-silicate melts show increasing convergence toward the second critical end point, where
the univarient melting curve ends in a divariant field (Stalder et al., 2000). In this thesis, fluid
is defined as being a liquid phase consisting chiefly of volatiles, with some dissolved solutes
(oxides, halides, sulfates, nitrates, and carbonates).



1. INTRODUCTION 1.2 Coated Diamonds

coats and cores was analysed in order to investigate differences between fibrous
and octahedral diamond growth. High Pressure-High Temperature (HP-HT) ex-
periments were then conducted using analogues of these natural mantle fluids.
Chapter 1 provides an introduction to diamond research, the following chapters
then detail each of the analytical and experimental approaches. The results are
summarised in the conclusion (chapter 7) and are then used as the basis of a
model for the genesis of coated diamonds.

1.2 Coated Diamonds

Coated diamonds comprise a symmetrical overgrowth (coat) of fibrous diamond
on a single octahedral diamond (core). Several lines of evidence indicate that the
diamond core and its coat had different carbon sources and grew during different
events: 1) diamond cores show the full range of carbon and nitrogen isotope
compositions seen in 'normal’ diamonds and are therefore thought to have been
sourced from the normal diamond population. In contrast, diamond coats globally
show a narrow range of isotope compositions (63C -7.5 to -4.1 %oand §'°N -8.7
to -1.7 %o, Boyd et al. 1994); 2) nitrogen in the cores is generally aggregated
JIaA to IaB with platelet development, while coats are ubiquitously IaA, even
though they have medium-to-high nitrogen concentrations (800-1500 ppm, Boyd
et al. 1994). This indicates that the coat does not simply represent a late stage
‘phase of core growth. The difference in aggregation state has been used to argue
that the coat is significantly younger than the core, and suggests that the coat
grew and was stored at cooler temperatures (<1100°C) than the core. The fact
that the coats are not found with further diamond overgrowth suggests that the
coat was the last growth event seen by the diamond. The lack of macro-sized
mantle silicate inclusions in the diamond coat means that there are no isotopic
age determinations. However, the similarity between the Sr isotope composition
of fibrous diamonds from Mbuji Mayi and that of the kimberlite host, led Akagi &
Masuda (1988) to suggest that the growth of the coat is related to the generation
of the kimberlite melt and therefore occurs shortly before kimberlite eruption.
Fibrous growth on the octahedral {111} face of the core occurs almost per-
pendicular to the face (Machado, 1985) and the boundary between core and coat



1. INTRODUCTION 1.2 Coated Diamonds

B B N S T

Figure 1.1: Photograph of a coated diamond sample, zoning is parallel to the
core-coat boundary. Zoomed inset shows lateral alignment of fluid inclusions.

is sharp. The external surface has features such as trigons whose orientations
correspond to the underlying core (Kamiya & Lang, 1965). The diamond fibres
are ~10 pm in diameter at the core-coat boundary, coarsening to ~40 pum at
the rim (Boyd et al., 1994; Kamiya & Lang, 1965). The coat captures a lot of
impurities, both as small fluid inclusions, 10 nm to 1 um (generally <0.5 pum) in
diameter (Guthrie et al., 1991) trapped along the lateral surfaces of the fibres
(Fig. 1.1) and at point defects (structural). When the core is small or absent,
the resulting diamond is an opaque cube. The fibrous morphology and entrap-
ment of inclusions indicates that diamond growth was rapid and occurred under

conditions of carbon supersaturation.

1.2.1 Previous Work

H,0O- and COs-rich fluids and melts play an important role in many mantle
processes. They are responsible for the transport of volatiles between mantle
reservoirs; this strongly influences the trace element and isotopic signatures of

those reservoirs and also causes metasomatism (e.g. Dawson (1980)). Fluids
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control the stability fields and solidus temperatures of major minerals and sta-
bilise carbonate and hydrous mineral phases (e.g. Grgoire et al. (2000)). In
addition, C-O-H fluids are an important carbon source and may be a catalyst for
diamond growth (e.g. Deines (2002)). Therefore, direct samples of the volatile
phases present in the mantle are important sources of information about the phys-
ical and chemical conditions in the mantle during diamond growth. Diamond is
mechanically strong and has a low reactivity in a silicate environment, so mantle
fluids trapped as inclusions are preserved unaltered during subsequent mantle
metasomatic events and kimberlite eruption. Therefore, there has been a lot of
interest in the compositions of fluid inclusions in diamond.

The first infrared spectroscopic study of fibrous diamond revealed the pres-
ence of HyO and carbonates (Chrenko et al., 1967). Further work identified
quartz, apatite and silicate minerals in African fibrous diamond (Navon et al.,
1988). The presence of apatite (Lang & Walmsley, 1983), biotite (Walmsley &
Lang, 1992b) and ankerite (Walmsley & Lang, 1992a) in African samples was
confirmed by transmission electron microscopy (TEM). This is a different min-
eral assemblage to that found in octahedral diamond (section 2.2.3.1). Guthrie
et al. (1991) used TEM and AEM (Analytical Electron Microscopy) to show that
the inclusions contain one or more euhedral crystals surrounded by low atomic
number material interpreted to be fluid; opened inclusions contained crystals and
a void due to fluid loss. Kamiya & Lang (1965) suggested that these mineral
impurities divided the diamond surface into domains that develop into fibres,
however not all fibrous diamonds contain mineral impurities. These solid phases
are currently thought of as secondary (precipitated from the traped fluid after
entrapment) minerals on the basis that 1) the uniform bulk composition of fluid
in samples from a single location suggests that the components were dissolved
in a fluid at the time of entrapment (Wyllie & Ryabchikov, 2000). However,
mantle minerals have also been detected in micro-inclusions in fibrous diamonds
from Canada (olivine, Cr-chromite, Cr-diopside; Klein-BenDavid et al. 2004)
and Siberia (olivine; Zedgenizov et al. 2003a and Cr-chromite; Talnikova 1995).
It is unlikely that included mantle minerals are secondary phases because garnet
formation requires pressures higher than ~ 1.5 GPa.



1. INTRODUCTION 1.2 Coated Diamonds

Kagi et al. (2000) used Near Infrared (NIR) spectroscopy to demonstrate that
cubic diamond may contain solid H,O ice VI in addition to liquid H,O. Water
may be present in two forms 1) samples in which HOH and OH are proportional
contain liquid water, 2) samples with stronger OH absorption relative to HOH
absorption contain hydrous minerals/melt in addition to fluid (Zedgenizov et al.,
2003a). Fluid inclusions in fibrous diamond retain residual internal pressures of
1.4 to 2.0 GPa, this corresponds to a formation pressure of 4-7 GPa at ~ 1100°C
(Navon, 1991). The high internal pressure of inclusions suggests that these fibrous
diamonds grow at depth.

The ground-breaking study of Navon et al. (1988) used Electron Micro-probe
Analysis (EMPA) and infrared spectroscopy to sample a ~40 um area of fibrous
diamond. This study showed that inclusions in fibrous diamonds from Botswana
and the DRC are rich in H,O, CO3™, Si, K, Ca and Fe and contain measur-
able quantities of P, Al, Ti, Mg and Na. These elements are thought to be
present as oxide compounds on the basis of the presence of quartz and apatite
in the infrared spectra. These authors compare the inclusion compositions to
potassic magmas (kimberlite and lamproite). By studying individual inclusions,
Schrauder & Navon (1994) show that inclusion compositions vary between car-
bonatitic (rich in Ca, P, Mg and Fe) and silicate (rich in Si and Al) end-members;
all inclusions are enriched in K. Schrauder & Navon (1994) suggested that the
silicate-carbonatitic array was due to either 1) mixing of end-member fluids, 2)
partial melting of a carbonated source rock, or 3) fractional crystallisation of
a carbonatite melt. In contrast to the African samples, fluid in a fibrous dia-
mond from Canada (Diavik) varies between Na-K-Cl brine and Na-rich carbonate
and do not contain a hydrous-silicate component (Klein-BenDavid et al., 2004).
Klein-BenDavid et al. (2004) suggest that the hydrous-silicate and brine fluids
are products of carbonate crystallisation from a primary carbonatite melt and so
are genetically related, while Navon et al. (2004) suggests that the brine may
separate from the carbonatite melt forming a separate immiscible fluid. The brine
end-member is similar to KCI brine described in internally cloudy diamonds from
Koffiefontein, South Africa (Izraeli et al., 2001). Klein-BenDavid et al. (2003)
describes Fe-Si-Ni sulfide melts coexisting with carbonate in K-, Ba-, Rb-, Sr-,
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HFSE- and Cl-rich inclusions cuboid diamonds from Yubileinaya, (Siberia). All
known fibrous diamond fluids contain a carbonate component.

