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Diamond is undoubtedly one of the most well-recognized and sought-
after materials. Th e use of diamond as a gemstone is deeply ingrained 

in many cultures, and a range of attributes are associated with diamond, 
such as it being the symbol of wealth and love. Despite their popularity as 
a gemstone, relatively little attention is paid to the mineral diamond in its 
naturally occurring form.

In this book we focus exclusively on natural, uncut diamonds and their 
characteristic features, such as their crystal morphologies, their colors, 
their surface textures, and the types of inclusion they contain. We eluci-
date how these features not only provide insights into the growth process-
es of diamonds, but also into the workings of our planet’s interior.

A number of popular books have been written about diamonds, but 
few of these discuss the unique features of natural diamonds in any 
detail. More information can be found in the scientifi c literature, but this 
literature is scattered over many disciplines, including physics, geology, 
mineralogy, gemology, and material science. Due to the vast number of 
scientifi c articles that have been published about diamonds, it is diffi  cult 
to provide a comprehensive overview of the literature. Th e references 
provided throughout this book, therefore, should only be regarded as a 
starting point from which the interested reader can delve deeper into the 
world of diamonds in nature.
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Chapter 1: 
Th e Origin of Diamonds 
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Diamond, by defi nition, is a mineral composed exclusively of the 
element carbon. Th e carbon atoms in diamond are arranged in a 

dense cubic crystal structure (Fig. 1-01), and it is this crystal structure that 
gives diamond its unusual physical and chemical properties. Diamond is 
the hardest known naturally occurring mineral (Moh’s hardness 10), but 
despite this extreme hardness, it is also a brittle material that can fracture 
in response to severe force. Another unusual property of diamond is its 
resistance to reactions with most chemical agents, which makes diamond 
virtually inert. Diamond, however, can be oxidized, but the oxidation of 
diamond is generally restricted to high temperatures. Th e hardness and 
chemical resistance of diamond and its potential to be oxidized at high 
temperatures strongly infl uence the presence of diamonds in nature.

Diamond has a range of additional properties that make it an appealing 
and sought after mineral. Its high refractive index (2.4), for example, gives 
it an outstanding luster and makes it an attractive and extremely valu-
able gemstone. Diamond also has a high thermal conductivity, making it a 
valuable component in a wide range of technological applications.314

In nature, carbon atoms only crystallize with the crystal structure of 
diamond at pressures exceeding several tens of thousands of bars.153 At 

graphite consists of layers of carbon atoms that are weakly bound to each 
other (Fig. 1-01). Th is crystal structure causes graphite to be one of the 
softest minerals in nature. 

Even though diamond only forms at high pressures, it can survive in a 
low-pressure environment without converting to graphite. Pressures high 
enough to stabilize the crystal structure of diamond do not exist anywhere 
near the Earth’s surface or even in the deeper parts of the Earth’s crust. Th is 
means that the formation of diamonds in nature is always linked to very 
unique geological processes that involve high pressures. 1-01: Crystal structures of 

diamond and graphite illustrat-

ing the different arrangements 

of carbon atoms in the crystal 

lattices of the two minerals. 

Drawn to scale.
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The origin of diamonds in the Earth’s mantle

Th e vast majority of natural diamonds, including all gemstone diamonds, 
formed in the Earth’s mantle at depths of more than 140 kilometers.10, 98, 193 
Within the mantle, diamonds form primarily in the rigid part of the upper 
mantle, which is referred to as the lithospheric mantle (Fig. 1-02). Th e 
lithospheric mantle and the overlying crust constitute the tectonic plates 
that drift on the convecting asthenosphere. Unlike the lithospheric mantle, 
the typical asthenosphere does not appear to be favorable for diamond 
formation.272

In addition to high pressures, diamond formation is favored by rela-
tively low temperatures. In nature, these conditions restrict diamond 
formation to regions with a very low geothermal gradient. Regions with 
such low geothermal gradients are generally confi ned to the geologically 
old parts of continents, which are referred to as cratons (Fig. 1-03).136, 242 
Cratons are composed of crustal basement rocks, such as granites and 
gneisses that are more than ~1.5 billion years old. Th e lithospheric mantle 
roots beneath cratons can extend to depths of more than 250 kilometers, 
and due to their relatively low temperatures and extreme thicknesses, they 
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are the main locations of diamond formation in the Earth’s mantle 
(Fig.1-02).275 Diamonds are believed to crystallize primarily from carbon-
rich fl uids that percolate through these lithospheric roots.158, 276

