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Abstract

Abstract

This thesis has investigated the geological origin of diamonds from the Ural Mountains. A
set of inclusion-bearing diamonds from alluvial deposits in the western part of the Urals
was characterised on the basis of their morphological features, nitrogen contents and
nitrogen aggregation states, carbon and nitrogen stable isotopes, mineral inclusion

geochemistry and radiometric isotopic ages of the inclusions.

The vast majority of the studied diamonds are rounded dodecahedra, which indicates that
the diamond population has experienced major resorption after crystallisation. The
majority of the diamonds are affected by radiation damage and display evidence of
transportation. Non-abraded diamonds exhibit similar surface features to those abraded, so
they are probably of similar origin. The studied inclusion-bearing set of diamonds shares
some characteristics with the overall, mostly inclusion-free, diamond population from the
Ural Mountains. This similarity in physical characteristics strongly suggests that the Ural

diamonds are all part of a single population.

A Fourier Transform Infra-Red (FTIR) spectroscopy study allowed both the concentration
of nitrogen and the aggregation states of this element to be quantified. Diamonds from
other known primary deposits in the East European Craton (EEC) have FTIR signatures
that do not match that of the studied population. Nitrogen thermometry results suggest that
the Ural diamonds probably crystallised under similar pressure-temperature conditions. If a
similar overall regime of formation for the Urals alluvial diamonds is considered, then a
single primary diamond source or a spatial proximity between primary contributory

sources seems likely.

The variations in 8'°N — §°C measured in the Ural diamonds of the peridotitic and
eclogitic paragenesis suggest derivation from a similar, initially homogenous, mantle
carbon source which has been subjected to metasomatic-induced isotopic fractionation.
However, for some §'°N-enriched — §"°C-depleted eclogitic diamonds, the possibility of

crystallisation from subduction-related metasomatic fluids/melts cannot be excluded.
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Abstract

Based on the chemical composition of syngenetic mineral inclusions recovered from the
Ural diamonds, the eclogitic paragenesis (60%) dominates over the peridotitic (26%), with
a minor websteritic assemblage also present (2%). The remaining 12% are diamonds with
sulphide inclusions of unknown paragenesis. The chemistry of the mineral inclusions
almost completely overlaps that of previous electron microprobe studies of inclusions in
diamonds from worldwide localities. Geothermobarometric calculations show an overall
agreement between the equilibration conditions of the three inclusion parageneses. The
Ural diamonds crystallised at temperatures of 1050-1300°C, at minimum depths of about
165 km, within a diamondiferous lithosphere extending to at least 230 km at the time of

diamond formation.

The Re-Os isotope genesis age data for syngenetic sulphide inclusions and the **Ar/*’Ar
laser probe eruption ages of syngenetic clinopyroxene inclusions were determined. Six
eclogitic sulphide inclusions, two of which coexist in the same diamond, gave an isochron
age of 1280 + 310 Ma which may be associated with rift-related magmatism that affected
the EEC at ca. 1.3 Ga. The determined genesis age is also similar to genesis ages reported
for eclogitic diamonds from a number of mines in southern Africa, and this is probably
indicative of a global diamond formation event at that time. Five eclogitic clinopyroxenes
recovered from four diamonds yielded similar *°Ar/*’Ar ages averaging 472 + 28 Ma,
which likely approximate the time of source kimberlite/lamproite eruption. This age
indicates that the Ural diamonds are not derived either from the diamond-bearing
kimberlites of the Siberian craton, nor from presently known Russian and Finnish

kimberlite provinces on the EEC.

An integrated model for the genesis, eruption and accumulation of the Ural diamonds in
the context of the evolution of the EEC is proposed. The Urals placer deposits are mainly
confined to 407-397 Ma sedimentary rocks along the western side of these mountains, with
diamond size distribution indicating sediment transportation at that time generally from the
north-west. The diamondiferous sedimentary accumulation in the Urals is envisaged as
being analogous to that presently found along the Namaqualand / Namibian coastal belt in
the western margin of southern Africa. During the construction of the Ural Mountains, the
diamondiferous sediments became part of the western accretion zone when the EEC united
with the Kazakhstan and Siberia plates during late Devonian through to late Triassic times.
The evidence presented in this thesis suggests the existence of an undiscovered
kimberlite/lamproite primary source, probably on the Volgo-Uralia crustal segment of the

EEC, which gave rise to the Urals diamond deposits.
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1. Introduction

1. Introduction

The root word of diamond comes from two Greek words: “diaphanes” and “adamas”. The
former means “transparent” and the latter “unconquerable”, two characteristics of
diamonds that are evident in their clarity, brightness, and hardness. The ancient Greeks and
Romans believed diamonds were tears of the gods and splinters from falling stars. The
Hindus believed diamonds were formed by lightning striking rock and attributed them such
power they were placed in the eyes of statues (Dickinson, 2001). To the ancients,
diamonds were magical, mystical talismans that could bring luck, wealth and success or
bestow power, fearlessness and even invincibility. Kings would have large amounts of
diamonds set into their breast plates as they marched into battle as protection against
arrows and as ornaments. In the Middle Ages, diamonds were used to ward off the effects

of poison, illness, and magic spells.

Romance has always been attached to the diamond as the Greeks believed that the dazzle
of the diamond reflected the constant dazzling affect of love. However, the diamond
engagement ring is a relatively recent tradition started by Austria's Archduke Maximillian,
who presented one to his fiancée, Mary of Burgundy, in 1477. He placed the ring on the
third finger of her left hand, based on an ancient Egyptian belief that this finger contained a
“love vein” running directly to the heart (Hershey, 1940). Ever since, couples around the

world have pledged their love and devotion with a diamond.

Diamonds are believed to have been found in alluvial deposits in India between 800 and
600 B.C.. Although diamonds discovered in Borneo around 700 A.D. were an important
source for Southeast Asia, for about two thousand years India monopolized world
production as it was the only source of diamonds known to Europeans until the 18"
century. The diamonds from India travelled two routes, both through the Mediterranean
Sea. The southern route was through Egypt, Ethiopia and Aden (present-day Yemen), and

the northern route was crossed Turkey, Arabia, Armenia and Persia (Bruton, 1977).
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In 1498 the Portuguese navigator Vasco da Gama discovered a direct sea route from
Europe to India via the Cape of Good Hope. As a result, a world centre for diamond trade
was established in Antwerp because this city’s sea port was well situated to receive the
vast supplies of rough stones that the Portuguese were sending from Lisbon, as well as the
diamond merchants and traders from Venice (Smith, 1912). During the late 17" century,
England's interests became stronger towards India and London emerged as a centre for

cutting and also became the primary market place of the world for rough diamonds.

In 1725, alluvial diamond discoveries were made in Brazil which turned that country into a
major player in the diamond market. At first, exploration was open to anyone who had
enough slaves to work a piece of land and paid a tax to the Portuguese crown, which
controlled Brazil. In view of the number of diamonds recovered in Brazil, in 1771 the
Portuguese crown decided to monopolize both the exploration and exploitation of

diamonds by creating a state company, the Diamond Royal Extraction (Hershey, 1940).

Brazil and India remained the two major diamond producing countries until the 1870’s,
when diamond production of primary deposits using modern techniques started in South
Africa after the discovery of the diamond fields in Kimberley (Bruton, 1977). Today,
diamonds are found in 26 countries (USGS Minerals Yearbook 2006), including major
sources in Canada, Russia, Australia, Botswana, South Africa, Democratic Republic of
Congo and Angola. Yet, even with contemporary technology, they remain very difficult to
find. Some of the most remote and inhospitable regions on Earth are currently being
searched to uncover new diamonds, including the frozen tundra of Siberia and Canada and

the arid deserts of Botswana and Australia.

1.1 The Ural Mountains

Extending for nearly 2500 km from the islands of Novaya Zemlya in the north to the Aral
Sea in the south, the Uralide orogen of central Russia forms the geographical and
geological divide between Europe and Asia (Berzin et al., 1996; Scarrow et al., 2002b;
Brown et al., 2006a). For more than a century the Urals have been one of the key areas of
geological research in Russia, and have provided much of its mineral and petroleum wealth

for the last 50 years (Brown et al., 2002).

In ancient times, the existence of a large mountain range at the eastern fringe of Europe
was regarded as being more mythical than real. Not until the 10" century AD does the first

mention of the Urals occur, in Arabic sources (Koryakova and Epimakhov, 2007). The
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northernmost areas of the Urals were discovered at the end of the 11™ century, but the
discovery of the entire mountain range only happened in the beginning of the 17" century,
when the Russians recognized the economic potential of the minerals that were found in
the Urals. The first geographic survey of the chain was made in the early 18" century by
the Russian historian and geographer Vasily N. Tatishchev, who undertook the survey for

Peter the Great (Yastrebov, 2008).

According to Kukharenko (1955), the first serious scientific study of the Urals was made in
1770-71. Scholars studying the Urals during the 19" century included several Russian
scientists and prominent foreign scholars such as the German naturalist Alexander von
Humboldt and the English geologist Sir Roderick Murchison, who compiled the first
geologic map of the Urals in 1841. A significant amount of work on the geologic structure
and associated mineral resources of the Urals was produced during the Soviet period, much
of which was not readily available to the global scientific community until the collapse of

the Union of Soviet Socialist Republics (USSR).

Both slopes of the Ural Mountains are extremely rich in mineral resources. On the eastern
slope, metallic ore deposits, notably magnetite, predominate. Among the non-metallic
mineral resources of the eastern slope are asbestos, talc, fireclay, and abrasives. Gems and
semiprecious stones have long been known: they include amethyst, topaz, and emerald
(Kukharenko, 1955). Among the western deposits there are beds of potassium salts on the
upper Kama River and petroleum and natural gas deposits in the Ishimbay and
Krasnokamsk areas. There are also large deposits of bauxite, chromite, gold, and platinum.
Bituminous coal and lignite are mined on both slopes, the largest deposit being the Pechora

bituminous coalfield in the North Urals (Komar and Chikishev, 1968).

Because of its wealth of mineral resources, the leading industries in the Urals are mining,
metallurgy, machine building, and chemicals. The metallurgical plants at Magnitogorsk,
Chelyabinsk, and Nizhny Tagil; chemical plants at Perm, Ufa, and Orenburg; and large-
scale engineering at Yekaterinburg established the Urals as one of the largest industrial

regions of Russia (Kukharenko, 1955; Komar and Chikishev, 1968).
1.1.1 Geological setting and evolution of the Ural Mountains
From North to South, the Urals are geographically divided into five areas (see Figure 1):

Polar (68° N to 65° N), Cis-Polar (65° N to 62° N), Northern (62° N to 60° N), Middle (60°
N to 56° N) and Southern Urals (56° N to 48° N) (Puchkov, 1997; Brown et al., 2006a). In
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addition, the Urals have traditionally been divided into six longitudinal tectonic zones that
extend parallel to the margin of the East European Craton. From west to east, these zones
are the Pre-Uralian foredeep, the West Uralian Zone, the Central Uralian Zone, the
Magnitogorsk-Tagil Zone, the East Uralian Zone and the Trans-Uralian Zone (Puchkov,
1997; Scarrow et al., 2002a; Brown et al., 2006b).

Middle Urals
Southern Urals

Pre-Caspian Basin

l:] Mesozoic and Cenozoic basins
El Timan deformation zone
D East European Craton

. D Magnitogorsk-Tagil Zone
:l Foreland Basin )
Foreland thrust and fold belt: I:] East Uralian Zone
|:| Paleozoic |:| Trans-Uralian Zone

|:|Archean and Proterozoic

Figure 1 — Sketch map showing the different geographic divisions of the Urals (North to
South), and the disposition of the different tectonic zones (West to East). Modified from
Brown et al. (2006b).
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The Pre-Uralian foredeep is a foreland basin filled with Late Carboniferous to Early
Triassic syn-orogenic sedimentary rocks that were derived from the growing Uralide
orogen to the east (Scarrow et al., 2002a). The West and Central Uralian zones make up
the foreland thrust and fold belt of the orogen and include deformed sedimentary rocks of
the foreland basin, Paleozoic platform margin and continental slope rocks, and Archean,
Mesoproterozoic and Neoproterozoic rocks of the East European Craton (part of Baltica)
(Brown et al., 1997; Brown et al., 2006a). In the Southern Urals, the foreland thrust and
fold belt is overlain by an accretionary complex, related to the Middle through Late
Devonian collision of the Magnitogorsk island arc with the East European Craton (Brown
and Spadea, 1999), while in the Middle Urals the foreland thrust and fold belt is a narrow,
N-S trending, west-verging basement thrust stack measuring ~50 to 75 km in width
(Brown et al., 2002). The Magnitogorsk-Tagil Zone is composed of Silurian to Devonian
intra-oceanic island arc volcanic rocks and overlying volcaniclastic sedimentary rocks of

the Tagil and Magnitogorsk island arcs (Herrington et al., 2002).