The trace element compositions of African fibrous diamond have been analysed
by instrumental neutron activation analysis (INAA) (Akagi & Masuda, 1988;
Damarupurshad et al., 1997; Schrauder et al., 1996). Wang et al. (2003b) used
Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) to
analyse the trace element composition of inclusions in a fibrous coat. Compatible
element abundances are similar to those in primitive mantle (Schrauder et al.,
1996). Incompatible element concentrations in the fluids are higher than those in
mantle-derived minerals and melt inclusions and have a similar enrichment pat-
tern to carbonatite (Griffin et al., 2004; Schrauder et al., 1996). The concentra-
tion of incompatible elements decreases by a factor of 2 to 5 from carbonate-rich
to silicate-rich fluids (Schrauder et al., 1996).

Burgess et al. (1998); Johnson et al. (2000) and Burgess et al. (2005) mea-
sured noble gas and halogen concentrations in fibrous diamonds. Ar and halogen
compositions in coated diamonds from the DRC and Botswana (Africa) are sim-
ilar to the composition of present day Mid Ocean Ridge Basalt (MORB) source
(Johnson et al., 2000). Small scale halogen fractionation in the African samples
may be due to crystallisation of a halogen-bearing phase e.g. apatite, or due
to partitioning between hydrous-silicate and carbonatite melts (Burgess et al.,
2005). In contrast, noble gas and halogen concentrations in diamond coats from
Panda (Canada) are enriched by several orders of magnitude over normal upper
mantle and Ar contents are an order of magnitude higher than than any previ-
ously reported mantle sample (Burgess et al., 2005). Br/I/K/Cl ratios are highly
variable, this is attributed to unmixing of immiscible hydrous-silicate and brine
fluids (Burgess et al., 2005) rather than fractionation of a Cl-bearing phase as
suggested by Johnson et al. (2000). Both African and Canadian fibrous dia-
monds have high He and mantle 3He/*He ratios Johnson et al. (2000) showed
that 4°Ar and Cl concentrations in fibrous diamonds are enriched by almost four
orders of magnitude relative to bulk upper-mantle values and 4°Ar/Cl ratios are
remarkably uniform over large distances, therefore African and Canadian coated
diamonds contain a widespread chlorine-rich fluid component (Turner et al.,

1990).
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1.3 Geological Setting

The coated diamonds used in this study come from two locations: 23 samples
from Africa, probably Mbuji Mayi (Democratic Republic of Congo) provided by
Dr Judith Milledge and 8 samples from the Panda kimberlite (Canada), supplied
by Dr Jeff Harris.

1.3.1 Mbuji Mayi

The Mbuji Mayi kimberlite field is located in the eastern part of the Kasai-
Oriental Province in south central Democratic Republic of Congo (DRC), for-
merly Zaire (Fig. 1.2). The 62,000 km? Mbuji Mayi property is run by the Bak-
wanga Mining Company (Société Miniére de Bakwanga) and mine production is
marketed by a subsidiary of DeBeers. The Mbuji Mayi kimberlite field consists of
14 diatremes and eluvial deposits. The ten kimberlites of the northern group are
elliptical basins with or without small roots or pipes and are aligned along the
EW fracture of the Archean Kasai Craton. The southern group consists of four
irregularly distributed pipes (Javoy et al., 1984). The kimberlites intrude the
high-grade Archaen basement of the Kasai-Congo Craton (2.8-2.4 Ga). The kim-
berlites in the Mbuji Mayi region are Cretaceous in age, based on stratigraphic
relations. Scharer et al. (1997) reported an age of 69.8 = 0.5 Ma for zircon and
baddeleyite megacrysts from Mbuji Mayi.

" The Mbuji Mayi kimberlite is a xeno-tuff, brecciated group I (basaltic) kim-
berlite containing numerous country rock xenoliths (granite gneiss, sandstone,
limestone) and a xenocryst suite of low-Cr diopside, garnet, Mg-ilmenite and ru-
tile. Eclogites comprise =90 % of the mantle xenolith population, the rest being
lherzolite and garnet clinopyroxenites (El Fadili & Demaiffe, 1999). The presence
of primary kimberlite nodules indicates at least two phases of kimberlite emplace-
ment at Mbuji Mayi, the nodules probably represent early dykes and sills (Javoy
et al., 1984). The primary kimberlite is porphyritic and contains Cr-chlorite and
two generations of olivine; calcite, saponite and phlogopite are present as alter-
ation phases (Fieremans et al., 1984). The matrix consists of Cr-chlorite, mica,
calcite, saponite and accessory apatite, magnesite, ilmenite, sphene, clinopyrox-

ene, rutile (Fieremans et al., 1984), zircon and baddleyite (Scharer et al., 1997).
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Figure 1.2: Location of the Mbuji Mayi kimberlite field in relation to African
cratons. Modified after (Javoy et al., 1984).

The high carbonate and mica content of the matrix implies that the kimberlite
magma had a high volatile content.

A distinctive feature of the Mbuji Mayi kimberlite is the high proportion of
industrial quality diamond (~90 % of production Kamiya & Lang 1965). This
population includes transparent or opaque coloured fibrous cubes and coated di-
amonds, as well as irregular and aggregated crystals; the gem-quality diamond
population is transparent, colourless and dominated by octahedra with rare rhom-
bododecahedra (Javoy et al., 1984). Diamonds from Mbuji Mayi have a range
of nitrogen concentrations from <100 to 2100 ppm (Javoy et al., 1984). U-Pb
dating of a zircon inclusion in a single octahedral diamond from Mbuji Mayi re-
vealed an age of 628 + 12 Ma (Kinny & Meyer, 1994), this age is young for a a
diamond originating in the Earth’s upper mantle, athough it is still much older
than the Cretaceous eruption age of the Mbuji Mayi kimberlite host.

1.3.2 Panda

The Panda diatreme is located in the central portion of the economically impor-
tant BHP Billiton Ekati”™ diamond mine, 300 km from Yellowknife (Northwest
Territories, Canada) and 200 km south of the Arctic Circle (Fig. 1.3). The
1,800 km? Ekati property lies in the Lac de Gras region and is part of the Central
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Figure 1.3: Location of the Panda kimberlite on the Slave craton. Map modified
after Bleeker & Davis (1999) and Nowicki et al. (2004).

Slave Province kimberlite field, which comprises more than 200 individual pipes.
Panda was the first pit to be developed at the Ekati Diamond Mine”™ and was
the first diamond producing pit developed in Canada.

The kimberlites in the Lac de Gras region are Upper Cretaceous to Eocene
in age (Creaser et al., 2004; Heaman et al., 2003). Creaser et al. (2004) re-
ported a Rb-Sr isochron age of 52.3 + 3.8 Ma for phlogopite macrocrysts from
the Panda diatreme itself. Panda is a group I (basaltic) kimberlite, dominated by
numerous discontinuous volcaniclastic units with lesser reworked volcaniclastics
(Nowicki et al., 2004). The volcaniclastics are olivine-rich (up to 60%) with a fine-
grained serpentine matrix. The Panda kimberlite carries country rock xenoliths
(mudstone and granodiorite) and uncarbonised wood. The xenocryst population
consists of mantle-derived olivine, garnet, pyroxene (Cr-diopside and enstatite),
chromite and ilmenite (Nowicki et al., 2004). A distinctive feature of the Panda
diamond production is the high proportion of coated diamonds (Stachel et al.,
2003), this probably reflects low degrees of diamond resorption during kimberlite
ascent.

Silicate mineral inclusions in octahedral diamonds from Panda are dominantly
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peridotitic (~85%) and include olivine with Mg# = 92 to 93.5 (Mg# = atomic
Mg/(Mg+Fe)); clinopyroxene with Mg# = 90.8-93.3 and Ca# in the range 42.4-
44.8 (Ca# = atomic Ca/(Mg+Fe+Ca)); and Cr-pyrope with > 2.5 wt%CryO3
and high Na,O (0.10-0.31 wt%) concentrations. Mg-chromites and Fe-Ni mono-
sulphides are also present (Tappert et al., 2005). Peridotitic inclusions equi-
librated at 1100-1250°C, which corresponds to a geothermal gradient of 40-42
mW/m? (Tappert et al., 2005). Eclogitic inclusions include jadeite-poor clinopy-
roxene and garnet with Mg# = 62.4 (Tappert et al., 2005). Re-Os dating of
sulphide inclusions gives an age of 3408 + 280 Ma for peridotitic gem diamonds
from this kimberlite (Westerlund et al., 2003).