Th roughout Earth’s history, magmas originating from deep within the 
mantle passed through the lithospheric roots. During their ascent, the 
magmas incorporated various minerals (xenocrysts) and rock fragments 
(xenoliths) from the surrounding mantle. Th e most common type of 
mantle rock is peridotite, which primarily consists of olivine and variable 
amounts of orthopyroxene, clinopyroxene, garnet, and/or spinel (chro-
mite) (Fig. 1-04). A less common constituent of the mantle is eclogite, 

D
ep

th
 [k

m
] 

Temperature [°C] 

Pressure [kbar] 

A
sth

en
o

sp
h

ere

Cratonic lithosphere

Continental lithosphere (non-cratonic)

Oceanic lithosphere

500
0

20

40

60

80

100

120

140

160

180

200

220

240

0

10

20

30

40

50

60

70

700 900 1100 1300 1500

GraphiteDiamond

1-03: Pressure-

temperature-depth 

diagram outlining the 

stability fi elds of diamond 

and graphite. Geothermal 

gradients for typical 

oceanic, continental, and 

cratonic lithospheres are 

shaded grey. Diamonds 

are only stable in cratonic 

settings at pressures 

greater than ~40 kilobars, 

which corresponds to 

depth of more than ~140 

kilometers.

1-04: A piece of the litho-

spheric mantle: peridotite 

xenolith from the Bult-

fontein mine, Kimberley, 

South Africa (Ø: ~30 cm), 

which consists mainly 

of olivine (dark green), 

garnet (purplish-red), 

Cr-diopside (bright green), 

and orthopyroxene (light 

brown).
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which is a rock that is mainly composed of iron-rich garnet and chromi-
um-poor clinopyroxene (Fig. 1-05). Both of these mantle rocks can host 
diamonds (Fig. 1-06).210, 222

Once incorporated into the ascending magma, many of the xenoliths 
disintegrate, and their mineral components, which can include diamonds, 
are dispersed into the magma. Xenoliths that reach the Earth’s surface in-
tact can occasionally contain large quantities of diamonds.43, 181, 253, 305 Once 
the magmas reach the Earth’s surface, they cause violent but small scale 
volcanic eruptions that form small craters rarely larger than a few hundred 
meters in diameter. Th e volcanic structures underlying these craters are 
commonly referred to as pipes or diatremes.78, 120, 211

1-05: Eclogite xenolith 

from the Roberts Victor 

mine, South Africa 

(Ø: ~30 cm), which 

consists mainly of garnet 

(reddish-brown), and 

clinopyroxene (grayish-

green). Eclogites are a 

minor constituent of the 

lithospheric mantle, but 

they can be important 

diamond source rocks.

1-06: Diamond in a 

peridotite xenolith 

from the Diavik mine, 

Northwest Territories, 

Canada. Field of view 

is ~1 cm.
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After the eruption, the magmas cool and form volcanic rocks (Fig. 
1-07). Th e most common type of diamond-bearing volcanic rocks is 
kimberlite, which was named after the town of Kimberley in South Africa 
where it was fi rst discovered. Due to the high abundance of minerals and 
rock fragments incorporated into the magma during the ascent to the 
Earth’s surface, kimberlites can be quite heterogeneous and variable in 
their appearance (Fig. 1-08, Fig. 1-09, Fig. 1-10).36, 255, 256 In addition to kim-
berlites, several other types of volcanic rocks are known to host mantle-

1-07: Rounded peridotite 

xenolith with alteration 

crust in kimberlite. Kelsey 

Lake mine, State Line 

District, Colorado, USA. 

Hand lens ~8cm.

1-08: Kimberlite sample 

from the Monastery mine, 

South Africa (Ø: ~25 cm), 

containing numerous 

rounded and angular 

xenocrysts and xenoliths 

in a fi ne-grained matrix.