The Magnitogorsk-Tagil Zone is separated from the first three zones (which belong to the
East European Craton) by the Main Uralian fault, the principal suture zone of the Uralide
orogen (Berzin et al., 1996). This is a ~10 km wide, east-dipping mélange containing
material that was tectonically eroded from the volcanic arc, and, according to seismic data,
extends to a depth of ~25 km (Echtler et al., 1996). The East Uralian Zone contains
deformed and metamorphosed volcanic island arc fragments and Precambrian and
Paleozoic continental-type crust (Puchkov, 1997). This zone was intruded by numerous
granitoid batholiths and subordinate diorite and gabbro intrusions during the Carboniferous
and the Early Permian, forming the so-called “main granite axis” of the Urals (Bea et al.,
2002). The Trans-Uralian Zone only outcrops in the Southern Urals and is not well known
due to poor exposure. This easternmost part of the Urals is mainly composed of Devonian
and Carboniferous calc-alkaline volcanic and plutonic complexes, with ophiolite material
and high pressure rocks also present (Scarrow et al., 2002a). Rocks that unequivocally

belong to either the Kazakhstan or Siberia plates do not outcrop in the Uralides (Brown et

al., 2006b).

The Uralide orogen developed during the Late Paleozoic as the continental margin of
Baltica began to change from a passive setting to an active one (Puchkov, 2002). From the
Late Devonian and Early Carboniferous its leading edge was subducted eastward (today’s
coordinates) beneath a chain of intra-oceanic island arcs (Magnitogorsk and Tagil) in the
palaco-Uralian ocean (Brown and Spadea, 1999). In the Southern Urals, the collision of

Baltica with the Magnitogorsk island arc occurred during the Middle to Late Devonian and
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resulted in the development and emplacement of an accretionary complex over the
subducting slab (Brown et al., 2006a). By the Early Carboniferous the Magnitogorsk island
arc was sutured to the continental margin of Baltica along the Main Uralian fault zone
(Brown and Spadea, 1999). In the Late Carboniferous, platform sedimentation along with
rift volcanism took place within the accreted Magnitogorsk island arc (Puchkov, 2002).
Due to poor exposure, the evolution of the Uralide orogen farther north is less well
understood. It is generally accepted, however, that the Tagil volcanic arc collided with the

eastward subducting margin of Baltica in the Early Carboniferous.

Meanwhile throughout the orogen, eastward-directed subcontinental subduction of the
Uralian oceanic crust was taking place along the margin of the Kazakhstan plate, forming
Andean-type continental volcanic arcs. In the latest stages of the Carboniferous the Uralian
ocean basin closed and the Kazakhstan plate, followed by the Siberia plate, collided with
Baltica (Scarrow et al., 2002a). This continent-continent collision continued until the Early
Triassic and was accompanied by westward thrusting of the Precambrian basement and late
Paleozoic platform cover of Baltica which resulted in the development of the western

foreland thrust and fold belt and foreland basin of the Urals (Puchkov, 1997).

During the late stages of the collision, extensive wrench or transpressive faulting appears
to have dominated along the central axis of the Urals orogen, fragmenting the Tagil arc and
juxtaposing metamorphic terranes within the East and Trans-Uralian zones (Friberg et al.,
2000). This was accompanied by widespread crustal and mantle melt generation and
granitoid emplacement took place in the interior part of the Uralides (Bea et al., 2002).
Since the Permian-Early Triassic, the Uralide orogen has not been subjected to any major
changes. The Middle Urals are the exception, being affected by deformation in the
Mesozoic and Tertiary that resulted in folding and thrusting of the Early Triassic deposits
in the Tagil zone (Puchkov, 1997). Throughout the Ural Mountains, the East and Trans-
Uralian Zones are widely covered by Mesozoic and Cenozoic sediments (Brown et al.,

2002).

The Ural Mountains form the only topographic expression currently associated with the
Uralide orogen. In the Middle and Southern Urals, the mountains coincide almost
exclusively with the foreland thrust and fold belt, except for the Irendik range in the
Magnitogorsk arc (Seward et al., 2002). Topographically, the Ural Mountains consist of a
series of broad, roughly north-south trending ridges that, in the Middle and especially in
the Southern Urals (where the relief is stronger), run parallel to the Uralide geological

structures (Borisevich, 1992). In the Southern Urals, these north-south trending ridges and
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valleys are crosscut by deeply incised river valleys as the generally north-south flowing
rivers turn abruptly west to cut through the mountains (Seward et al., 2002). The timing of
river downcutting is not well constrained, but several of the largest rivers have associated
raised post-Paleocene river terraces, thus suggesting that surface uplift in the Southern

Urals has occurred since the Paleogene period (Borisevich, 1992).
1.2 The alluvial diamond deposits of the Ural Mountains

The alluvial diamond deposits of the Urals have been known since 1829 and were
described in detail by Kukharenko (1955). Unfortunately, Kukharenko’s excellent book
was not readily available to researchers outside Russia and, as a result, most of the
scientific community from western countries are not familiar with the key historical facts
related to the discovery of diamonds in the Urals. The following is as summary of the

principal historical facts mentioned in Kukharenko (1955).

The search for diamonds in Russia started at the beginning of the 18" century. The Russian
scientist Mikhail Lomonosov predicted that in the Southern Urals many precious materials,
including ores, oil and precious stones would be discovered. The German naturalist and
explorer Alexander von Humboldt noticed similarities between alluvial placer sediments in
Brazil and in the Urals and predicted that the Urals would be an “Eldorado” for diamonds,

gold and all sorts of valuable materials.

Finally, in 1829, Pavel Popov found the first diamond in the Krestovozdvizhenskiy region
(also known as Teplaya Gora). At first he thought the stone was a topaz, but after a more
careful observation the stone was correctly identified as a diamond. The land where this
diamond was found belonged to a wealthy lady named Pole-Butero, who gave the diamond

to Alexander von Humboldt, who later offered it to Empress Maria Aleksandrovna.

Shortly after the discovery of the first diamond in the Urals, the Russian government sent
Professor M. Engelgardt and a group of scientists and workers to study the placer deposits.
In the Krestovozdvizhenskiy region, they found rhombododecahedral diamond crystals and
also graphite, iron sulphides, pyrite, anatase, dolomite, talc, amongst other minerals. For
roughly a century (1829-1928) the Krestovozdvizhenskiy region was the main diamond
producing area in the Urals, with 220 diamonds found. The largest crystal weighed about 3
ct. (590 mg).
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Even though the Russian government gave incentives for diamond findings, the majority of
findings were accidental during washings of raw materials for gold. In 1888, several
French researchers went to the Urals to try to establish a model for the distribution of
diamonds in the Krestovozdvizhenskiy region. Despite their continued efforts, no reliable
methods for finding and recovering diamonds from the placer sediments could be
established. Nevertheless, the drawings and descriptions made at that time by the French
researchers confirm that the majority of the Ural diamonds had a typical rounded
dodecahedral habit. The area subjected to exploration works gradually increased, and
eventually a 87 mg (0.435 ct) stone, similar to the crystals from the Krestovozdvizhenskiy
region, was found in the Southern Urals. Together with diamond, an increasing number of
other minerals such as pink topaz and chrysoberyl were being found in the Urals, and this
abundance of gemstones reinforced the view that the Urals were indeed the “Russian

Brazil”.

In 1922, the Russian geochemist and mineralogist Alexander Fersman found demantoid
garnets in the Nizhne-Tagilsk region, which he believed could be associated with the
mother rock of the diamonds. Fersman, who was the first researcher that searched for the
primary sources of the Ural diamonds, was of the opinion that dolomite and greenstones

could be the possible sources of the diamonds.

In the 1930s the search for primary diamond sources started in the western part of the
Urals, but this instead resulted in the discovery of more diamond placers, which were the
base for the creation of a powerful diamond industry in Russia. According to Kukharenko
(1955), the diamond findings in the 1930s and 1940s in the Urals made Russia the leading
country for research in diamond crystallography. In 1955, there were 97 diamond placers
known in the Urals, 92 of them in the Middle Urals and of these 73 were on the western

slope of the Ural Mountains.

Systematic work began in Middle Urals in 1938 and officially the commercial exploitation
started in 1941. All industrial diamond mines were located on the western slope of the
Middle and North Urals. Kukharenko (1955) grouped the diamond placers into three sub-
meridional fields. The eastern field is the less well known, going from Ilya-Is in the North
to Yekaterinburg in the South. Diamonds were found in platinum rich placer sediments
around river Tura and Nizhne-Tagilsk. The central field follows roughly the 50°E
meridian, alongside the main Uralian depression, from Kosva in the North to
Krestovozdvizhenskiy in the South. The western field goes (north to south) from Kosva to

Srebrianka. The western border of this field is not clear. The most important diamond
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mines in the Urals were located in the central field, along the rivers Vishera and

Chusovaya.

The most important diamond sources of the Urals placers are Devonian rocks of the Takaty
(also known as Takata, Takatinian or Takatinskaya) Formation (Bekker et al., 1970). The
Takaty Formation is of Emsian age (ca. 407-397 Ma; Gradstein et al., 2004) and is exposed
over several hundreds of kilometres along the western slope of the North and Middle Urals
(Konstantinovskii and Prokopchuk, 1978). This Formation is composed of quartz
sandstones and sands with interlayers of weakly cemented conglomerates and gravelstones
in the basal member (Konstantinovskii, 2003). Diamonds are mostly found in the
lowermost conglomerate bed which is a lenticular structure composed of alluvial
sedimentary rocks subjected to partial rewashing within a coastal-marine zone
(Konstantinovskii, 2003). The diamondiferous layers of the Takaty Formation vary in
thickness from about 0.1 to 5 metres (Kukharenko, 1955), its thicker sediments being
confined to ancient erosional downcuttings or karstic sinkholes in the carbonate bedrock

(Konstantinovskii and Prokopchuk, 1978; Konstantinovskii, 2003).

During the Devonian, the diamondiferous sedimentary rocks associated with the Takaty
Formation are believed to have accumulated on and along the eastern margin of the EEC
under coastal-marine conditions (Stepanov and Sychkin, 1996; Posukhova, 2007).
Continuous reworking of the sedimentary rocks of the Takaty Formation liberated and
concentrated diamonds in younger Meso-Cenozoic layers (Ishkov, 1966). Thus the
Devonian rocks of the Takaty Formation can be seen as secondary diamond collectors that
after several cycles of transportation, erosion and re-deposition provided diamonds to
tertiary deposits (Konstantinovskii, 2003; Posukhova, 2007). As a result, the diamonds
from the Urals have been mined mostly from Quaternary alluvial terrace deposits and from
river gravels preserved in Meso-Cenozoic karst depressions (Ishkov, 1966;

Konstantinovskii, 2003).

1.3 The quest for a primary source: previous work on the

provenance of the Ural diamonds

Despite many decades of exploration and mining activities in the Ural Mountains, no
primary diamond sources have yet been found. The problem of the origin of the Urals
diamond placer deposits have been addressed by generations of Russian geologists but, to

this date, the nature and location of the diamond’s native sources remains unknown. The
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first explorers, such as Professor M. Engelgardt in the 1830s, thought that the primary
sources would be the rocks directly underneath the placer deposits (Kukharenko, 1955). As

such rocks were found to be non-diamondiferous, this hypothesis was quickly abandoned.

In the 1920s Alexander Fersman suggested that the Ural diamonds could be related to
intrusions of platinum-rich gabbro-peridotites. This hypothesis was favoured by
Kukharenko (1955), who said that the sources of the Ural diamonds “will be found very
soon”. Kukharenko’s predictions were not correct, as these rock types did not contain
diamonds and mainly occur on the eastern slope of the Ural Mountains and thus were not
linked to the economic diamond-bearing placers that are all located on the opposite slope

of the Urals (Stepanov, 1971).