10



Chapter 2

Properties of Diamond

The purpose of this chapter is to outline the origin and the physical and chemical
properties of diamond. This information is used to gain insights into the chemi-
cal and pressure-temperature conditions of diamond growth and its post-genetic
history.

2.1 Origin of Diamond

2.1.1 Cratonic Diamonds

The vast majority of known diamonds originate in the cratonic lithosphere, which
has roots that extend into the diamond stability field below ~140 km. Multiple
lines of evidence indicate that most mantle diamonds were formed and stored in
the relatively cool Archean lithospheric mantle (Boyd & Gurney, 1986; Haggerty,
1986): 1) Diamond-bearing kimberlites of economic significance are found in
Archonsv(Archean craton >2500 Ma) (Fig. 2.1); protons (Proterozoic craton, 1600
- 2500 Ma) are less likely to be diamond-bearing (Clifford, 1966). 2) Lithospheric
mantle geotherms derived from mantle xenoliths intersect the diamond stability
field (Boyd & Gurney, 1986; Boyd et al., 1985); 3) Harzburgitic inclusions in
diamonds are ~ 3000 Ma in age (Richardson et al., 1984). In contrast, eclogitic
inclusions generally range from 3000 to <1000 Ma.

The generally accepted model is that the cratonic keel was created in the
at around 3200 - 3300 Ma, by high degree melting of mantle lherzolite, forming
harzburgite (Shirey et al., 2004). This coincided with diamond growth from

11
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Figure 2.1: World map showing Archean and Proterozoic cratons, from Harlow
(1998). Slave and the Congo-Kasai cratons are labeled

mantle carbon. Subsequent subduction of basaltic oceanic crust resulted in some
portions adhering to the base of the continental keel and recrystallising as eclog-
ite (Shirey et al., 2004). The subducting slab was the source of some organic
carbon that also crystallised as diamond. More recently (between 50 and 1600
Ma), heating and/or fluid infiltration of the keel caused kimberlite (and related
lamproite) melts to form and ascend to the surface carrying mantle xenoliths and
xenocrysts, including diamond (Harlow, 1998). These melts must be generated
deep enough to pick up diamond (> 140 km). It is not certain where fibrous

diamond coats fit into this model.

2.1.1.1 Kimberlite

Kimberlite is the most important diamond-bearing mantle melt. Kimberlite is a
volatile-rich potassic silica-undersaturated ultramafic igneous rock; it is a hybrid
of magma, xenocrysts and xenoliths. Kimberlite contains macro- and mega-
crysts of forsteritic olivine, phlogopite, Cr-diopside, Ti-enstatite, chromite and

pyrope in a fine-grained groundmass of olivine, monticellite, spinel, perovskite,

12
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apatite, titanates, monazite, rutile, ilmenite, carbonate and serpentine (Dawson,
1980). Smith (1983) recognised two compositional groups based on chemistry and
mineralogy: Group I (basaltic) contain ilmenite macrocrysts and lack groundmass
phlogopite; they are CO,-rich, have a low K/Ti ratio and lie within the OIB field
on a Sr and Nd isotope plot. They are typically associated with melilitites.
Fibrous diamonds are only known from group I kimberlites, where they can be
a significant proportion of the diamond production e.g. Jwaneng (Botswana),
Mbuji Mayi (DR Congo), Koidu (Sierra Leone), Yakutia (Russia), Ekati (Canada)
(Boyd et al., 1994). Group II (micaceous) kimberlites are more HoO-rich, have a
high K/Ti ratio and contain groundmass phlogopite and clinopyroxene, they fall
within the ’enriched’ quadrant on a Sr and Nd isotope plot (Smith, 1983).

Kimberlite has an extreme magma composition with low Na;O and high con-
centrations of Cr and Ni (both from xenocrystic olivine), K,0, Al,O3, TiO2, FeO,
Ca0O, P,05, CO,, H,0, Cl and REE and LILE (Le Roex et al., 2003; Nixon,
1995). Kimberlite has low Mg#, high K/Na, and a high LREE/HREE ratio
(Le Roex et al., 2003). The normalised trace element pattern of kimberlite is
similar to Ocean Island Basalt (OIB) but is more enriched in incompatible ele-
ments by an order of magnitude (Le Roex et al., 2003). The high LREE/HREE
ratio suggests the presence of garnet in the kimberlite source region, the high
Cr and Ni contents of xenocrysts indicate that the kimberlite source region ex-’
perienced an early depletion event (Nixon, 1995). The source region must be
enriched in K, Ti, Ba carbonate and water e.g. a phlogopite-bearing carbonated
garnet lherzolite. The small volume of kimberlite melts indicates that they are
either at the end of a long fractionation process or the 2) the products of low
degree (~ 1%) partial melting. It is generally accepted that kimberlites form by
a 2-stage process of low degree partial melting of garnet lherzolite lithology that
has been pre-enriched by metasomatic interaction with an upwelling fluid /melt
enriched in incompatible elements in the upper mantle (Brey et al., 1991; Dalton
& Presnall, 1998; Girnis et al., 1995; Le Roex et al., 2003; Ringwood et al., 1992).

Kimberlites occur in cratons and stable platforms; diamondiferous kimberlites
are confined to Archean and Proterozoic cratons. Kimberlite is usually found in
diatremes and often forms dykes and sills. The exact locations are often controlled
by faults and kimberlite pipes often occur in clusters.

13
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2.1.1.2 Lamproite

Mantle diamonds are also mined from lamproite. Lamproite is an ultrapotassic),
typically peralkaline (molar KoO+NaysO/Al;O3 >1) mafic rock. Lamproites are
characterized by the presence of forsterite, phlogopite, leucite, richterite, diop-
side and sanidine (Pell, 1998). They differ from kimberlites because they are
richer in SiO; and contain groundmass glass, alkali feldspar and K-richterite.
Lamproites commonly occur in dykes and flows but also in diatremes or pipes on
cratonic margins. Diamonds are found in pyroclastic rocks within shallow ” maar-
type” craters, while magmatic lamproites are generally barren (Pell, 1998). Most
olivine lamproites are post-tectonic and occur close to the margins of Archean
cratons, either within the craton or in adjacent accreted Proterozoic mobile belts
(Pell, 1998) e.g. at Argyle (Western Australia).

2.1.1.3 Carbonatite

Carbonatites comprise >50% modal carbonate and varied amounts of clinopyrox-
ene, alkali-amphibloe, biotite, magnetite and apatite. The only known diamond-
bearing carbonatite is found at the Chagatai Massif (Uzbekistan), which contains
silicate minerals that are normally found in kimberlite and lamproite (garnet,
diopside-hedenbergite clinopyroxene) in addition to calcite. The deposit con-
sists of explosive dykes and diatremes, consistent with the rapid transport of a
volatile-rich deep mantle melt (Moore & Wall, 2003).

2.1.2 Crustal Diamonds

Subduction metamorphism during collisional orogens leads to the development
of diamond-bearing ultra-high-pressure (UHP) rocks at some localities, gener-
ally where continent-continent collision occurred. UHP diamonds were first re-
ported as inclusions in garnets from the Kokchetav Massif, Kazakstan (Sobolev
& Shatsky, 1990), further occurrences have been reported in China, Norway, Ger-
many, Indonesia and Greece (see review by Osagawara 2005). The preservation
of these UHP indicator minerals requires rapid exhumation. In the generally
accepted model, the subducting slab brakes off and is extruded by normal and
thrust faulting (Ernst & Liou, 1995).

14
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2.1.3 Meteoritic Diamonds

Shock metamorphism during meteorite impacts causes a transient increase in
pressure and temperature that may be sufficient to induce solid-state transfor-
mation from graphite to diamond (Koeberl et al., 1997) in the impacted rocks.
Polycrystalline diamond aggregates (Yakutite) up to 1 cm diameter have been
found at the 60 km Popagari crater (Siberia) (Nixon, 1995). Another type of
meteoritic diamond is found in pre-solar meteorites. These nano-diamonds (ap-
prox 10 A diameter) and are thought to form by Carbon Vapor Deposition (CVD)
fueled by CH4 and other C-gases from dying stars (Anders & Zinner, 1993).