THE ORIGIN OF DIAMONDS

6

1-09: Kimberlite sample 

from the Panda kimberlite 

pipe, Ekati mine, North-

west Territories, Canada 

(Ø: ~20 cm). The kimber-

lite sample contains xeno-

liths of granite (white) and 

shale (dark grey) from the 

surrounding craton, along 

with abundant mantle-

derived olivine crystals 

(green).

1-10: Photomicrograph of a thin section of kimberlite from the Panda kimberlite pipe, 

Ekati mine, Northwest Territories, Canada, showing numerous rock and mineral fragments 

that were fused together during the emplacement of the kimberlite. Photo taken under 

plane polarized light. Field of view is ~3 cm.



THE ORIGIN OF DIAMONDS

7

derived diamonds, including lamproites, lamprophyres, carbonatites 
and komatiites.21, 138, 169, 250, 285 Among those, only lamproites occasionally 
contain diamonds in economic quantities, for example, at the Argyle and 
Ellendale mines in Western Australia.139 For simplicity, all diamond-bear-
ing volcanic rocks will hereafter be referred to as kimberlitic.

Diamondiferous kimberlites most frequently occur in the geologically 
most ancient parts of cratons (Fig. 1-11), which are those that formed 
in the Archean eon, 3.8 to 2.5 billion years ago. Only a small proportion 
of diamond-bearing kimberlites are present in younger parts of cratons, 
which are those that formed in the Proterozoic eon, 2.5 to 1.5 billion years 
ago. Th ese younger, Proterozoic parts of cratons are sometimes referred 
to as mobile belts. Continental crust that is younger than 1.5 billion years 
usually does not host diamondiferous kimberlites.37 Th e lithospheric roots 
beneath non-cratonic continental crust (e.g. the roots beneath central 
and southern Europe), generally have high geothermal gradients and are 
limited to depths of less than 100 kilometers, which is not deep enough 
for diamond formation (Fig. 1-03). However, the extent and the age of a 
craton is not always easy to determine, particularly in areas where cratonic 
basement rocks are buried beneath younger sedimentary rocks (e.g. the 
Amazon Basin) or beneath ice sheets (e.g. Antarctica).

1-11: Map of the world’s 

cratons and the locations 

of diamond deposits.
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Th e kimberlitic magmatism that carries diamonds from the mantle 
to the Earth’s surface is generally much younger than the cratons. Even 
though the oldest known diamond-bearing volcanic rocks are Late-
Archean in age and are more than 2.6 billion years old,169 most of the 
kimberlitic magmatism occurred in the last 1.2 billion years (Fig. 1-12). 
Kimberlitic magmatism appears to be episodic, and one of the most ac-
tive times of magmatism was the relatively recent period from 250 to 20 
million years. During this time, many of the diamond-bearing kimberlites 
and lamproites in southern Africa, Canada, Australia, and other parts of 
the world were emplaced.101, 121 Since the end of that period, the diamond-
producing magmatism seems to have ceased worldwide.

Only a small proportion (~10%) of the more than 5000 known kimber-
lites are diamond bearing. Among those, only a small percentage (<1%) 
contain diamonds in suffi  cient quantities to permit large scale industrial 
mining (Fig. 1-13, Fig. 1-14, Fig. 1-15). Th ese few diamond-rich kimber-
lites, however, supply the bulk of the world’s natural diamonds, which 
on an annual basis equals around 30 metric tons, which is equivalent to 
around 150 million carats.137, 230
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1-12: Geological time 

scale showing the time 

intervals of craton forma-

tion and global kimberlitic 

magmatism. The thick red 

lines mark major episodes 

of diamond-producing 

kimberlitic magmatism.

1-13: Aerial view of an 

open pit (Fox kimberlite 

pipe) at the Ekati mine, 

Northwest Territories, 

Canada. The fl at land-

scape surrounding the 

pit is typical for Archean 

cratons.
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1-14: Aerial view of an 

open pit (A-154 kimberlite 

pipe) at the Diavik mine, 

Northwest Territories, 

Canada, in the early 

stages of development. 