In the 1970s, the pioneering study of Sobolev et al. (1971) on garnet and pyroxene
inclusions in diamonds from the Urals showed that their chemistry was similar to that of
similar minerals from eclogite xenoliths in diamond-bearing kimberlites. This study first
substantiated a possible kimberlitic origin for the Ural diamonds. The proximity of the
Urals diamondiferous placers to the eastern margin of the East European Craton (EEC),
where kimberlite pipes occur, led to the hypothesis that the primary sources of the Ural
diamonds were kimberlite pipes in the EEC that have been completely eroded or which are
now under a sedimentary cover several kilometres thick (Bekker et al., 1970). This

hypothesis has yet to be verified.

A different hypothesis suggests that the primary sources of the Ural diamonds are
xenotuffisites (a rock of fluid-magmatic origin with variable content of xenogenic
material) of probable ultrabasic or basic composition that have undergone post-magmatic
metasomatic changes (Rybal'chenko et al., 1997). Xenotuffisites have been found on the
western slope of the Ural Mountains in the form of anostomising, sub-vertical veins and
sill-like bodies that have intruded the pre-existing sedimentary layers during the Mesozoic
or Cenozoic (Rybal'chenko et al., 1997). Specialists from De Beers (internal report
KR97/0515) investigated the areas where diamonds were found in xenotuffisites and
observed that in all these areas the xenotuffisites were located near the diamond-bearing
sedimentary rocks of the Takaty Formation. They concluded that the diamonds have not
derived directly from primary, xenotuffisitic intrusions, but are detrital grains that were

mechanically introduced into them from the diamondiferous sedimentary rocks.

Another hypothesis invokes a glacial origin for the origin of the Ural diamond placer

deposits (Garanin et al., 2000). According to these authors, the Ural diamonds derived
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from kimberlite/lamproite sources located to the northwest of the Urals (e.g. in Finland and
the Kola Peninsula) and transported by glaciers over distances of hundreds of kilometres
until they were finally concentrated in numerous placers in the Ural Mountains. Garanin et
al. (2000) argue that the Finland — Kola Peninsula region would have been the centre (or
centres) of a glacier cover situated in Russia during Vendian times, which was later
uplifted and then eroded, and hence only a small number of dykes and roots of kimberlite
pipes are currently present in that region. This hypothesis assumes that the diamonds from
the Urals and those from the kimberlites in Finland and the Kola Peninsula can be linked
on the basis of their similar physical characteristics. As diamonds from those two
hypothetical primary sources are not readily available for academic studies, the validity of

such assumption cannot be verified.

Finally, Anfilogov et al. (2000) proposed that the Ural diamonds have not derived directly
from kimberlites, but instead originated from the buried crusts of weathering (crater facies
kimberlite) that developed on the top in the kimberlite bodies. It is suggested that diamond-
rich clay from the upper part of kimberlites buried under a thick sedimentary cover,
migrated to the overlapping rocks by a process of fluid-tectonic mobilization. The upwards
migration of the clay was triggered by the movement of a low angle thrust that generates
tension cracks in the sediments above the kimberlites (Anfilogov et al., 2000). A major
weakness of this very complicated and convoluted theory is that it implies the existence of
very proximal primary sources, which is not supported by the presence of surface features
in the Ural diamonds which are typical of detrital diamonds that have been subjected to
transportation. Instead, Anfilogov et al. (2000) argue that the abrasion features seen in the
Ural diamonds were produced when the crystals were transported by the clay solution or

suspension.

1.4 Aims of this work

This thesis addresses the fundamental question of the geological origin of diamonds from
the Urals. To answer this question, a detailed study of diamonds from the alluvial deposits
of the Urals and their mineral inclusions was undertaken. The diamonds used in this study
were part of a major purchase by the Diamond Trading Company in London from the then
Russian Government, in late 1994. Previously the diamonds had been stored in the Russian
Treasury and no details on their geographic and geological origin are known, other that
they are from alluvial deposits in the western part of the Ural Mountains. Information on

the mining methods used and the representative nature of the purchased parcel relative to
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the global Urals production was not given. In 1995, Dr. Jeff Harris was given access to
these diamonds and selected a representative set of 217 diamonds containing mineral
inclusions. The study of these inclusion-bearing diamonds from the Urals is documented in

this thesis.

As such a study is destructive, the work concentrated initially on a thorough
characterisation of the diamonds themselves. This aspect evaluated diamond shape, colour,
surface features and degree of breakage and/or abrasion. After a full description of the
diamonds was completed, all samples were photographed for their surface features and

inclusion content (Chapter 2).

Some diamonds were then physically broken to release the inclusions. The diamond
fragments were analysed using Fourier Transform Infra-Red Spectroscopy (FTIR) to
obtain information about the levels and aggregation states of diamonds’ commonest
impurity, nitrogen. Such characteristics can be used as a chemical fingerprint to relate the
Ural deposits to other diamond populations world-wide and, in so doing, obtain
information on their overall regime of formation and mantle residence (Chapter 3). The
diamond fragments were further combusted to determine 5"°C and 5'°N signatures as well
as the total nitrogen content present. This study of carbon and nitrogen isotopes is useful in
defining diamond populations and provides clues to the processes of diamond formation

(Chapter 4).

The work then concentrated on mineral inclusions trapped in the diamond during growth.
The minerals released from the diamond were subjected to Electron MicroProbe Analysis
(EMPA). This analytical procedure provides a very detailed (major and the more common
trace elements) and accurate chemistry of the micron-sized minerals, thereby allowing the
overall environment in which the diamond grew, to be assessed. Exchange equilibria
between co-existing inclusions are used to define the depth and temperature of diamond

formation (Chapter 5).

From a set of sulphide inclusions, Negative Thermal Ionization Mass Spectrometry (N-
TIMS) isotopic work allowed the determination of femtogramme quantities (1*¥10™° g) of
Re and Os on single sulphide inclusions. This technique was used to determine the genesis
age of the diamonds. Additionally, **Ar/*’Ar laser probe analysis was carried out on single

clinopyroxene inclusions to determine the eruption age of the diamonds (Chapter 6).
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The physical characteristics of the diamonds and the mineralogy and geochemistry of their
inclusions, combined with the genesis and eruption ages of the diamonds, enable, for the
first time, the development of an integrated model for the genesis, eruption and
accumulation of the Ural diamonds in the context of the evolution of the East European
Craton. The results of this study ultimately lead to an improved model and greater

understanding of the diamond-forming regions within the Earth’s mantle (Chapter 7).
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2. Physical Characteristics

2.1 Introduction

Early studies on diamond characterisation and classification have shown that diamonds
from different parts of the world have distinct physical characteristics (Wagner, 1914;
Sutton, 1928; Williams, 1932). For example, diamonds from Siberia and Sierra Leone are
predominantly sharp-edged octahedra, opaque-coated diamonds are found in various
sources in the Democratic Republic of Congo and minor true colours are usually specific to
a source (e.g. amber diamonds from Zwartruggens in South Africa and pink diamonds

from Argyle mine in Australia) (see Harris, 1992).

In order to fully differentiate diamond sources, two detailed classification schemes, based
principally on diamond morphology, have been attempted. The classification scheme of
Orlov (1977) was primarily used on Russian diamonds and divided diamond into ten
crystal varieties, five for single crystals and five for polycrystalline aggregates. These were
further characterised on the basis of colour and surface features. The classification of Orlov
(1977) provided much detailed and useful information, but did not take into account such

factors as diamond size and locality.

A second classification scheme, which involved a detailed characterization of diamonds
from South Africa as a function of size and locality, was proposed by Harris et al. (1975).
In this classification, crystal form, crystal angularity and crystal regularity are the main
morphological divisions, with further subdivisions being transparency or opacity, colour,
the number of inclusions, and surface features. The classification scheme of Harris et al.
(1975) established that diamond productions from individual primary sources can be
classified on the basis of their physical characteristics, particularly when crystal form and

colour are plotted against diamond size.
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A wide range of minor surface features are commonly found in diamond and these were
first noticed by Sutton (1928) and Williams (1932). A more detailed study was carried out
by Orlov (1977), who divided Russian diamonds into six groups according to their surface
features. In a subsequent study of diamonds from known kimberlites and alluvial sources
in southern Africa, Robinson (1979) indentified and classified 41 pristine surface features
recognised on common diamond morphologies into a relative chronological sequence. In
alluvial diamonds, pristine surface features are usually still recognisable, and this allows
comparisons with diamonds from likely primary sources to be made. For example, from
similar surface features observations, Robinson (1979) was able to link the Hlane alluvial

diamond field to the Dokolwayo kimberlite in Swaziland.

This chapter presents the results of a study of the physical characteristics of a set of 217
inclusion-bearing diamonds from the alluvial deposits in the western part of the Ural
Mountains. The shape, colour, degree of breakage, surface features and transportation
features have been determined for all diamonds. As the diamonds were selected solely on
the basis of having mineral inclusions suitable for chemical analysis, a bias towards certain

shapes, colours, or other physical characteristics may exist.

To describe the physical features of the diamonds such as crystal shape, colour and degree
of breakage the classification scheme of Harris et al. (1975) was adopted. With respect to
the diamond shapes, diamonds were assigned to the irregular category when they had less
than 50% of a specific shape (e.g. octahedra or dodecahedra), adopting the criteria defined
by Harris et al. (1975). The classification adopted to describe the surface features of the
diamonds is that of Robinson (1979). This classification scheme was preferred relative to
others (e.g. Orlov, 1977), because it is widely used by both the industry and the scientific

community, and because the author was already familiar with that specific terminology.

2.2 Instrumentation and diamond sizes

A Vickers Instruments binocular microscope at the Department of Geographical and Earth
Sciences, University of Glasgow (UK) was used to observe the diamond population.
Photographs were taken with a Nikon DNI100 Digital Net Camera (1280x960 pixel
resolution) attached to a Zeiss Stemi 2000-C microscope. All the photographs were taken
in a dark room, and a set of Olympus TYP FLQ 85E fibre optic lights was used to light the

specimens.
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The sizes of the Ural diamonds were classified according to Diamond Trading Company
(DTC) sieve classes, ranging from - 06 + 05 (1.83mm square mesh) to 6 grainers (5.75mm

square mesh) sieve sizes (Table 1).

The term “grainer” or “gr” derives from a grain of wheat, of which four would roughly
make up a carat. Diamonds are weighed by mass (1 carat equals to 200mg), making it a
useful term for the larger stones sieve classes, e.g. 1/4ct = lgrainer, 1ct = 4grainers, 8-10

grainers make up the 2ct range, etc. (Craig Sievewright, DTC pers. comm.).

DTC Sieve Class Diameter in mm Approximate average weight
(circular apertures)  of aperture (lower screen) in carats per stone
6gr 5.75 1.60
4qr 4.95 1.05
3ar 4.35 0.78
-12 +11 3.45 0.37
-11 +09 2.88 0.21
-09 +07 2.46 0.12
-07 +06 2.16 0.09
-07 +05 1.99 0.07
-06 +05 1.83 0.06

Table 1 — The range of sieve classes used for the Ural diamonds and the corresponding
diameter of aperture and average weight per diamond.

Figure 2 shows the size distribution of the diamond population from the Urals selected for
the present study. The majority of the stones range from approximately 2.5mm to 3.5mm

in average diameter (-09 +07 to -12 +11 classes).

60 -

50 -

40

20 -

10 A

06+05 -07+05 -07+06 -09+07 -11+09 -12+11  3gr 4gr 6gr
DTC sieve sizes

Figure 2 — Size distribution of the 217 inclusion-bearing diamonds from the Urals according
to DTC sieve sizes. For corresponding sizes in mm, see Table 1.
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2.3 Diamond shape

Diamond crystallizes in the cubic system, occurring in nature as discrete crystals with
predominance of the octahedron, cube and rounded dodecahedron forms, and as crypto-
crystalline aggregates such as carbonado, ballas, framesite and boart (Robinson, 1978).
Cleavage occurs readily parallel to the octahedral faces, giving four directions of possible
cleavage. Diamonds commonly have such a brilliant lustre that they lend their name to the

term “adamantine”, usually well visible on planar and cleavage surfaces (Bruton, 1977).

Planar surfaces (when present) of diamond crystals almost always belong to octahedral
faces. Cubic surfaces may be undulatory and are commonly indented while dodecahedral
surfaces are usually curved. The impossibility of describing crystals with curved surfaces
using conventional terminology (which assumes crystals to have planar faces) raised a
problem when the crystallographic classification of diamond was made. Attempts to partly
overcome this problem have resulted in one of the common forms of diamond crystals
being referred to as the “rounded dodecahedron” or the “dodecahedroid” (Moore and Lang,

1974).