2.2 Chemical Properties

Diamond is an exceptionally pure form of carbon. The carbon atom has four
electrons in its outer shell, which can hold eight. In diamond, each of the four
available electrons in a carbon atom is paired with adjacent carbons, forming
a tetrahedral unit. This covalent bonding is responsible for many of diamond’s
exceptional properties: hardness (10 on Mohs’ scale), incompressibility (bulk
modulus ~500 GPa, Young’s modulus ~1050 GPa), high thermal conductivity
(5-25 Wem~1°C1), electrically insulating (0-100 ohm ¢cm™!) and chemically inert
below 450°C (Harlow & Davies, 2005). The diamond unit cell consists of 8
atoms which are arranged into two interpenetrating face centered cubic lattices.
The high density of diamond (3.51 gecm™3) relative to graphite (2.20 gem™2)
indicates the high pressure origin of diamond. The strength and refractory nature
of diamond make it the ideal vessel for protecting inclusions during metasomatism
and transport to the surface in kimberlite eruptions.

Being pure carbon, diamond itself provides little information about conditions
during crystallisation. However, the purity of diamond means that contaminants
are easily identified. Substitutional impurities are those which substitute for
carbon, or occupy interstitial sites in the diamond lattice. Included impurities are
crystalline, melt and fluid inclusions encapsulated during diamond growth. Both
substitutional and included impurities carry information about the prevailing

conditions during diamond growth.
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Figure 2.2: The infrared 1-phonon absorption spectra of the Ib, IaA and IaB
nitrogen aggregation states of diamond, after (Mendelssohn & Milledge, 1995a,b).
Ib is not necessarily at the end of the aggregation line.

2.2.1 Substitutional Impurities

Because of the small interatomic spacing and strong bonding in diamond, few
foreign elements can be incorporated atomically into its crystal lattice. Nitrogen,
boron, hydrogen, nickel and cobalt may all be incorporated.

2.2.1.1 Nitrogen

Nitrogen is the most common substitutional impurity and can reach 0.28% (Rocco
et al., 1966); lattice nitrogen causes infrared absorption in the region 1400 -
900 cm~!. Most diamonds contain <500 ppm nitrogen, but concentrations as
high as 5800 ppm have been recorded (Bibby, 1982). Ultramafic parageneses
are characterised by low nitrogen concentrations, while eclogitic diamonds have
higher-than-average nitrogen contents (Meyer et al., 1997; Taylor et al., 1995).
Diamonds are classified according to the physical state of their substitutional
nitrogen. Nominally nitrogen-free diamonds are classified as type-II; diamonds

that contain detectable nitrogen® are classified as Type I (Robertson et al., 1934).

I'Where the nitrogen absorption peaks are <10% of the diamond absorption peak at 1992
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Type I diamonds typically accommodate between 10 and 5000 ppm nitrogen and
are further subdivided according the the extent of nitrogen aggregation from type-
Ib, with isolated substitutional nitrogen (C-centre, Chrenko et al. 1977; Evans
& Qi 1982); though type-IaA, with nitrogen as substitutional pairs (A-defects,
Davies 1976); to type-IaB, with four nitrogen atoms in tetrahedral arrangement
with a carbon site vacancy (B-defects, Jones et al. 1992) as shown in figure 2.2.
Aggregation is a diffusion process and is often accompanied by the development
of nitrogen ’platelets’, proposed to form when nitrogen is exsolved from diamond
along the {111} plane (Woods, 1986) but may also be due to displaced carbon
since platelets develop during IaB development. The aggregation process has a
thermal activation energy barrier of 6.0 = 0.2 €V in cube sectors and 4.4 + 0.3 eV
in octahedral sectors (Taylor et al., 1996b)), therefore the degree of aggregation is
a function of the initial nitrogen content, the prevailing temperature and the time
spent at this temperature. High aggregation states are thought to be indicative
of long mantle residence times, high nitrogen content and/or storage at high
temperature, while mildly aggregation states imply young crystallization ages
and/or unusually cool conditions of mantle storage. Qualitative estimates of
mantle residence time (at an assumed temperature) or mantle temperature (for
an assumed residence time) can be gained from the degree of nitrogen aggregation
(Mendelssohn & Milledge, 1995a; Taylor et al., 1996b, 1990).

Nitrogen concentrations of fibrous cuboid diamonds and diamond coats are
typically high (800-1500 ppm; Boyd et al. 1994). Fibrous diamond coats from
numerous locations are ubiquitously type-laA (Boyd et al., 1987) having no
absorbance due to platelets or the IaB aggregate. This is interpreted as evidence
that they formed shortly before kimberlite eruption (Boyd et al., 1987, 1992,
1994). However, the nitrogen diffusion may be inhibited by the presence of large

numbers of inclusions and by the fibrous diamond morphology.

2.2.1.2 Other Impurities

Hydrogen causes narrow peaks at 3107 and 1405 cm~! and is attributed to CH
stretching and bending modes (Woods & Collins, 1983), however these structures

cm™!, less than approximately 20 ppm.
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have not been identified unambiguously. Boron is the major impurity in a few
natural diamonds, these type IIb diamonds are p-type semiconductors (Collins,
2000). Nickel forms Ni-N vacancy complexes, with an Ni ion at the centre of
a carbon divacancy occupying a slightly distorted octahedral site (Lang et al.,
2004). Ni and Co concentrations of <30ppm and <1 ppm have been recorded as
lattice impurities in synthetic diamond grown from metal catalysts (Hayakawa
et al., 2000). Ni concentrations in natural diamonds are 12 orders of magni-
tude less than in synthetic diamonds (Nadolinny et al., 1999). Yelisseyev et al.
(2004) studied coated diamonds from Snap Lake (Canada) using confocal photo-
luminescence and local absorption spectroscopy. These authors show that high
concentrations of nickel may be incorporated into the coat lattice, as well as
being present in inclusions. Nickel-nitrogen complexes are responsible for the

yellow-green luminescence of the diamond coat.

2.2.2 Stable Isotope Composition of Diamond

The isotopic composition of diamond is important in determining the source of
carbon and nitrogen for diamond growth.

2.2.2.1 Carbon Isotopes

Carbon has two stable isotopes, §'2C and §'3C, whose abundances are approxi-
mately 98.89 % and 1.11 % respectively. The isotopic composition is expressed
the as the difference between the sample and the Pee Dee Belemnite carbon
standard, in parts per mil (%o).

Worldwide, diamond §'3C values range from +5.0 to -38.5 %o, with 72 %
falling between -2 and -8 %o (Cartigny, 2005). Peridotitic diamonds have a rel-
atively restricted range of carbon isotope compostions (+0.2 to -26.4 %o; Car-
tigny 2005), with approximately 90% peridotitic diamonds being within the man-
tle range (6'3C = -1 to -10 %o; Taylor & Anand 2004 and references therein).
This is taken as evidence for the mantle origin of carbon in peridotitic diamonds.
However, Deines (2002) reports a number of more depleted isotopic compositions
(down to -21 %o) in diamonds from Southern Africa.
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Eclogitic diamonds span the entire range of compositions (§'3C = +27 to -38.5
%o; Cartigny 2005) and only one third of eclogitic diamonds have §'3C values
in the mantle range. A much greater proportion of eclogitic diamonds have very
negative §13C values (<< -10 %o) relative to peridotitic diamonds (Cartigny,
2005). Three main models have been proposed to explain the range of carbon
isotopic compositions in eclogitic diamonds: 1) fractionation during fluid trans-
port and/or diamond growth e.g. during carbonate formation or the separation
of immiscible fluids (Cartigny et al., 1998; Deines, 1980; Galimov, 1991; Javoy
et al., 1984); 2) subducted carbonaceous material reflecting organic fractionation
(Kirkley et al., 1991); 3) pre-existing mantle heterogeneities acquired during the
Earth’s accretion and not homogenised by convection (Deines et al., 1987, 1993).

Fibrous diamonds, such as diamond coats, from global locations have uniform
carbon isotope compositions (613C = -7.5 to -4.1 %o; Boyd et al. 1994). Small
scale (<1 %o) isotopic variation has been recorded within single diamond coats
(Boyd et al., 1994).