Diamond crystals frequently exhibit growth twinning. Many twinned crystals are only
easily identifiable when the diamond is sawn or polished, but visible manifestations of
twinning are commonly encountered in many unpolished crystals (Bruton, 1977). Twinned
crystals are of two types: contact twins (also known as macles) and interpenetrant twins,
the former being usually more abundant than the latter (Robinson, 1979). A diamond with
a contact twin is usually a triangular tabular crystal consisting of two prominent (111)
faces divided by a twin plane parallel to these faces, the seam of the twin plane giving a
herring-bone pattern to the crystal lattice, the side facets being either proud or re-entrant
(Harris et al., 1975). An interpenetrant twin occurs when two crystals appear to have
grown within the same space but with different crystal orientations, one appearing to

penetrate the other (Bruton, 1977).

As mentioned above, diamond frequently occur as crypto-crystalline aggregates. The
small, randomly crystallized, usually yellowish-green or grey to black, masses of diamond,
are known as boart (Bruton, 1977). Diamond material known as ballas or shot boart has a
spherical form, and ranges in colour from milky white to steely grey, without any
crystalline faces or edges and appearing to have no definite lines of cleavage. Both
common boart as well as ballas are extremely hard and, when crushed, highly valuable to

the abrasive industry.
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Carbonado is a black crypto-crystalline variety of diamond, mostly found in Brazil,
composed of a mixture of graphite and diamond in compact fine-grained masses.
Carbonado nodules are often composed of euhedral grains (up to 200 pm) set in
microcrystalline matrix (<0.5 to 20 um) (Heaney et al., 2005). Framesite is a fine-grained
compact form of diamond, commonly found in Southern Africa, which has a bimodal

texture similar to carbonado, but with larger (=200 um) euhedral grains (Bruton, 1977).

Three main crystal shapes have been observed in the Ural diamond single-crystal
population: dodecahedra, octahedra and irregular stones (Table 2, Figure 3). Several
twinned stones have also been identified with their shape confined to the dodecahedra and
irregular crystal forms (Table 2). The diamond crystals were additionally classified as
flattened (oblate) or elongate (prolate), according to the particle dimension classification
scheme of Zingg (1935). Diamonds of cubic habit and polycrystalline grains are not

present in the studied population.

Size (mm) Single-crystals Twinned crystals .\
O D | D-m I-m
5.75 2 4 0 1 0 -
4.95 2 20 0 ] 0 )3
4.35 1 7 0 1 ] 10
3.45 4 29 0 3 0 36
246 0 33 3 5 0 41
2.16 0 8 0 ] 0 o
1.99 0 22 3 4 ; 20
Totals 13 165 7 29 5 | 217 |

Table 2 — Morphological classification of the Ural diamonds as a function of size. Diamond
size categorised according to largest dimension. O = octahedral, D = dodecahedra, | =
irregular shapes, D-m = twinned dodecahedra, I-m = twinned irregulars.

13% 2% 6% O Octahedrons

O Dodecahedrons
o Irregulars

E Twinned
dodecahedrons

E Twinned

76% irregulars

Figure 3 — The relative abundance of the Ural diamonds morphologies.
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2.3.1 Single-crystals

Single-crystals account for 84% (183 stones) of the population (Table 2). Dodecahedral-
shaped diamonds comprising 89% of the single-crystals, octahedra follow with 7% and
irregularly shaped diamonds make up the remainder 4%. Dodecahedral-shaped diamond
crystals do not represent a primary growth form, but are the result of a resorption or
dissolution process operating on octahedra sometime after their formation in the mantle
(e.g. Moore and Lang, 1974; Harris, 1987; 1992; Wilks and Wilks, 1994). Resorption

processes have, therefore, affected the majority of the studied diamond population.

-
-
~3F -

Figure 4 — Left to right: examples of dodecahedral, octahedral and irregularly-shaped single-
crystals from the Ural Mountains, photographed under incident light. Diamond specimens
and scale bars are, from left to right: D15A, D4A and D29B; and 250, 500 and 400um,
respectively.

All specimens have been further sub-divided according to their shape (Figure 4). The
dodecahedra are dominantly flattened (68%), with equant and elongated crystals
comprising, respectively, 18% and 14% of the dodecahedra population. The octahedra
were classified as round-edged or flat-faced, with the former being more abundant than the
latter (67% and 33%, respectively). All irregular single-crystals are flattened with a

remnant shape indicating predominantly towards a dodecahedra form.

2.3.2 Twinned crystals

A total of 34 twinned crystals have been characterised in this study (Table 2). This
accounts for 16% of the total number of stones. Following the same trend as the single-
crystals, the vast majority of the twinned crystals exhibit dodecahedral morphology (85%),

the remaining 15% being macle irregulars (Figure 5). Unlike the single-crystals, however,
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no octahedral-shaped twinned crystals are present in this population. This absence of
octahedral-shaped twins is not surprising, as the resorption processes that affected the
original single-crystal octahedra, also most likely affected any original plane-faced

twinned octahedra, therefore originating twinned crystals of dodecahedral morphology.

About three-quarters (72%) of the total twinned dodecahedra are flattened, with the
remaining 28% of the population being elongate crystals. This contrasts with the twinned
irregular crystals population, where all stones are flattened. This dissimilarity may,
however, be a statistical artefact, as only 5 irregular twinned crystals were present in the

studied population.

Figure 5 — Examples of a dodecahedral (D23A; left) and an irregularly-shaped twinned
crystal (D28; right) from the Ural Mountains. Scale bars are 250um (left) and 200um (right).

2.4 Diamond colours

The three body colours which constitute the Ural diamonds population are the same as
those which typically dominate the diamond production worldwide: colourless, yellow and
brown. In the population studied (Table 3, Figure 6), yellow and colourless are the more
common colours, comprising, respectively, 42% and 36% of the total. Taking into
consideration that 15% of the stones are brown-coloured, 93% of the Ural diamond
population exhibit body colour. The remaining stones (7%) are transparent green-coated

diamonds.
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Colour Single-crystals Twinned crystals Totals
0] D I D-m I-m
Yellow 7 64 5 14 1 91
Colourless 4 64 1 8 1 78
Brown 1 24 1 5 2 33
Tr. green-coat 0 12 0 2 1 15
Totals 13 165 7 29 5 | 217 |

Table 3 — Colour as a function of crystal form. Form symbols same as in Table 2.

7%

42%

O Colourless O Yellow m Brown O Transparent green coated

Figure 6 — The distribution of colours in the Ural diamond population.

2.4.1 Yellow

Yellow (Figure 7) is the most prominent colour in both single (42%) and twinned crystals
(44%). More than half of the octahedra and more than two-thirds of the irregulars are

yellow (58% and 71%, respectively). The proportion of yellow single-crystal dodecahedra
is smaller (39%).

Figure 7 — A yellow diamond (D23A) from the Ural Mountains. Scale bar is 250um.
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The proportions alter in the twinned crystal population, which is composed of 48% of

yellow twinned dodecahedra and only 20% of yellow-coloured twinned irregulars.

2.4.2 Colourless

Colourless stones (Figure 8) represent 38% of the single-crystals and 27% of the twinned
crystals. In the single-crystals, 33% of octahedra and 39% dodecahedra are colourless. By
comparison, only a small proportion (14%) of irregularly shaped single-crystals is

colourless.

Figure 8 — A colourless diamond (D61C) from the Ural Mountains. Scale bar is 250um.

The same trend can be seen in the twinned crystal population, where 28% of the
dodecahedra versus 20% of the irregulars are colourless. The small number of irregular
colourless stones may be a characteristic of the Urals diamond population, or, more likely,
a statistical artefact due to the comparative small number of irregular crystals that were

present in the studied population.

2.4.3 Brown

Brown (Figure 9) is the least common body colour observed. Brown is slightly more
common in the twinned crystals (21%) relative to the single-crystals (14%). Brown
dodecahedral and irregularly shaped single-crystals are present in similar proportions (15%
and 14%, respectively). Only 8% of the octahedra are brown, which is a much lower

proportion than that observed for the other body colours of the Ural specimens.
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In the twinned crystal population, the proportion of irregularly shaped brown stones is
more than double than that of the dodecahedra (40% and 17%, respectively). Brown colour
is known to be correlated to plastic deformation in diamond (Harris, 1992) and all but one
of the Urals brown diamonds exhibit up to three sets of lamination lines (see 2.6.3.4). This
trend is very similar to what has been observed for some diamond mines worldwide (e.g.
Finsch and Argyle, see Harris (1992)) and suggests that the Urals brown stones (and

especially the twinned irregulars) have experienced high levels of plastic deformation.

Figure 9 — A brown diamond (D25) from the Ural Mountains. Scale bar is 400pum.

2.4.4 Transparent green-coated

Transparent green-coated diamonds (Figure 10) constitute about 7% of the single-crystals
and 9% of the twinned stones from the Urals population. Transparent green-coated
irregulars and octahedral single-crystals are absent from the specimens observed in this
study. Single-crystal and twinned crystal dodecahedra show identical proportion (7%) of
transparent green-coated specimens. Twinned irregulars possessing a transparent green
coat are more frequent, 20% of the stones exhibiting this colour. This is likely to be a
statistical artefact given the small number of twinned irregular diamonds studied (see Table

2).

Green colour in diamond is not a true body colour, but a ca. 20 pm transparent coat which
results from radiation damage to the diamond surface by alpha-particles generated by the
decay of uranium or thorium atoms in the kimberlite, the damage occurring after the rock

had solidified (Vance et al., 1973). Diamonds with complete green coats are commonly
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found in the upper oxidized zones of kimberlites/lamproites (see Vance et al., 1973), where
radioactive materials are dissolved in the groundwater. Transparent green-coated diamonds
are also very common in alluvial deposits, due to the presence of radioactive material in
the sedimentary environment (Harris, 1992), but more commonly a localised damage in the
form of spots or small clusters is recognised due to the particulate nature of the radioactive
species (see section 2.7.1). Experiments by Vance et al. (1973) have shown that natural
transparent green-coated diamonds appear to have received an alpha-dose of 5x10" to
1x10' o.cm™, which would require ~10 Ma to produce an homogenous green coat on an

otherwise colourless diamond.

Figure 10 — A transparent green-coated diamond (D18F) from the Ural Mountains. Scale bar
is 400pm.

2.5 Degree of breakage

Forty-nine diamonds (23% of the total population) show some degree of breakage.
Breakage affected a higher proportion of the single-crystals (24%) relative to those that are
twinned (15%).

Breakage surfaces have been divided into two types: old and fresh break (Figure 11). Old
breakage refers to the natural breakage that occurred prior to and during kimberlite
emplacement, i.e. breakage that existed before the diamond was liberated from the
kimberlite. The surfaces of these broken diamonds would then have been subjected to
slight resorption from the molten kimberlite which might etch or mark the broken surfaces

(Robinson, 1979).
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Figure 11 — Left stone (D52A): old breakage surface with signs of etching; Right stone
(D55F): fresh, sub-conchoidal breakage surface. Scale bars are 400pm (left) and 250pum
(right).

When pressure, force or stress is applied to the diamond, the resultant fracture or break will
be characterised by a series of sub-conchoidal steps. This fresh, unetched breakage will
usually run across the grain until a weakness in the stone forces it to split on a natural
cleavage plane. In the broken diamonds examined, the majority (61%) of the breakage
surfaces are fresh, sub-conchoidal fracture surfaces. Fresh breakage may be originated by
natural processes such as during subsequent alluvial transportation, but may also occur
during diamond recovery. When green surface spotting is present in fresh broken surfaces,

the breakage can be inferred to be of a natural origin.

Old breakage Fresh breakage

75 - 95% (slightly broken) 4 12
50 - 75% (broken) 6 6
25 - 50% (mostly broken) 7 9
<25% (extremely broken) 2 3
Totals 19 30

Table 4 — Number of broken diamonds, divided by type of breakage.

The extent to which a diamond has been broken has also been assessed in this study. Four
divisions have been established to classify the degree of breakage according to the
percentage of the whole stone that has not been broken. Thus, 95% stands for a stone
exhibiting breakage surfaces on up to 5% of its whole surface area; a 75% crystal will have
breakage surfaces from 5% to 25% of its entire surface area; from 25% to up to half of the
stone will be broken on a 50% diamond; from 50% to 75% of the original crystal has been

lost on a 25% stone (see Table 4).
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35
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25 O Dodecahedrons
c 2 O Irregulars
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B Twinned
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5 B Twinned irregulars
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Old break Fresh break

Figure 12 — The distribution of diamonds affected by breakage.

Figure 12 shows the prevalence of old and fresh breakage for each of the diamond shapes.
The prevalence of the slightly broken category in diamonds with fresh breakage surfaces is
a characteristic of placer deposits worldwide because cracked diamonds tend to
disintegrate into small fragments during transportation, and thus only the high-quality, less

broken stones are likely to be recovered (Orlov, 1977; Robinson, 1979).

2.6 Surface features

A total of 17 surface features have been recognized, using a conventional binocular
microscope, in the Ural diamond population. The surface features were listed according to
the specific diamond shapes on which they occur. The nomenclature utilised follows the
classification scheme of Robinson (1979), which also describes the formation process of

all surface features in detail (see 2.1).

2.6.1 Octahedral surface features

2.6.1.1 Incomplete octahedral growth

This feature is present on five diamonds. It resembles positive trigons (see 2.6.1.3), but are
much larger (up to 500um) and usually results from preferential nucleation on octahedral
faces creating upraised trigonal structures (Figure 13). Sometimes a false negative trigon

type hollow is found between these structures.
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Figure 13 — Incomplete octahedral growth. Note the false negative trigon type hollows in
between the upraised trigonal structures. Sample D123.

2.6.1.2 Shield-shaped laminae

Shield-shaped laminae consist of superimposed laminae of progressively diminishing areal
extent (Figure 14). Near the edges of octahedral crystal faces, the laminae normally form
terrace-like structures, the size of the steps being about 10 to 50 um. This structure has
been observed on 21 diamonds. Shield-shaped laminae are thought to be associated with
resorption (Robinson, 1979), where the outermost laminae are exposed soonest and
therefore recede furthest, particularly from octahedral corners which are susceptible to
resorption. As shield-shaped laminae develops throughout the diamond surface, this
eventually leads to octahedral crystal edges being replaced by more curved dodecahedral

surfaces.

Figure 14 — Shield-shaped laminae on an octahedral crystal face. Also note the presence of
a green spot on the diamond surface (see 2.7.1). Scale bar is 100pm. Sample D36C.
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2.6.1.3 Negatively-oriented trigonal etch pits (trigons)

Trigonal shaped etch pits with edges aligned parallel to the diamond cleavage directions
are good examples of etch features that are typically present in octahedral-shaped
diamonds (Wilks and Wilks, 1994). These etch pits develop where growth or strain
dislocations, which indicate defects or weakness points of a crystal, tangentially intersect
the crystal face (Lang, 1964). The pits initiate as small pyramidal forms and continued
resorption increases their width and flattens their bases. Large concentrations of small
shallow trigonal etch pits may be derived from etching of near-surface micro-defects such
as shallow dislocations or platelets (Sunagawa, 1984; Mendelssohn and Milledge, 1995a).
Trigonal etch pits can also be found concentrated along weaknesses such as lamination

lines (Jeff Harris, pers. comm.).

Figure 15 — Schematic representation of the “positive” (+) and “negative” (-) orientations of
surface features on octahedral diamond faces. Modified from Robinson (1979).

Figure 16 — Terraced, flat-bottomed negatively-oriented trigonal etch pits (trigons). Sample
D14cC.
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Trigonal etch pits are referred to as being positive if they are aligned in the same
orientation as the octahedral diamond edges and negative if the orientation of the apices of
the etch pits and the octahedron faces differ by 180° (Figure 15). Experiments by Yamaoka
et al. (1980) showed that the orientation of trigons varies as a function of the partial
pressure of oxygen and temperature (800°C to 1400°C). At an oxygen partial pressure of
0.21 atm and a total pressure of 15 kbar, positive etch pits change into negative orientation
for temperatures above 1130°C (Yamaoka et al., 1980). Thus for the geological
temperatures and oxygen partial pressures expected in kimberlite/lamproite, this
experimental result is consistent with the observation that positive trigonal etch pits are
rarer than their negative counterpart in natural diamond (Harris, 1992). Positively-oriented

trigonal etch pits were not found in the studied population.

Commonly referred to as trigons (Frank et al., 1958; Lang, 1964), negatively-oriented
trigonal pits of edge lengths between 50 — 200 um are very common octahedral surface
features, present on 51 stones of the Urals population (Figure 16). In the present study,
trigons occur as point-bottomed, flat-bottomed or terraced structures of 10 — 40 um in

depth, the first two varieties being predominant in the Urals population.

2.6.1.4 Hexagonal etch pits

Hexagonal etch pits of edge lengths between 50 — 300 um were recognised on 28
diamonds (Figure 17). Likely formed at the transitional temperature of positively- to
negatively-oriented trigonal pits, hexagonal pits are flat-bottomed structures which are
relatively larger than trigons and may indicate etching in relatively oxidising environments
which are required to enable the formation of the positively-oriented component of the pits

(Yamaoka et al., 1980).

Figure 17 — Example of a hexagonal etch pit on an octahedral crystal face. Sample D12C.
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2.6.1.5 Hexagonal etch pits containing trigonal etch pits

A total of seventeen diamonds exhibit large, flat-bottomed, hexagonal etch pits (edge
lengths usually larger than 150 pm), containing flat-bottomed trigonal etch pits with edge
lengths between 50 — 100 pum (Figure 18). It is likely that the trigonal pits formed
separately, and subsequently, to the etching event that produced the hexagonal pits
(Robinson, 1979). In the Ural diamond population, the trigonal pits found inside the

hexagonal pits were always of the negatively-oriented type.

Figure 18— Hexagonal etch pits containing flat-bottomed trigonal etch pits. Sample D52A.

2.6.1.6 Serrate laminae

Truncated superimposed laminae of progressively diminishing areal extent with a step size
of about 10 — 50 um occur on 13 stones (Figure 19). These structures are designated serrate
laminae and they are distinct from shield-shaped laminae because they do not normally
form terrace-like structures (see section 2.6.1.2). According to Robinson (1979), serrate
laminae are likened to a coalescence of laterally-expanding, flat-bottomed trigons, mostly

initiated at the edges of successively exposed, octahedral growth layers.
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Figure 19 — Serrate laminae on an octahedral crystal face. Note the irregular edges of each
superimposed laminae. Sample D3B.

2.6.2 Cubic surface features

2.6.2.1 Negatively-oriented tetragonal etch pits (tetragons)

Eleven Ural diamonds contain negatively-oriented tetragonal pits of edge lengths between
50 — 200 pm, which are usually deeper (>100 um in depth) than trigons and of pyramidal
shape (Figure 21). Tetragonal etch pits are etch features which form in the same way as
trigons (see 2.6.1.3), but have a tetragonal shape because they occur on cubic faces. Also,
similarly to trigonal etch pits, tetragonal etch pits can exhibit positive or negative (also
called tetragons) orientations (Figure 20). Compared with trigons, tetragons tend to form
deeper pits because the (100) surface of diamond is softer than the (111) surface (Phaal,
1965).

OO0

Figure 20 — Schematic representation of the “positive” (+) and “negative” (-) orientations of
surface features on cubic diamond faces. Modified from Robinson (1979).
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Figure 21- Point-bottomed, negatively-oriented tetragonal etch pits (tetragons) on a cubic
crystal face. Sample D38.

2.6.3 Dodecahedral surface features

2.6.3.1 Terraces

Terraces are concentric surface features, normally developed about the points where the
three-fold octahedral axes emerge (Figure 22). Because of the high proportion of
dodecahedral diamonds in the studied population, terracing is extremely common, being
observed on 179 stones. The size of each of the steps usually varies between 20 to 50 pum.
The presence of terracing is the result of the resorption process which changes octahedra to
dodecahedra. The terraces represent the now exposed original octahedral growth planes in

the diamond.

Figure 22— Prominent terraces on a dodecahedral crystal face. Sample D2.
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A dodecahedron displaying prominent terraces is likely to have been less resorbed than one
displaying insignificant, or no, terraces (Robinson, 1979). Terracing is very faint in 24 of
the diamonds examined, and so those dodecahedra are likely to have been resorbed to a

very high degree.
2.6.3.2 Elongate hillocks

Occurring on 161 stones, hillocks which are elongated in the direction of the major
rhombic axes are very common features of dodecahedral crystal surfaces. In the current
study, the shape of individual hillocks varies from semi-cylindrical to semi-ellipsoidal
(Figure 24), the latter also referred to as “boat-shaped” (Gill Parker, pers. comm.). The
length of the hillocks is variable, long hillocks (>150um) are present on 46 diamonds.

+O <<>>_

Figure 23 — Schematic representation of the “positive” (+) and “negative” (-) orientations of
surface features on dodecahedral diamond faces. Modified from Robinson (1979).

The two fold symmetry of hillocks relates to the dodecahedral face on which they occur,
with hillocks being referred to as positive or negative according to their orientation on the
diamond crystal surface (see Figure 23). Hillocks develop initially as pyramidal shapes that
can be subsequently affected by resorption, which rounds hillocks to elongate- and drop-

shaped forms (Orlov, 1977).

Figure 24 — A prominent elongate hillock of semi-ellipsoidal shape. Sample D12C.
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2.6.3.3 Pyramidal hillocks

Pyramidal hillocks were observed on 85 diamonds. The hillocks have triangular-pyramidal
form and their edges are conspicuously rounded (Figure 25). They are usually between 50
to 200 um in length and occur isolated or scattered on one or more dodecahedral surfaces
of the diamonds. The processes that lead to the formation of pyramidal hillocks are not
fully understood, with Urusovskaya and Orlov (1964) and Robinson (1979) suggesting a
possible formation at the intersections between three lamination lines which would offer a
relative resistance to resorption. In the present study, lamination lines were observed on 63
of the 85 diamonds that contained pyramidal hillocks and thus an association between

these two surface features cannot be fully confirmed or dismissed.

Figure 25- A pyramidal hillock (indicated by the arrow) on a dodecahedral crystal face.
Sample D14A.

2.6.3.4 Lamination lines

Lamination lines are series of closely spaced lineations, which run partially or wholly
across a diamond surface, parallel to cleavage planes (Figure 26). Frequently, lamination
lines extend across the ridges between adjacent dodecahedral surfaces. This very common
feature is present on 155 diamonds, including 32 of the 33 brown stones. In the present
study, a maximum of three transecting sets of lamination lines have been identified.
Lamination lines most commonly occur as 2 sets (n=88) or 1 set (n=63), 3 sets of lines
were observed only on four stones. Lamination lines are also more commonly observed on

twinned crystals (about 79%) than on the single-crystal population (about 67%).
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A strong indication that a diamond has been plastically deformed, up to four transecting
sets of lamination lines are possible to occur on diamond (Harris, 1992). For unresorbed
diamonds, lines of trigons running across octahedral faces are also indicative of plastic
deformation (see 2.6.1.3). Plastic deformation occurs while the diamonds are resident in
the mantle and may result from stresses associated with the development of

kimberlite/lamproite pipes (Robinson et al., 1989; Harris, 1992).

Figure 26 — Diamond with 2 sets of lamination lines (illustrated in red). Sample D55.

Plastic deformation is correlated with brown colour in diamond (see 2.4.3), this colour
being originally attributed to incipient graphitization on dislocation planes in response to
the deformation (Urusovskaya and Orlov, 1964). If graphitization is indeed present in
brown diamonds, then the plastic deformation process is likely to have occurred when
mantle PT conditions approached those of the diamond-graphite equilibration curve (see
Kennedy and Kennedy, 1976). Experimental results by DeVries (1975) showed that for the
pressures relevant to the diamond stability curve (>40 kbar), the existence of visible slip
planes or deformation lamellae is mostly controlled by temperature, with deformation
taking place as low as 900°C (at 60 kbar), even though resistance to plastic flow increases

dramatically below about 1200°C.

More recently, the origin of the brown colouration of diamond has moved again into the

focus of research after it was shown that high pressure high temperature treatment (HPHT)

F. Laiginhas 35



2. Physical Characteristics

treatment of diamond can lead to a removal of the brown colour and hence generate
colourless, more valuable gems. During HPHT treatment of brown diamond, positron
annihilation measurements indicate that vacancy clusters (several tens of atoms missing) in
the crystal lattice gradually disappear in conjugation with the loss of colouration (Maki et
al., 2007). Although still under discussion, these experiments indicate that the brown
colour is likely to be caused by vacancy-type extended defects in the diamond lattice

(David Fisher, pers. comm.).