2.2.2.2 Nitrogen Isotopes

Nitrogen isotopic compositions are also of interest, nitrogen has two stable iso-
topes, 0'“N and §'°N, whose abundances are 99.65 % and 0.37 % respectively.
The isotopic composition is expressed the as the difference between the sample
and air in parts per mil.

Most diamonds have §'°N compositions that fall in the range -12 to +4 %oand
there is no clear difference between peridotitic and eclogitic diamonds (Cartigny
et al., 1998). This range is similar to MORB, which represents present day
depleted mantle. However, the full diamond range is -25 to +6 %o (Cartigny et al.,
1998). Depleted §'°N contents have been attributed to mantle heterogeneities on
the basis of the wide range in meteoritic isotope compositions (Cartigny et al.,
1997). Fibrous diamonds, such as diamond coats, contain §'"°N = -8.7 to -1.7
%o (Boyd et al., 1987, 1992).
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2.2.3 Included Impurities

Inclusions in diamonds are an invaluable tool for investigating the composition of
the host mantle and mantle fluids and the pressure-temperature conditions and
timing of growth.

2.2.3.1 Crystalline Inclusions

Two generations of crystalline inclusions were initially recognised: epigenetic and
syngenetic. Epigenetic inclusions form by open system alteration of included min-
erals after diamond formation and do not represent mantle chemistry. Syngenetic
inclusions form synchronously with the diamond host. Diamond inclusions are
classified as syngenetic on the basis of 1) the negative morphology of included
phases (e.g. Sobolev et al. 1972); 2) the epitaxial relationship between inclu-
sion and diamond (Harris, 1968); and 3) inclusions may have a cubo-octahedral
morphology regardless of their own crystal structure, this superposition of the
diamond morphology is known as xenohedry. Meyer (1987) later suggested that
many silicate inclusions are in fact protogenetic, i.e. formed prior to encapsulation
in the diamond.

The criteria for syngenesis may be questioned, firstly because most inclusions
are often poorly shaped and those with imposed morphologies are typically cubo-
octahedral, which is incompatible with the octahedral host diamond (Milledge,
2004). Secondly, included minerals may develop an imposed morphology and an
epitaxial relationship with their host, as demonstrated by 2.37-2.92 Ga sulphide
inclusions in 350-600 Ma zircon (Spetsius et al., 2002). Thirdly, the trace element
chemistries of silicate inclusions are often suggestive of complex histories prior to
entrapment e.g. many harzburgitic and lherzolitic garnets have a humped or
sinusoidal REE patterns suggesting melt extraction followed by metasomatic re-
enrichment (Taylor et al., 2003). Finally, the lack of a correlation between the
compositions of sulphide and silicate inclusions are independent of the §'3C and
0'®N compositions of the host diamonds. This suggests that the diamonds grew
by fluid processes rather than in conjunction with mantle minerals (Deines &
Harris, 1995).
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Agent Mineralogical Major element Trace element Reference

Carbonatite apatite High CaO, NazO LREE and Sr rich Rivalenti et al. 2004
carbonate Low SiO2, K20 Low HFSE and HREE Coltorti et al. 2000
moissanite High Nb/Ta, Zr/Hf

K-rich hydrous  k-richerite High SiO2, K20 high MREE-HREE

Silicate melt phlogopite TiO2 high HFSE Coltorti et al. 2000
K-feldspar Low CaO Misra et al. 2004
rutile . Nixon 1995
zircon Stachel & Harris 1997a
titanates

C-O-H fluid amphibole Low Ti Low HFSE Eggler 1987
phlogopite REE enriched over LILE  Stalder et al. 1998

Table 2.1: Signatures of metasomatism ascribed to different agents: accessory
minerals observed in host rock (modal changes; Dawson 1984) and major and
trace element characteristics (cryptic changes; Dawson 1984).

Diamond inclusions originate from two major compositional suites of mantle
rocks: eclogites and peridotites (Harris, 1979; Meyer & Boyd, 1972; Sobolev,
1977), this provides evidence for the mantle origih of diamonds. Growth of dia-
mond in peridotite and eclogite host rocks is supported by the finding of diamon-
diferous eclogite and peridotite xenoliths in kimberlites.

Peridotitic (P-type) diamonds account for 75-80% of all inclusion-bearing di-
amonds (Taylor & Anand, 2004). Peridotite suite diamonds (also known as
P-type) are defined by the presence of olivine, Cr-rich pyropic garnet, ensta-
tite, diopsidic clinopyroxene and/or chromite. Sobolev (1977) subdivided peri-
dotite inclusions into lherzolitic (clinopyroxene-bearing host rock) and harzbur-
gitic (clinopyroxene-absent host rock) on the basis of CaO and Cr;O;3 in gar-
net (lhertzolitic garnets are Ca-saturated). The Mg# (atomic Mg/(Mg+Fe)) of
olivine may also be used to delineate the lherzolitic (Mg#~92) and harzburgitic
(Mg#=94) parageneses (Harris, 1992).

Eclogitic (E-type) diamonds are characterised by pyrope-almandine garnet
and omphacitic clinopyroxene; coesite, kyanite, rutile and sanidine also occur. A
group of silicate inclusions intermediate between eclogitic and peridotitic form
the minor websteritic suite. Sobolev (1977) classified websteritic and peridotitic
diamonds into a single ultramafic (U-type) paragenesis.

Recent trace element studies indicate that silicate inclusions commonly show

21



2. PROPERTIES OF DIAMOND 2.2 Chemical Properties

evidence of complex histories. Depletion by removal of a silicate melt results in
high Mg# values increased concentrations of compatible trace elements e.g. Ni
in olivine (NiO up to 0.47 wt%) and orthopyroxene (NiO up to 0.19 wt%) and
Cr in chromite (61.1 to 68.5 wt%) (Stachel & Harris, 1997b). Melt removal
also causes decreased Ca, Ti, Zn, Ga, Zr in garnet (e.g. Griffin et al. 1992).
Many inclusions also show evidence of metasomatism by a range of fluids. Ta-
ble 2.1 lists the mineralogical and major and trace element characteristics used
to classify different metasomatic fluids/agents. Some workers believe that these
different fluid signatures reflect multi-stage metasomatism by different agents
(e.g. Nielson & Wilshire 1993). Navon & Stoppler (1987) suggested that re-
actions between percolating metasomatic fluids/melts and their host rocks may
be modelled by chromatographic processes. During infiltration, the melt/fluid
tends towards equilibrium with the matrix: compatible and moderately com-
patible elements are buffered by the wall rock, whereas incompatible elements
do not equilibrate so readily and travel further into the wall rock. This causes
fractionation and progressive geochemical evolution of the infiltrating fluid/melt
to produce silicate, hydrous and carbonate derivatives. Therefore, with reactive
chromatographic fractionation, there is no need for genetically distinct melts. As
this melt continues to infiltrate the porous mantle, it leaves an imprint of this
fractionation in the form of wall rock zonation. Bodinier et al. (2004) applied
the quantitative chromatographic model of Vasseur et al. (1991) to the trace
element and Nd isotopic composition of a veined pyroxenite dyke from Lherz,
France, and conclude that water-rich and carbonate rich melts were both derived
by crystal segregation in the magma conduit and wall rock reactions of the same
parental fluid. Initial crystallisation of pyroxene and garnet in the dyke drove the
fluid to more HyO-rich compositions, this fluid then infiltrated the wall rock in
anastamosing veins and intergranular percolation; amphibole and clinopyroxene
crystallisation in the wall rock resulted in the evolution of a P, LREE and Th-U
enriched carbonate melt, which migrates further into the wall rock and deposited
apatite (Bodinier et al., 2004).

It is often difficult to identify a specific depletion and /or metasomatic event(s)
as the combined effects are superimposed. As a result of this complex history,

mantle silicate populations commonly show compositional heterogeneity over a
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range of scales (Sobolev & Efimova, 1998): Firstly, inclusions in diamonds often
do not correspond to their equivalent minerals in the host xenolith (e.g. Ireland
et al. 1994; Taylor et al. 2000), typically inclusions are more fertile! than their
host (Taylor et al., 2000). Secondly, inclusion compositions vary may between
diamonds from a within a single xenolith (e.g. Taylor et al. 1996a). Finally,
inclusion compositions may vary within a single zoned diamond (e.g. Griffin
et al. 1988; Sobolev et al. 1997). The most compelling example of intra-diamond
compositional variability is the occurrence of diamonds containing inclusions of
mixed paragenesis (e.g. Prinz et al. 1975; Wang 1998).