2.6.3.5 Zigzag texture

Zigzag texture has been observed on seventeen stones. The zigzag pattern normally
consists of a series of 5 to 10 closely spaced (about 20 um in between) lines, restricted to
small areas of the diamond surface (Figure 27). Through resorption, the zigzag pattern
traces the intersections between two sets of the octahedral layers not generally expressed

on dodecahedral surfaces (Robinson, 1979).

Figure 27 — Zigzag texture on a dodecahedral crystal face. Sample D9.

2.6.3.6 Enhanced crystal edges

Two diamonds exhibit ridge-like dodecahedral crystal edges. This feature is present in both
“A” and “C” edges (see Figure 28), which stand at a higher elevation (about 100 to 300
um) than the crystal faces (Figure 29). In the two diamonds that have enhanced crystal
edges, this surface feature affects the entire diamond surface. Enhanced crystal edges may
be the result of short periods of etching (Robinson, 1979). Nevertheless, it is not

understood why the crystal edges are less etched than the dodecahedral surfaces.
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P “C”

Figure 28 — The location of “A” and “C” crystal edges on a rounded dodecahedron
according to the terminology of Dana (1958). The figure shows a pair of dodecahedral
surfaces joined at a “C” edge.

Figure 29 — A dodecahedral-shaped diamond with enhanced “A” and “C” crystal edges.
Sample D102.

2.6.3.7 Corrosion sculpture

Corrosion sculptures are depressions of irregular outline, usually containing striated
bottoms (Figure 30). Found on 12 Urals stones, the depressions are generally between 50
pm and 150 pum in depth and 50 um and 400 pm in maximum diameter. Coalescence of the
depressions may occur on the diamonds when corrosion sculpture is a common surface
feature. Corrosion sculpture is probably produced by rapid, brief, etching of diamond
(Orlov, 1977). Corrosion sculptures that extend over dodecahedral edges are indicative of

etching that post-dates the resorption of the diamond.
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Figure 30 — Corrosion sculpture on a dodecahedral diamond. Note the striated bottom and
irregular outline of the depression (right picture). Sample D46.

2.6.3.8 Enhanced lustre

Fifty-six crystals of the Ural diamond population exhibit a nearly perfect adamantine
lustre, with a typical “melted” surface when observed under the binocular microscope
(Figure 31). When present, enhanced lustre always occurs throughout the entire diamond
surface. This surface feature post-dates crystal resorption and pre-dates all abrasion
features and thus is likely the result of a chemical polishing process (Orlov, 1977). A
possible etching agent capable of chemically polishing the surface of diamond could be
CO, gas flowing through kimberlite/lamproite at temperatures above 950°C (Robinson,
1981).

Figure 31 — Diamond with enhanced lustre. Note the smoothly-polished surfaces of the
dodecahedral faces and edges. Sample D18.
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2.6.4 Unrestricted surface features

Two distinct surface features that are not restricted to any particular crystal surface of

diamond have been identified in the Ural diamond population.

2.6.4.1 Ruts

Ruts have been identified on 42 diamonds. Typically only one rut, up to 1 mm in length
and 600 pm in width, is present per diamond, but occasionally two or more can occur on
the same stone. The “walls” of the ruts are generally ragged, extending to a depth of about
200 — 600 pum, while the edges are usually rounded (Figure 32). Some ruts develop from
inclusion cavities, others from crystal fractures, and others appear not to be associated with
any other surface feature. Ruts can be straight or sinuous and represent either planar zones

of weakness or fractures widened by resorption or etching.

Figure 32 — Rut with irregular, ragged “walls”, which has developed on a dodecahedral
crystal face. Sample D18.

2.6.4.2 Inclusion cavities

Isolated depressions with octahedral sides are present on 95 diamonds (Figure 33). Such
depressions can be up to 500 um in length and 300 pum in width, and represent hollows
vacated by syngenetic mineral inclusions, which typically have a cubo-octahedral external

shape (see 2.9). The cavities (that may reach a depth of up to 200 pum), are thus sites of pre-
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existing mineral inclusions which were plucked from, or dissolved out of (during the
diamond acidizing process), their hosts. In the current study, inclusion cavities are
common in broken diamonds, where they are present on 51% of the stones. Inclusion
cavities on rounded dodecahedral crystals commonly have sharp edges, indicating that the

mineral inclusions must have departed after crystal resorption.

- 100 um

Figure 33 — Sharp-edged inclusion cavity with a cubo-octahedral external shape, on a
dodecahedral diamond crystal. Sample D57B.

2.7 Radiation damage

2.7.1 Green spots

Green surface spotting is a common feature throughout the Ural diamond population,
affecting more than half of the stones. Green spotting usually occurs as single, isolated,
rounded spots of about 50 um to 20 pm in diameter (Figure 34), though loose clusters of
several green spots are not uncommon. In some specimens, green spots or localised areas
of green colour may also occur within fractures in the stone. The intensity of the colour in
the spots can vary considerably on the same and between different specimens from faint to

intense, but in the majority of the cases faint green spots are predominant.

Green spotting is generated by alpha-particle irradiation of the diamond surface when a
radioactive mineral lies adjacent to it (Vance et al., 1973). The intensity of green is directly
proportional to the level of alpha-particle attack, with dark green spots taking about 10 Ma
to appear (Vance and Milledge, 1972). Both single-crystals and twinned stones are affected
by alpha-particle radiation damage in similar proportions (56%). Nevertheless it should be
noted that green spotting affects about 83% of the octahedra, which represents a higher

incidence than in the other single and twinned crystal forms (between 54% and 60%).
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Figure 34 - Intense green spot near the “A” edge on a dodecahedral crystal face. Sample
D18.

2.7.2 Brown spots

Brown surface spotting is rare in the Ural diamonds, occurring in only 4% of the total
population. The intensity of colour in the brown spots varies from faint to intense, but with
a slight predominance to faint spots. Brown surface spotting occurs in both single-crystals
and twinned stones, but only in the specimens exhibiting well-defined crystal morphology
(i.e. octahedra and dodecahedra), being absent from irregularly shaped stones. It should be
noted that the octahedra show a higher incidence (8%) of brown surface spots than the
other crystal forms, and the single-crystal dodecahedra are less affected by brown spots

than their twinned counterparts (3% and 7%, respectively).

Vance et al. (1973) observed that the green spots converts readily to brown if heated to
temperatures of about 600°C. Based on this observation, brown surface spotting reflects the
heating of pre-existing green spots during a deep seated metamorphic event. However,
more recent evidence (Harris, 1992) suggests that the green to brown change is more likely
to be a kinetic reaction, i.e. one that considers temperature and time and not just
temperature as thought before. Assuming that the green to brown transition is a kinetically
controlled process that takes place over a reasonable geological timescale (~50 to ~150
Ma), then the conversion temperature is not likely to exceed 300°C (Jeff Harris, pers.

comm.).
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Figure 35— Paired green and brown spots (left) and an irregularly-shaped, intense brown
spot (right). Samples D93A (left) and D37 (right).

Except in one dodecahedral single-crystal (Figure 35), the brown spots encountered are
unaccompanied by superimposed or matching green spots, The occurrence of this matched
pair may be explained by alpha-particle radiation hitting the diamond surface at one spot
(generating a couple of green spots which have, with time, changed to brown) and then the
diamond moving slightly, inflecting radiation damage on a new adjacent area of the
diamond surface (forming the couple of “younger” green spots that are visible in Figure

35).
2.8 Transportation features

Evidence of diamond transportation is present on 56% of the total population. Once
diamonds enter an alluvial environment, abrasion and impact during transportation create
an additional suite of surface textures. In the Ural diamond population, three different

types of surface textures relating to transportation have been observed.
2.8.1 Point and edge abrasion

Edge abrasion is manifested in the grinding of crystal points and, eventually, all crystal
edges of the diamond (Figure 36). Seven crystals are ground at the points of emergence of
three-fold axes; 16 crystals are ground along crystal edges; 15 stones are ground at all “A”
dodecahedral edges; and 16 diamonds are ground at all “A” and “C” dodecahedral edges
(see Figure 28).
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Figure 36 — Two examples of point and edge abrasion. Samples D3A (left) and D4B (right).

2.8.2 Network pattern

Rhombic network patterns consist of a crosswork of highly curved, shallow ruts. In all
cases the network patterns define the intersecting traces of octahedral planes. Network
patterns have been found on the dodecahedral surfaces of 25 Ural diamonds. The grooves
tend to be narrow and shallow (<10 pm in width), and their depth tends to be uniform on

any dodecahedral surface (Figure 37).

Figure 37 — Example of a network pattern. Note the strong curvature developed at groove
intersections. Sample D29A.

Network patterns are typically observed in alluvial diamonds and are very rare or absent in

diamonds collected directly from kimberlite/lamproite rocks (Orlov, 1977; Robinson,
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1981). In the Ural samples, network patterns post-date diamond resorption and etching and
occur together with the other abrasion features. Thus they are most likely the result of

mechanical abrasion operating during diamond transportation.

2.8.3 Percussion marks

Percussion marks are shallow, surface cracks of characteristic crescentic outline (Figure
38). At dodecahedral crystal edges, percussion cracks are represented mainly by straight
lines crossing the edges at an angle of 90°. Often percussion marks are associated with
small (ca. 10 um), rough-bottomed, trigonal etch pits. These irregularly shaped pits
resemble very small trigons and are also know as spall scars (Robinson, 1979). Diamond is
the hardest mineral known and therefore is extremely resistant to scratching. However,
diamond is also brittle and its easy cleavage along octahedral planes makes it vulnerable to
breakage from falls or impacts. Experimental data shows that percussion marks in diamond
do not require impact with other diamonds to be formed, as surface cracks are produced by
transfer of kinetic energy when softer materials impact against the diamond surface (see
Wilks and Wilks, 1994). In geological terms, this means that percussion marks are likely to

result from impact with rock pebbles or boulders when diamond is transported in an

alluvial environment.

Figure 38 — Left: crescentic percussion marks. Right: straight percussion mark crossing a
dodecahedral edge. Samples D62A (left) and D45B (right).

In this study, small percussion marks (about 10 to 50 pm) are more abundant than large
(over 100 um) ones, occurring in 83 and 31 diamonds, respectively. Straight small surface
cracks which traverse unabraded dodecahedral edges are not uncommon, occurring on 36

stones.
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2.9 Inclusion abundance and parageneses

An important aspect revealed by geochemical studies of typical mineral assemblages inside
single diamonds, was the recognition of three main inclusion suites: 1) a peridotitic (also
called ultramafic) suite, commonly subdivided into harzburgitic, lherzolitic and wherlitic
parageneses, 2) an eclogitic suite, and, 3) a websteritic suite (e.g. Meyer and Svisero, 1975;
Robinson, 1978; Harte et al., 1980; Meyer, 1987; Harris, 1992). The names attributed to
the first two inclusion suites were chosen because they show a mineralogical similarity
with the two most important xenolith types found in kimberlites and lamproites. The
websteritic suite is not as common as the others and the term “websteritic” is normally
used to describe inclusions which are chemically transitional between the eclogitic and

peridotitic suites.

Generally, the members of these suites are mutually exclusive, i.e. minerals of one suite do
not coexist in the same diamond with minerals of other suite. Nevertheless, some studies
(e.g. Prinz et al., 1975; Hall and Smith, 1985; Griffin et al., 1988; Moore and Gurney,
1989) have found diamonds containing mixed paragenesis inclusions. Diamonds with
peridotitic suite mineral inclusions may coexist, in the same kimberlite, with diamonds
containing mineral inclusions belonging to the eclogitic suite. This discovery (Meyer and
Boyd, 1972) was the first evidence that diamonds could originate in more than one
geochemical environment. Sulphides are the most common mineral inclusions in
diamonds, with Ni-rich and Ni-poor sulphide inclusions being commonly assigned to the
peridotitic or eclogitic paragenesis, respectively, when coexisting silicate or oxide

inclusions of known paragenesis are absent (Bulanova et al., 1996).

With regard to eclogitic suite inclusions, the typical minerals comprise orange pyrope-
almandine garnet, omphacitic clinopyroxene, kyanite, rutile, coesite and sulphides.
Peridotitic suite diamond mineral inclusions mainly consist of olivine, enstatite, purple
chrome-pyrope garnet, chrome-diopside, chromite and sulphides. Websteritic suite mineral

3

inclusions are indentified by their “unusual” chemical composition, and may include
“peridotitic” inclusions with very low Mg# (Gurney et al., 1984), as well as “eclogitic”
inclusions with very high Mg# and Cr# (see Grutter et al., 2004). In this thesis, diamonds

containing inclusions of these parageneses are designated as “E”-, “P”- and “W”-types.

Visual observation of all 217 inclusion-bearing diamonds (Table 5) and subsequent

chemical analysis of 93 stones indicates that 62% are eclogitic, with inclusions of orange
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garnet, pale-green clinopyroxene, colourless coesite, blue kyanite, light brown rutile and

sulphide.
Diamond parageneses n %
E-type 134 62
P-type 34 15
W-type 2 1
Others 47 22
Totals 217 100

Table 5 — Paragenetic classification of the Urals inclusion-bearing diamonds.

Fifteen percent of the diamonds belong to the peridotitic growth environment, containing
inclusions of purple garnet, dark cherry-red chromite and colourless olivine (Table 5). A
small number of diamonds (1% of the total) enclose inclusions which were assigned to the
websteritic paragenesis after chemical analysis. The inclusions are colourless enstatite,

colourless olivine and pale-green clinopyroxene.

Twenty-two percent of the diamonds contain sulphide, graphite and colourless inclusions
which in the absence of coexisting minerals of known paragenesis cannot be assigned to a

specific growth environment. These minerals are categorised as unknown paragenesis.

Irrespective of their paragenesis, the mineral inclusions analysed in this study were
unrelated to cracks in diamond and have cubo-octahedral shapes. Elongate or flattened
shapes, orientated parallel to the octahedral plane of the diamond, also occur. The enclosed
minerals display cubo-octahedral shapes because diamond has a greater form energy
relative to other minerals so it imposes its morphology on the inclusions that are entrapped
during simultaneous growth (Harris, 1992). All inclusions analysed in this study are
regarded as being syngenetic with diamond and thus their composition can be used to

characterize the sources of the Ural diamonds in the Earth’s mantle (see Chapter 5).

Mineral inclusion sizes vary from 50 to 580 um in largest dimension, normally occurring
as only one inclusion per diamond, although clusters of inclusions of one or several distinct
minerals also occur (see below). The location of the inclusions in the diamond was very
variable, and although most were positioned in central zones, the presence of inclusions at

intermediate or near-surface zones was also common.
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2.9.1 Eclogitic inclusions

A total of 134 diamonds containing minerals of the eclogitic paragenesis have been
identified (Table 6). The diamonds contain either inclusions of only one mineral, or

enclose an assemblage of several distinct but separate minerals.

E-type inclusions Single-crystals Twinned crystals Totals
0] D I D-m I-m
Gt 6 52 4 15 4 81
Cpx 2 8 0 4 0 14
Ky 0 2 0 0 0 2
Coe 0 1 0 1 0 2
Cpx + Sul 0 1 0 0 0 1
Gt + Cpx 0 3 0 0 0 3
Gt + Col 1 0 0 0 0 1
Gt + Sul 1 21 1 1 0 24
Gt + Coe + Sul 0 2 0 0 0 2
Gt + Ru + Sul 0 1 0 0 0 1
Gt + Cpx + Sul 0 1 0 1 0 2
Gt + Cpx + Coe + Sul 0 0 0 1 0 1
Totals 11 92 5 23 3 134

Table 6 — Variation in abundance of E-type inclusions as a function of crystal form. Gt =
garnet, Cpx = clinopyroxene, Ky = kyanite, Coe = coesite, Col = colourless, Ru = rutile, Sul =
sulphide. Key to form symbols: O = octahedral, D = dodecahedra, | = irregular shapes, D-m =
twinned dodecahedra, I-m = twinned irregulars.

Of the latter, eight distinct mineral assemblages have been observed: clinopyroxene +
sulphide; garnet + clinopyroxene; garnet + colourless; garnet + sulphide; garnet + coesite +
sulphide; garnet + clinopyroxene + sulphide; garnet + rutile + sulphide; garnet +

clinopyroxene + coesite + sulphide (see Table 6).

400 pm

Figure 39 — Left: orange garnet. Right: pale-green clinopyroxene. Samples D122A (left) and
D132 (right).
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The garnet + sulphide assemblage is the most common, occurring in 24 stones (see Table
6). This is not a surprise, since garnet is the most abundant silicate inclusion in eclogitic
diamonds (see Stachel and Harris, 2008) and sulphides are the most common mineral

inclusions in diamonds overall (Harris and Gurney, 1979).

100 pm

Figure 40 — Left: colourless coesite. Right: light brown rutile. Samples D39 (left) and D47A
(right).

Figure 41 — A blue kyanite inclusion. Sample D128.

Garnet, clinopyroxene (Figure 39), coesite (Figure 40) and kyanite (Figure 41) are also
present as single mineral phases within a diamond. Kyanite is rare and only two stones
contain it as a single mineral. Another two diamonds contain coesite inclusions.
Clinopyroxene is more common and can be found as a single inclusion in 14 diamonds.
Nonetheless, by far the most abundant single mineral inclusion is garnet, occurring in 81 of

the 134 eclogitic diamonds (Table 6).
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The relative abundance of these minerals in the Ural diamonds is in good agreement with
the worldwide database, where eclogitic rutile, kyanite and coesite are much less common
than clinopyroxene and garnet inclusions. The proportion of clinopyroxene inclusions
relative to garnet is low when compared to the worldwide database of (56% garnet, 39%
clinopyroxene; Stachel and Harris (2008)), and this may be due to the inclusion’s natural

abundance, sampling bias, or both.

2.9.2 Peridotitic inclusions

A total of 34 diamonds enclosing minerals of the peridotitic paragenesis have been
identified (Table 7). Two distinct mineral assemblages have been observed in the
diamonds that contain inclusions of this paragenesis: garnet + olivine and garnet +
chromite. However, coexisting peridotitic inclusions were only found in five diamonds

(Table 7).

Single-crystals Twinned crystals

P-type inclusions o D I Dom m Totals
0] 0 9 0 2 0 11
Gt 0 2 0 0 0 2
Chr 1 12 1 1 1 16
Gt + Ol 1 3 0 0 0 4
Gt + Chr 0 1 0 0 0 1
Totals 2 28 1 3 1 34

Table 7 — Variation in abundance of P-type inclusions as a function of crystal form. Ol =
olivine, Gt = garnet, Chr = chromite. Key to form symbols: O = octahedral, D = dodecahedra,
| = irregular shapes, D-m = twinned dodecahedra, I-m = twinned irregulars.

200 ym

200 pym

Figure 42 — Left: dark cherry-red chromite. Right: colourless olivine. Samples D124 (left) and
D94 (right).
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Peridotitic diamonds with single-inclusions are much more abundant than crystals
enclosing several minerals. Three minerals of the peridotitic paragenesis (olivine, garnet
and chromite) are also present as single-inclusions within the diamond (Table 7). Olivine
and chromite (Figure 42) are the most common inclusions, found in 11 and 16 stones,
respectively. Peridotitic garnet (Figure 43) is less abundant, being present in only two

stones.

100 um

Figure 43 — A purple garnet inclusion. Sample D67.

Relative to the worldwide distribution of inclusions in diamonds, the distinctive feature of
the Ural diamonds is their low contents of peridotitic garnet. This is probably due to
garnet-bearing diamonds from other localities worldwide being often preferentially picked
for geothermobarometric studies (Stachel and Harris, 2008). As this was also the case with
the diamonds selected in the present study (see 1.4), it may be reasonable to assume that
garnet inclusions are naturally less abundant than olivine and chromite in the Urals alluvial

diamonds.

2.9.3 Websteritic inclusions

After chemical analysis of their inclusions (see Chapter 5), two diamonds have mineral
inclusions which are chemically transitional between the eclogitic and peridotitic
parageneses and therefore they have been assigned to the websteritic paragenesis (Table 8).
One stone contains the mineral association colourless olivine + pale-green clinopyroxene,

and six colourless enstatite grains (Figure 44) are present in one diamond specimen.

All websteritic inclusions displayed typical cubo-octahedral shapes which were
undistinguishable form their eclogitic and peridotitic counterparts. The low number of

inclusions does not allow any meaningful comparison with the worldwide database of

F. Laiginhas 50



2. Physical Characteristics

Stachel and Harris (2008) to be established, and the olivine inclusion analysed in this study

is only the third such olivine ever to be reported.

Single-crystals Twinned crystals

W-type inclusions ) D I Dom m Totals
Enst 0 1 0 0 0 1
Ol + Cpx 0 1 0 0 0 1
Totals 0 2 0 0 1 2

Table 8 — Variation in abundance of W-type inclusions as a function of crystal form. Gt
garnet, Enst = enstatite, Ol = olivine, Cpx = clinopyroxene. Key to form symbols: O
octahedral, D = dodecahedra, | = irregular shapes, D-m = twinned dodecahedra, I-m
twinned irregulars.

100 um

Figure 44 — A colourless websteritic enstatite inclusion. Sample D16A.

2.9.4 Inclusions of unknown paragenesis

A total of 47 diamonds enclosing minerals of unknown paragenesis were found (Table 9).
Five stones contain solely black graphite inclusions which are unsuitable for electron
microprobe analysis. Graphite occurs as clusters of flake-like inclusions (four diamonds),
and as a monocrystalline crystal (one stone, see Figure 45). Graphite inclusions of the first
type are the product of internal graphitisation after diamond growth, which takes place in
lattice defects in all four (111) cleavage directions, when diamond experiences lower
temperature conditions (Harris, 1972). Graphite inclusions of the latter type have been
interpreted as primary phases that could have acted as nucleation points and/or catalysts for
the process of diamond nucleation and growth (Bulanova, 1995). Six diamonds with
colourless inclusions were not crushed for analysis and therefore their growth environment

remains unknown.
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Unknown_ Single-crystals Twinned crystals Totals
paragenesis 0 D | D-m I-m
Sulphide 1 34 0 1 0 36
Colourless 0 4 1 1 0 6
Graphite 0 4 0 1 0 5
Totals 1 42 1 3 0 47

Table 9 - Variation in abundance of inclusions of unknown paragenesis as a function of
crystal form. Key to form symbols: O = octahedral, D = dodecahedra, | = irregular shapes, D-
m = twinned dodecahedra, I-m = twinned irregulars.

The bulk of the “unknown paragenesis” group is formed by sulphides (36 diamonds),
typically surrounded by metallic black, rosette-, or disc-shaped fracture systems which,
nevertheless, do not reach the surface of the diamond host (see Figure 45). The high
number of sulphide inclusions in this “unknown paragenesis” group reflects their status as

the most abundant mineral inclusion in diamond (Harris and Gurney, 1979).

"1 4

Figure 45 — Left: sulphide (indicated by red arrow) in the centre of a typical black, rosette-
shaped fracture system. Right: black graphite. Samples D5B (left) and D40A (right).

2.10 Comparison with the work of Kukharenko (1955)

As mentioned in Chapter 1, the Russian academic A. A. Kukharenko carried out a
pioneering study of the physical properties of the Ural diamonds and summarized his
findings in the book “Diamonds from the Urals” (1955). Kukharenko’s work was
published during the secretive Soviet Period and the exact number of diamonds analysed is
not mentioned. Nevertheless, Kukharenko points out that 95% of “several thousands” of
diamonds studied from the Urals were inclusion-free, this high number of samples studied

being most likely representative of the global Urals production at that time.
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Diamond characteristics Kukharenko (1955) This work
Mean size 0.32 carats 0.21 carats
82% Dodecahedra 89% Dodecahedra
15% Octahedra 6% Octahedra
Shape 2% lIrregulars 5% Irregulars
1% Cubes Twinned crystals comprise ~16%

Twinned crystals comprise ~5% | of total stones
of total stones

70% Colourless 36% Colourless
23% Yellow 42% Yellow
Colour 5% Transparent green-coat 7% Transparent green-coat
1% Brown 15% Brown
0.8% Pink
0.2% Blue
Breakage 27% of total stones 23% of total stones
Shield-shaped laminae A total of 17 surface features
Trigons were recognized (see 2.6),
Hexagonal etch pits including all the textures identified
s Terraces by Kukharenko (1955)
urface textures ;
Hillocks

Corrosion sculpture
Enhanced lustre

Ruts
Green spots — 33% of total Green spots — 56% of total stones
Radiation damage stones Brown spots — 4% of total stones
Brown spots not very common
59% of total stones 56% of total stones
Abrasion Percussion marks are the most | Percussion marks are the most
common feature common feature
Garnet Garnet
Chromite Clinopyroxene
limenite Orthopyroxene
Coesite Olivine
Mineral inclusions Sulphi_des Chromite
Graphite Coesite
Kyanite
~95% of diamonds are Rutile
inclusion-free Sulphides
Graphite

Table 10 — Characteristics of the overall Ural diamond population described in Kukharenko
(1955) and of the inclusion-bearing Ural diamonds analysed in the present study.