Sulphide inclusions also occur in diamond. Sulphide inclusions are more com-
mon in diamond than in peridotite and eclogite xenoliths (Gurney, 1989). The
Ni concentration of sulphide may be related to the paragenesis of the host mantle;
sulphides with higher Ni contents are thought to be peridotitic, while lower Ni-
concentrations are associated with the eclogite paragenesis. African peridotitic
sulphides are defined as having >8 % Ni (Deines & Harris, 1995), while Bu-
lanova et al. (1996) defined Siberian peridotitic sulphides as having >12 % Ni,
while acknowledging that the boundary is probably transitional.

Most diamond inclusions originate from the diamond window between the
graphite-diamond phase boundary and the base of the lithosphere (140 to 200
km), however inclusions in some diamonds suggest that they were formed at pres-
sures equivalent to the transition zone and lower mantle (> 600 km) (Stachel,
2001). To date, most of these 'superdeep’ diamonds are of the eclogitic paragen-
esis (Stachel, 2001). Majoritic garnet is the only reliable indicator of derivation
from the transition zone and asthenosphere. E-type majoritic garnet differs from
lithospheric E-type garnet in terms of its elevated Si content and a bias to higher
Na and Ti and lower Fe contents. Rare peridotitic majorite inclusions have very
high Cr relative to peridotitic garnet inclusions (Stachel et al., 2005). Addi-
tional inclusions that may indicate a sub-lithospheric origin for diamond, include
ferropericlase, stishovite and CaSi and MgSi perovskite (Stachel, 2001), while
tetragonal-almandine-pyrope phase (TAPP) is Ca-free garnet which may be a
retrograde high-pressure phase (Stachel et al., 2005).

1Pyroxene-rich, capable of producing basalt melt e.g. partial melting of lherzolite to form
a basalt melt and a harzburgite residue.
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2.2.3.2 Diamond Age Determination

The purity of diamond makes it difficult to obtain age data directly. Traditionally,
age information has been derived from isochrons based on the nitrogen concen-
tration and aggregation states (Taylor et al., 1996a; Taylor, 1990), but there
are large errors associated with this method because aggregation is also effected
by temperature. Recently, Koga et al. (2003) used the spatial distribution of
carbon and nitrogen isotopes in diamonds to provide information on mantle resi-
dence time. This thermochronometer is based on the large difference in diffusive
relaxation times between carbon and nitrogen isotopes and is also temperature
dependent.

Diamond ages may be determined indirectly by geochronology of silicate in-
clusions, using the U-Pb, Rb-Sr and Sm-Nd isotope systems for silicates. This
method assumes that the inclusions are syngenetic (see section 2.2.3.1). If the
inclusions are, protogenetic, then the determined ages date the formation of the
inclusions and place an upper limit on the age of the host diamond. Furthermore,
if the inclusions are syngenetic then the isotopic signatures may have been mod-
ified by metasomatism prior to encapsulation in diamond. This summary will
focus on data from the Kaapvaal craton. Nd model ages of 3300 Ma were deter-
mined for batches of harzburgitic garnets in diamonds from Finsch and Kimberly,
and of 1930 Ma for batches of lherzolitic garnet and clinopyroxene inclusions in
.diamonds from Premier (Richardson et al., 1993). Ages determined from bulk
sampling of inclusions from multiple samples may be giving an average age with
an unknown range. Two sulphide inclusions in a peridotitic diamond from Koffie-
fontein define an Re-Os isochron giving an age of 69 +£30 Ma (Pearson et al.,
1998).

Eclogitic garnet and clinopyroxene inclusions from multiple diamonds give
Sm-Nd isochron ages that range from 1580 Ma (Finsch; Richardson et al. 1990),
through 1150 Ma (Premier; Richardson 1986) to 990 Ma (Orapa; Richardson
et al. 1990). Five individual garnet inclusions in a single large eclogitic diamond
from Finsch also indicate that diamond growth occurred over a protracted period
from 2408 to 1443 Ma (Smith et al., 1991). Sulphides in Koffiefontein eclogitic di-
amonds give an Re-Os isochron age of 1050 Ma (Pearson et al., 1998). Therefore,
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eclogitic diamond growth appears to have been episodic during the Proterozoic,
possibly reflecting tectonic and/or thermal events in the craton. This is sup-
ported by the complex internal stratigraphy of many diamonds, which represents
multiple growth event separated by growth hiatuses and periods of dissolution.
However, there is a question as to how representative these ages are of the overall
diamond population.

Diamonds may also be dated indirectly by geochronology of sulphide inclu-
sions, using the Re-Os system. In this case the central assumption is not that the
inclusions are syngenetic, but that the isotope system was reset during the dia-
mond growth event. Encapsulation then isolates the inclusion and the radioactive
clock is started. Fortunately, the blocking temperatures of most isotope systems
are well below the diamond growth temperatures. Furthermore, the abundance
of fluid during diamond growth should enhance diffusion and allow isotope sys-
tems to be reset. In the case of sulphides, the compositions of sulphide inclusions
suggest that few were ever in equilibrium with mantle olivine, and more likely
formed from a fluid phase associated with diamond growth (Deines & Harris,
1995). However, some peridotitic inclusions may not be completely reset. Low Sr
and Nd contents in peridotitic garnets make them susceptible to isotopic distur-
bance during metasomatic enrichment, leading to extreme isotopic compositions
that are not necessarily overwritten during the diamond growth event. This is
reflected in a discrepancy between ages determined from Rb-Sr and Sm-Nd sys-
‘tems in Mir and Udachnaya xenocysts (Pearson et al., 1995). The discrepancy
between the silicate and sulphide ages for diamonds from the Kaapvaal craton
may reflect the genuine range of peridotitic diamond ages; alternatively Archean
ages may be artifacts of low Nd signatures of peridotitic garnets or inherited an-
cient isotopic signatures that were not reset during diamond growth (Pearson
et al., 1998).

2.2.3.3 Fluid Inclusions

Fluid inclusions are tiny pockets of liquid and/or vapor trapped in minerals. Fluid
inclusions are necessarily syngenetic, as they are isolated from the bulk fluid by
the process of entrapment. Fluid inclusions in diamond are the deepest samples
of upper mantle available. Fluid inclusions in diamonds indicate that a variety
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of fluids may be present during gem diamond growth. Melton et al. (1972)
used mass spectroscopy to detect CO2, H,O, CHy, Ar, N, and possibly H, and
CO in gases released from diamond by crushing. Subsequent spectroscopic work
confirmed the presence of CO, (Chinn et al., 1995; Schrauder & Navon, 1993),
N; and CH4 (Tomilenko et al., 2001). In addition, nitrogen and hydrocarbons
have been recorded from annealed cracks in diamonds form Yakutia (Tomilenko
et al., 1997). Finally, Fesq et al. (1975) and Bibby (1982) used instrumental
neutron activation analysis (INAA) to measure the trace element composition of
octahedral diamond, concluding that diamond contained trapped melt inclusions.

The compositions of fluids in fibrous diamond coats are reviewed in section 1.2.1.

2.3 Physical Properties

2.3.1 Diamond Morphology

Diamonds from different regions show distinctive morphological characteristics.
The external morphology of a diamond is the combined effect of the primary
morphology acquired during crystallization and the effect of secondary processes.
This observation has led to a number of classification schemes (e.g. Orlov 1977
defined five morphological classes and ten varieties of Russian diamonds, variety
IV is coated diamonds). ’

2.3.1.1 Primary Morphology

Three basic growth modes are recognized for diamond, from cube {100} through
cubo-octahedra to octahedra {111}. Natural diamonds recovered from peridotite
and eclogite xenoliths are octahedral (either single crystals, macles and aggre-
gates) indicating that this is primary grpwth habit in the mantle. Cube faces are
rare, although cuboid diamonds (rounded polycrystalline diamond masses with
an external cubic shape but without distinct cubic 100 growth zones) are com-
mon in some deposits. In contrast, the most common morphology for synthetic
diamonds is the cubo-octahedron, and cube faces are ubiquitous in synthetics.
Diamond growth morphology is controlled by the slowest growth face, which is
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Figure 2.3: Pressure-temperature diagram for diamond growth using metal
solvent-catalysts showing regions of characteristic morphology. High order faces
are grown near the diamond-graphite equilibrium boundary. Modified after
Clausing (1997).

dependent on the pressure-temperature conditions during growth (Fig 2.3) (Gia-

rdini & Tydings, 1962). At high temperature, the crystal is bound by eight {111}
‘planes, leading to an octahedral morphology, at lower temperatures cube faces
"are dominant (Giardini & Tydings, 1962).