Information on diamond size, shape, colour, breakage, surface textures, radiation damage,
abrasion and mineral inclusions in Ural diamonds, presented in Kukharenko (1955) and in
the present study, is listed in Table 10. This allows a comparison of the studied inclusion-
bearing set of diamonds with the overall, mostly inclusion-free, diamond population from

the Ural Mountains described in Kukharenko (1955).

Overall, the studied sub-set of diamonds appears very similar to the diamonds studied by
Kukharenko (Table 10). On both studies, resorption is common, dodecahedral-shaped
crystals being clearly predominant over the other crystal shapes. A higher percentage of
octahedra and the occurrence of cube-shaped crystals is presented in the 1955 study, while

twinned crystals are about three times more abundant in the inclusion-bearing sub-set.
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In terms of colour, the inclusion-bearing diamonds have about half of the proportion of
colourless stones and twice the percentage of yellow stones relative to Kukharenko (1955).
Brown coloured crystals are much more common in the present study (15% versus 1%; see
Table 10), while pink and blues diamonds were only identified in Kukharenko’s study.
Both studies present similar results with respect to the percentage of broken and abraded

stones, and similar types of surface features were identified (Table 10).

In Kukharenko’s work, green spots were identified on a third of the diamonds. Radiation
damage is more common in inclusion-bearing diamonds, green spots being present in more
than half of the studied population (Table 10). Only limited information is presented in
Kukharenko (1955) on the different minerals found inside diamond. Although the relative
abundances of mineral inclusions were not recorded by Kukharenko, the minerals

described (with the exception of ilmenite) were all recognised in the present study.
2.11 Summary

In terms of their physical characteristics, the vast majority of the studied Ural diamonds are
rounded dodecahedra, which indicates that this diamond population have experienced
major resorption after crystallisation. Both single- and twinned-crystals were affected by
similar resorption processes. Yellow, colourless and brown are the diamond body colours
which constitute the studied population. These three body colours are the same as those

which typically dominate the diamond production worldwide.

A total of 17 similar and common surface features have been recognized throughout the
diamond population. The majority of the diamonds display evidence of transportation,
mostly in the form of percussion marks. Non-abraded diamonds exhibit similar surface
features to those abraded, so they are probably of similar origin. More than half of the
stones are affected by radiation damage, illustrated by the presence of green spots or coats
on the surface of the diamonds. Diamonds with such complete green coats are also
commonly found in alluvial deposits from other localities worldwide, due to the presence

of radioactive material in the sedimentary environment.

The studied inclusion-bearing set of diamonds shares some characteristics with the overall,
mostly inclusion-free, diamond population from the Ural Mountains described in
Kukharenko (1955). This similarity in physical characteristics strongly suggests that the

Ural diamonds are all part of a single population.
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3. Nitrogen contents and aggregation states

3.1 Introduction

The presence or the absence of nitrogen in diamond, and its mode of occurrence (known as
aggregation state or speciation) is an important way to classify this mineral (Robertson et
al., 1934) (see 3.2). The study of the physical and chemical properties of nitrogen
occurring in natural diamond also provides information that enables a better understanding

of the conditions of diamond formation (see 3.3.2.1).

This chapter presents the results of an infrared spectroscopy study that quantifies the
concentration of nitrogen and identifies the aggregation states of this element in the Ural
diamonds. The kinetics of nitrogen aggregation in diamond is considered as they provide
an insight into the thermal conditions during diamond residence in the mantle (e.g. Taylor
et al., 1990; Navon, 1999). Finally, the results of a paleothermometry study of the Ural

diamonds are discussed.
3.2 Infrared classification of diamond

Nitrogen is similar in ionic radius and charge to carbon and, therefore, may substitute in
the diamond lattice, with concentrations that usually range from less than 20 ppm to more
than 2500 ppm (Robinson, 1978). Optical absorption measurements show that nitrogen is
present in almost all natural diamonds and occurs in several different aggregation states.
This evidence led to the creation of a specific classification based on the nitrogen content
and aggregation states of diamond crystals (Robertson et al., 1934). This classification
scheme is non-destructive and makes it possible to classify diamonds according to the
principal features of their infrared spectra. The widely used infrared classification scheme

of diamond divides diamond into two main Types, which are then subdivided, as follows:
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Type I: Diamonds with detectable nitrogen content; subdivided into:

Type Ia: Diamonds that contain aggregated nitrogen (A-, B-, N3-centres, platelets;
see definition below and in section 3.3.2.1); subdivided into:

Type IaA: Diamonds with nitrogen mainly (= 90%) in A-centres.
Type IaB: Diamonds with nitrogen mainly (> 90%) in B-centres.
Type IaAB: Diamonds with nitrogen in A- and B- centres.
Type Ib: Diamonds with single substitutional nitrogen.
Type II: Diamonds with very low or non-detectable nitrogen.
Type I1a: Nitrogen free diamonds.

Type IIb: Diamonds with boron as main impurity.

The nitrogen atoms are substitutionally trapped in the diamond lattice at high pressures and
temperatures during diamond growth, gradually migrating along the crystalline lattice,
towards other nitrogen atoms hereby forming aggregates (see Figure 46). Such atomic
migration can only occur whilst diamond is in the Earth’s mantle, a situation confirmed by
high pressure-temperature experiments that induced nitrogen migration in synthetic

diamonds (Evans and Harris, 1989).

FTIR spectra _ ) _ )
Nitrogen Aggregation in Diamond
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Figure 46 — Fourier-Transform Infrared Spectroscopy (FTIR) spectra of diamond illustrating
the different types of nitrogen substitution for carbon in the diamond structure. The
development of the type and degree of nitrogen aggregation as a function of time and
temperature is illustrated on the right. From Taylor and Anand (2004).
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Further aggregation states of nitrogen which are recognised in natural Type Ia diamonds,
but which were not quantitatively determined for this study, include N3-centres and
platelets. N3-centres consist of three nitrogen atoms and one vacancy and they cause a
yellow colouration to diamonds in the visible region at 24,000 cm™ (Evans and Harris,
1989; Evans, 1992). Platelets are planar defects, which range in size from ~10 nm to a few
micrometres and form on cubic (001) planes (Evans et al., 1981). Platelets can be observed
both by X-ray diffraction and electron microscopy techniques (Woods, 1976; Allen and
Evans, 1981). They are also detected by infrared spectroscopy through a pronounced
absorption peak at ~1370 cm™ (Allen and Evans, 1981).

Type II diamonds can be subdivided on the basis of their electrical conductivity, Type Ila
being non-conducting and Type IIb having semiconducting properties due to presence of
substitutional boron as the major impurity (Chrenko, 1973). The amount of boron present

in Type IIb diamonds is between 0.02 and 0.26 ppm (Bibby, 1982).
3.3 Fourier-Transform Infrared Spectroscopy

Fourier-Transform infrared spectroscopy (FTIR) is an analytical technique that allows the
identification of the molecular species in a sample (qualitative information) and their
concentration (quantitative information). It is a fast and non destructive method that can be

used to determine both the concentration and aggregation states of nitrogen in diamond.

The use of an infrared microscope enables the attainment of spectra from sub-millimetre
areas of individual diamonds, thus providing a means of identifying the presence of
nitrogen A and B centres and platelets. In addition, the spectra also provides information
on any hydrogen impurity (3107 cm™ peak in the diamond infrared spectra) (Woods and
Collins, 1983). It is also a method that can be used for the determination of mantle
temperature conditions when diamond crystallised (Evans and Qi, 1982; Evans and Harris,
1989; Mendelssohn and Milledge, 1995b). Thus, infrared studies of diamond may aid in a)
paleotectonic  reconstructions (the platelet degradation state is sensitive to
thermomechanical events in the lithosphere and may be indicative of continental rifting or
migration) (Taylor et al., 1990); b) deducing the thermal evolution of continental
lithosphere (by combining nitrogen paleothermometry calculations with additional
geothermometric and geochronological data) (Stachel and Harris, 2008); and c)
determining the provenance of detrital diamonds (by comparing their FTIR signatures with

that of diamonds from known primary occurrences) (Kaminsky and Khachatryan, 2001).
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3.3.1 Sample preparation and analytical techniques

Fragments from the 93 Ural diamonds that were crushed to release their mineral inclusions
were used to determine nitrogen contents and aggregation states. Since the infrared
microscope measures transmitted light, as far as possible the fragments chosen were
suitably flat pieces with parallel faces and sufficient clarity and surface quality in order to
minimise diffraction. In the case of diamond, this is particularly important because of its

high refractive index (2.417).

Sample thickness is also important and needs to be taken into account during sample
selection. Too thin a fragment (<100 um) does not absorb enough of the infrared beam and
normally produces a noisy signal, characterised by the presence of fringes in the 1600 —
900 cm™ spectral range. Thick samples (>2 mm) absorb too much of the primary beam
causing the intensity of the transmitted signal to be lower than the equipment’s detection
limit. It was found that diamond fragments of thickness between 100 um — 1 mm were
most suitable, and these were oriented normal to the infrared beam. This approach reduced
the effects of beam scattering, which also causes low transmission values and spectral

fringing.
3.3.1.1 Fourier-Transform Infrared Spectroscopy (FTIR)

Infrared absorbance spectra of the diamond samples were recorded by a Nicolet Magna-IR
550 optic bench. It was equipped with an Ever-Glo™ infrared source and a KBr beam-
splitter which covers a spectral range of 74000-350 cm™ with a resolution of up to 0.125
cm™.

The optic bench was linked to a Spectra Tech IR-Plan infrared microscope and the infrared
signals were recorded with a liquid nitrogen cooled MCT-A detector that covers a
frequency interval of 11700-600 cm™. The spectra were acquired in transmission mode
from 300 scans over a spectral range from 4000 — 650 cm™. A fixed aperture of 100 um at
a spectral resolution of 4 cm™ was used for all measurements. The instrument was purged
with CO,; free air and was operated under controlled humidity conditions. Background
spectra were recorded after every five analyses for later subtraction from the diamond

spectra to correct for non-sample contributions.
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The optic bench was controlled using the Nicollete OMNIC™ 3.1a software, which also
automatically deconvoluted the signals into infrared absorption spectra by performing a

mathematical Fourier transform on them.
3.3.1.2 Calculation of nitrogen contents and aggregation states

In order to determine the nitrogen contents and the extent of nitrogen aggregation in the
Ural diamonds, the software programme went through a number of procedures. Firstly, the
spectra were baselined by simply taking a straight line between about 4000 and 650 cm™.
For the noisier spectra, generated when optimum diamond fragments were not available,
the baseline was applied intuitively “by eye”. Subsequent to this step, all spectra were
converted to absorption coefficients by normalising to a 1 cm thick diamond standard,
which has an absorption coefficient of 11.64 cm™ at the 1995 cm™ wavenumber (Pierre

Cartigny, pers. comm.).

data

abmrpﬁnncaaﬂ‘.(cn’tl)
-

4po 1300 1200 oo 1000

wavenumbers (cm'l)
type [b |.|.(113I:Icm'|'j 0,00 com’! Me] 0.0 ppm 9546 %
type lad W(1282em’™ 0,63 emi! M) 103 ppm
N* W1332em’™ 0,00 cm’! M 0,0 ppm 2715 ppm
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Figure 47 — Example of a deconvolution of an infrared spectrum (sample U3). The program
determines the proportion of type laA and laB diamond that fits best the measured
spectrum (in blue), as well as the nitrogen concentration in the sample [N+].
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The quantification of the nitrogen contents and aggregation states was determined by
deconvolution of the normalised infrared spectral envelope in the 1400 — 1000 cm™ region
(see Figure 47) using software written by Pierre Cartigny (see Cartigny, 1997). The
software deconvolutes the spectra into components generated by the different centres,
using a least-squares regression approach. As illustrated in Figure 47, the software varies
the proportions of Type [aA and Type IaB diamond until a best fit to the measured
spectrum is achieved. The concentrations of nitrogen, in atomic ppm, are calcul