Sunagawa (1990) devised a morphological classification system to describe the
importance of carbon saturation during diamond growth (Fig. 2.4). Under con-
ditions of low-carbon saturation, single diamond crystals form by spiral growth,
which adds layers parallel to a smooth crystal-fluid interface. This is known as
layer-by-layer growth and produces crystals with flat faces and a regular atomic
structure with few dislocations. Under conditions of fluid and carbon supersat-
uration, an adhesive-type growth occurs and there is an increase in the rate of
diamond nucleation and precipitation. This leads to irregular atomic arrange-
ment of carbons in the diamond lattice, a rough crystal-fluid interface and the
formation of micro- and poly-crystalline diamond aggregates such as diamond
coat, cuboid, ballas, bort and hailstone bort. The preferential orientation of
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Figure 2.4: The morphological variation of single and polycrystalline diamonds
related to the driving force conditions (fluid and carbon supersaturation), un-
der higher driving force conditions polycrystalline like fibrous diamond appear,
whereas under lower driving force conditions, single crystalline octahedral dia-
monds are formed (Sunagawa, 1990).

‘nuclei leads to inter-penetrating or contact twinning in diamond.

2.3.1.2 Secondary Morphologies

Deformation, resorption and etching/dissolution modify the primary growth mor-
phology. Deformation leads to slip along glide planes parallel to the octahe-
dral cleavage, leading to the development of parallel lamination lines (Taylor &
Anand, 2004). High-nitrogen diamonds are more resistant to deformation and so
are more likely to experience brittle fracture (Mendelssohn & Milledge, 1995b).
Such features imply that the diamond once resided in a solid medium.
Resorption and etching occur when diamond is taken outside its thermody-
namic or chemical stability field. Diamonds with fractures and cracks an those

which contain defects (e.g. platelets) are particularly susceptible to chemical at-
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tack (Mendelssohn & Milledge, 1995b). Resorption textures are related to the
primary morphology; facets are often domed and edges are rounded leading to the
formation of dodecahedral and tetrahexahedral external morphologies (Robin-
son et al., 1989). Resorption is recognised by the truncation of growth layers
in the cathodoluminescence (CL) image. Etching, probably during transport in
the kimberlite melt or during metasomatism involving COs; and H2O fluids in
the mantle, leads to the development of positive (pits edge parallel to face) or
negative (pits reoriented by 180° to face) triangular (trigons) and square etch pits
(Clausing, 1997; Robinson et al., 1989). Experimental replication of etching in
KNOj; generated positive etch pits at temperatures below ~1000°C and negative
etch pits at higher temperatures (Evans & Sauter, 1961). As etching proceeds,
the edges of the pits become curved. Once etching has proceeded far enough to
produce an appreciable change in the overall shape of the diamond, the process is
termed dissolution. Dissolution creates rounded docecahedal morphologies, the
proportion of dodecahedral crystals increases as the diamond size decreases be-
cause of the higher surface:volume ration of smaller crystals (e.g. Harris 1979).
Dissolution, graphitisation and oxidation, lead to truncated growth features and
may eventually destroy the diamond (Orlov, 1977; Robinson et al., 1989).

2.3.2 Fibrous Diamond

.The focus of this research is the fibrous coat of coated diamond, a form of dia-
mond aggregate. Fibres run in octahedral directions from a mutual centre (Lang,
1974; Moore & Lang, 1972), choosing between them in a random walk of branched
growth - (Machado, 1985). Fibres are approximately parallel, only deviating by
~ 0.43° about the fibre axis (Kamiya & Lang, 1965). Fibres have curved {100}
faces terminated either by zig-zag rows parallel to (110), leading to the formation
of dodecahedral and cubic facets (Kamiya & Lang, 1965) or by flat {111} faces
similar to mixed habit diamonds (cuboid+octahedral) (Shimobayashi & Kita-
mura, 2001). Sectors between these principal directions are filled by branched
fibrous growth in four directions. In the {110} and {100} corner sectors, fibres
are not perpendicular to the face, they appear to have grown in the (111) direc-
tion (Shimobayashi & Kitamura, 2001). The end result is a cube with rough
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cubic surfaces; fibrous diamonds are cuboid, with each face being an average ori-
entation in the cube direction. In rare samples, fibres propagate radially forming
a sphere (Kamiya & Lang, 1965). Fibrous morphologies reflect high nucleation
rates and rapid crystallization according to the model of Sunagawa (1990), sec-
tion 2.3.1.1. The fibrous structure of the diamond coat is highly dislocation-rich
(Kamiya & Lang, 1965).

2.4 Diamond Stability

Diamonds often have complex layering and internal morphologies (often known
as internal stratigraphy) as a result of changing thermodynamic and chemical
conditions. Growth may be episodic and growth rates variable as a result of
changing pressure-temperature conditions and because of changes in the level of
fluid and carbon saturation. Periods of diamond growth may be interspersed with

periods of resorption and possibly plastic deformation.

2.4.1 Thermodynamic Stability

Carbon has two basic structures: diamond (cubic) and graphite (planar layers of
hexagonally arranged carbon atoms). The graphite-diamond equilibrium bound-
ary was calculated in 1938 by Rossini & Jessup (1938) and has been revised
several times since. The phase diagram in Fig. 2.5 shows the temperature and
pressure conditions under which diamond is stable in addition to several mantle
geotherms, together these define the diamond window. The phase change between
graphite and diamond requires more than just compression of the graphite lattice;
it involves translation of atomic planes. The strong bonding energy between car-
bon atoms means that the energetic activation barrier for transformation is high
and the conversion is therefore kinetically unfavorable. Hence, diamond will re-
main in a meta-stable state at room temperature and pressure without converting
to graphite.

Related structures of carbon include hexagonal diamond, lonsdaleite (e.g. Me-
teor and Canyon Diabalo craters, U.S.A) and chaoite (e.g. Rise Crater, Ger-
many). These high-pressure allotropes are formed by shock metamorphism of

meteoric graphite, rapid transformation means that the high-pressure forms retain
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Figure 2.5: Phase diagram for elemental carbon showing fields of diamond,
graphite and metallic carbon (to date, metallic carbon has not been found in
nature); a) stable diamond and metastable graphite; b) stable graphite and
metastable diamond (Bundy, 1989). The red dashed lines show shield geother-
mal gradients of 36 to 42 mW /m? between 4 and 8 GPa (calculated after Pollack
& Chapman 1977).

the hexagonal crystal lattice of graphite. Low-pressure carbon allotropes include
fullerene (rings of carbon atoms introduced into a layer of graphite hexagons) and

amorphous carbon.

2.4.2 Chemical Stability

Carbon may exist in the mantle as elemental carbon (diamond or graphite), fluid
(CO,, CO, CHy) or as carbonate, depending on the local oxidation state. The
upper limit of fp, stability of diamond or graphite with respect to a free fluid is
controlled by the DCO/GCO (or CCO) buffer:
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C+ 0= CO, (2.1)
Diamond/graphite + oxygen = carbon-dioxide (DCO/GCO)

Adding H to the system lowers the maximum fp, of diamond stability as CO,-
H,0 fluids are produced. Below DCO/GCO, H,O becomes progressively more
dominant with decreasing fo,, until at =~ 4 log units below DCO/GCO, reduced
species (CH4 and Hy) become dominant (Jakobsson & Oskarsson, 1990; Sokol
et al., 2000; Wood et al., 1990).

At >1.5 GPa and fp, above the DCO/GCO buffer, COy-rich fluids may react
with mantle silicates to produce carbonate (Eggler, 1983). Lots of CO, is needed
to saturate peridotite, therefore free-CQO; should only be present in localised areas
of the mantle e.g. armoured veins where there is a kinetic barrier to further reac-
tion. At fo, below the DCO/GCO buffer, mantle silicates plus diamond (rather
than COg) lie on the other side of the reaction line to carbonate. The carbona-
tion reactions in eclogite (DCDD), lherzolite (EMOD) and harzburgite(EMFDD)
(Eggler, 1983) are are the upper limit fp, of diamond stability in the presence of
C-O-H fluid:

CaMg(COg)2 + 2510, = CaMgS’izos +2C + 20, (2.2)

dol + coe = cpx + dia + volatiles (DCDD)

3M925i206 +2CaC0O3 = 2M925i04 + C’aMgSi;;Oa + 2C + 20, (23)

opx + calcite = olivine + cpx + diamond + volatiles (EMFDD)

opx + magnesite = olivine + diamond + volatiles (EMOD)
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2. PROPERTIES OF DIAMOND 2.4 Diamond Stability

Diamond is present under reducing conditions, while more oxidising condi-
tions stabilise carbonate or CO,. C-bearing fluids may be reduced when they
infiltrate peridotite or eclogite mantle, causing the precipitation of diamond or
graphite, depending on the PT conditions. The relevance of these reactions is
shown by reports of diamonds containing CO, (Chinn et al., 1995; Schrauder
& Navon, 1993; Wang et al., 2005) and carbonate (Izraeli et al., 2001; Navon
et al., 1988; Schrauder & Navon, 1994; Wang et al., 1996, 2005; Zedgenizov et al.,
2004) inclusions. Conversely, diamond may be dissolved when the prevailing ox-
idation state is increased, leading to the development of surface dissolution pits
and structures e.g. during diamond transport in kimberlite melt.
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Chapter 3

Vibrational Spectroscopy

3.1 Introduction

Vibrational spectroscopy is one of three methods used to characterise the chemical
compositions of inclusions in the Panda and Mbuji Mayi diamond coats. The
aims of the spectroscopy study are: 1) to characterise and compare included
impurity characteristics of fibrous diamonds from Panda (Slave Craton, Canada)
and Mbuji Mayi (Kasai-Congo Craton, Democratic Republic of Congo); and 2)
to investigate the structure of the trapped fluid at the PT conditions of diamond
growth.

3.1.1 Principles of Vibrational Spectroscopy

Vibrational bands are produced by bonding properties of functional groups (e.g.
CO0Z, OH, Si0g, SiOy4, SiOs) and can therefore be used to determine their presence.
Intrinsic diamond lattice absorption in infrared occurs in the region 2700 - 1500
cm~! and is due to two and three phonon transitions (Collins & Fan, 1954), any
additional absorption peaks are due to impurities. IaA lattice nitrogen gives peaks
at 1282, 1220 and 480 cm™!. Vibrational spectroscopy has several advantages over
atomic and isotopic identification methods such as EMPA and LA-ICP-MS:

1. Minerals and volatiles can be identified.

2. The position and shape of functional group absorption bands allows struc-

tures to be resolved e.g. polymorph identification and recognition of amor-
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3. VIBRATIONAL SPECTROSCOPY 3.1 Introduction

phous phases. Using infrared spectroscopy, Zedgenizov et al. (2003b)
showed that OH in cuboid diamonds may be present as H,O or OH in
minerals or melt. Kagi et al. (2000) investigated the combination OH
stretch plus H,O bend of molecular water at 5180 cm~! and found evidence
for both liquid water and ice VI.

3. Volatile concentrations may be quantified. Navon et al. (1988) and Schrauder
& Navon (1994) have published values of 20 to 500 ppm H,0 and 15 to 900
ppm CO; in carbonate in fibrous diamonds from Botswana; Fibrous cuboid
diamonds from Siberia contain 100-1000 ppm H>O and up to 14000 ppm
CO, (Zedgenizov et al., 2004). CO, ice has been observed in the infrared
spectra of natural octahedral diamonds (Chinn et al., 1995; Schrauder &
Navon, 1993; Wang et al., 2005), but not in fibrous diamonds;

4. Residual internal pressures of inclusions may be determined from the shift
in the position of infrared peaks, due to structural deformation of functional
groups. Diamonds are capable of maintaining high residual internal pres-
sures on their inclusions: Navon (1991) used the pressure induced shift of
quartz to calculate residual pressures of 1.5-2.1 GPa in inclusions in a fibrous
cuboid diamond. This corresponds to a formation pressure of 4-7 GPa at
1000-1300°C. Izraeli et al. (1999) used the pressure induced shift of the 856
cm™! line in the raman spectra of olivine to calculate the internal pressures
of 0.13 to 0.65 GPa for olivine inclusions in non-fibrous Siberian diamond.
Micro-Raman measurements of the vibrational band shifts of coesite inclu-

sions in non-fibrous Venezuelan diamonds give a confining pressure of 3.62
GPa (Sobolev et al., 2000);

5. Infrared spectroscopy can be used to determine the nature and concen-
tration of substitutional impurities in the diamond lattice e.g. N (section
2.2.1.1).

Vibrational spectroscopy a light-mediated spectroscopy technique based on
the interaction between 1) the oscillating electric field associated with electro-
magnetic radiation in the infra-red region (1-1000 pm) and 2) the electric dipole
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3. VIBRATIONAL SPECTROSCOPY 3.1 Introduction

moment of molecules in the subject matter !. During analysis, the frequency
(v) of the source radiation is varied. Photons are absorbed, emitted or scattered
when the frequency of the radiation matches the vibrational frequency of a mole-
cule in the sample i.e. when the energy held by the photon is the same as the
energy gap between two states in the molecule.

The frequency and strength of the vibrational modes are a function of the
force constant (k) of the molecular vibration and the atomic mass (m) of the par-
ticipating atoms. The fundamental vibrational frequencies of volatile and mineral
functional groups observed in fibrous diamonds are shown in figure 3.1. Each
vibration also can occur at multiples of the fundamental frequencies. Overtones
involve multiples of a single fundamental mode, while combinations involve dif-
ferent modes of vibrations e.g. if a molecule has vibration fundamentals v, vs,
v3, then it may have overtones at ~ 2v, and combinations at = v;+v,. Each
higher overtone or combination is typically 30 to 100 times weaker than the fun-
damental vibrational mode. Infrared spectroscopy measures the frequencies at
which radiation is absorbed to excite the sample molecules. Sample absorbance
is defined as A=-log(I/I,) (where I is the intensity of transmitted light, I, is the
intensity through a the background).

1A dipole occurs when there is a charge difference across a bond, as the bond vibrates
(bends or stretches) the atoms get closer or further apart causing a change in the moment;
symmetrical molecules e.g. Ny are not infrared active, unless they are distorted.
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3. VIBRATIONAL SPECTROSCOPY
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3. VIBRATIONAL SPECTROSCOPY 3.2 Part 1: Impurities

3.2 Part 1: Impurities
3.2.1 Analytical Method

Infrared absorption spectra were collected using a Vector22 Fourier Transform
infrared (ft-ir) spectrometer at University College London. The spectrometer is
equipped with a HeNe laser (633 nm) and a KBr beam splitter. For bulk analyses,
a deuterated triglycine sulfate (DTGS) detector was used and the beam diameter
was =~ 0.6 mm using a 3 mm aperture. Spectra were recorded in transmission with
a resolution of 2 cm™! in the range 4000 to 380 cm~! with one spectrum being the
average obtained from 512 scans. Polished diamond plates 0.5 to 1.3 mm thick
with [100] orientation were mounted onto aluminium discs, which in turn were
mounted on a A524 accessory plate with 5x beam condenser. An Al foil mask
was used to ensure that only the fibrous coat was analysed. For sample traverses,
the spectrometer was equipped with a Bruker IRScope-1 microscope. In samples
with high volatile concentrations and thick coats, infrared spectra were collected
along a traverse from the core-coat boundary to the coat rim. Traverse spectra
were recorded in transmission with a resolution of 2 cm™! in the range 4000 to
670 cm™! with one spectrum being the average obtained from 128 scans. The
spot size was 16 um and spectra were collected at 20 ym increments across the
sample. ’

~ Sample sets MM, CDR and PAN were laser cut and CTPs and CTPb were
sawn to give parallel plates which were polished on both sides. Therefore most
of the spectra have a linear baseline. However, in samples with a high inclusion
content and opaque colour the baseline may not be horizontal and linear. The
effect of IR radiation scattering was corrected manually, by baseline corrected at
4000, 2650, 1550 and 650 cm~! (Fig 3.2).

The infrared spectra are the result of absorption along the path length of
the IR beam through the sample, which depends on the sample thickness. The
baseline-corrected spectra are normalised to a constant path length of 1 mm by
setting the absorbance at 1992 cm™! to 1.23. Absorption information was ex-
tracted from the sample spectra using the Opus macros UCPKMAIN.Mac and
UCTRACE2.Mac (Mendelssohn & Milledge, 1995b) and then the IaA (and IaB

in the diamond cores) spectral components and nitrogen concentration (in ppm)
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