The kimberlite is exposed 

in the central part of the 

pit.

1-15: Aerial view of 

the Argyle diamond 

mine, Western Austra-

lia, showing processing 

plant, tailings piles, and 

tilted sedimentary rocks 

of Proterozoic age, which 

form the wall rocks of the 

mine.
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Diamonds in placer deposits

Kimberlites that are exposed on the Earth’s surface after their emplace-
ment often erode, and their diamonds and other mantle-derived miner-
als are dispersed. As a result of their extreme hardness and resistance to 
chemical weathering, diamonds can endure long transport distances that 
may be hundreds or even thousands of kilometers long. Diamonds have 
a high density (3.5 g/m3), and during transport, they can be concentrated 
in placers along with other heavy minerals. Placer diamonds occasion-
ally reach economic quantities and produce placer deposits. Th ese placer 
deposits can contain diamonds from more than one kimberlitic source, 
and form in diff erent geological environments. Most frequently, diamonds 
are concentrated in riverbeds where they form alluvial deposits. Other 
depositional environments include marine and beach settings. As a result, 
placer diamonds are often found in sandstones or conglomerates (Fig. 
1-16). Diamonds are less commonly concentrated by wind to form aeolian 
placers.

Diamonds can also be distributed by glaciers. Although glaciers in 
modern times are limited in their extent, they were much more wide-
spread during certain periods in Earth’s history. For example, the ex-
tensive glaciations during the Late Carboniferous to Early Permian 
periods—around 300-270 million years ago—likely caused the dispersion 
of diamonds throughout large parts of the former supercontinent Gond-
wana.197, 200, 299 Th e subsequent break-up of Gondwana and the rifting of its 
fragments distributed the diamonds onto continents that are now widely 
separated. As a result, some placer diamonds in Southern Africa, Austra-
lia, and South America may be derived from common sources.48, 92, 291

Placer diamond deposits that form close to a kimberlite usually contain 
a high abundance of mantle-derived minerals that are associated with the 
diamonds. Th ese mantle-derived minerals are compositionally distinct 
and are generally much more abundant than the diamonds themselves. As 
a result, these minerals are often used to locate kimberlite sources and are, 
therefore, referred to as indicator minerals.79 Th e abundance of indicator 

1-16: Geologists 

examining an outcrop of 

diamond-bearing sand-

stones and conglomerates 

in the Springfi eld Basin, 

South Australia, which 

contain rare diamonds of 

lower mantle origin.
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minerals declines with increasing distance from the kimberlite source. 
Th erefore, diamond placer deposits that formed far from the original 
source may not contain any of the mantle-derived minerals. In these cases, 
it is much more diffi  cult to locate the primary kimberlitic sources, and 
they often remain unknown.258, 283, 289 

Placer deposits themselves can also be subjected to erosion, causing the 
diamonds to be dispersed again. In some cases, diamonds within a placer 
deposit may have gone through multiple cycles of erosion and deposi-
tion.61 Placer deposits can also be subjected to thermal metamorphism, 
which may destroy or alter the minerals that were originally associated 
with the diamonds.

Placer deposits were the main sources of gemstone diamonds until the 
discovery of the diamondiferous kimberlites at Kimberley, South Africa, 
in the early 1870s. Diamonds have been mined from placer deposits since 
prehistoric times, but the mining was initially restricted to a few deposits 
mainly located in India. It was not until the 1730s that extensive placer 
deposits in Brazil were discovered, and these provided the bulk of the dia-
monds for around 150 years. A placer deposit in Brazil was also the source 
of the world’s largest placer diamond, which was named Presidente Vargas 
and weighed 726.6 carats.14

Th e largest modern placer mining district is located along the west 
coast of Southern Africa (e.g. Namaqualand, Oranjemund, and Lüderitz), 
where diamonds are recovered from beach and marine sediments, as well 
as from riverbeds.99, 308, 315 Th e majority of the diamonds in these deposits 
are probably derived from eroded kimberlites that were located in the 
interior of southern Africa.307 

Diamond placer deposits also exist in many other parts of the world 
(Fig. 1-11), but most of the placer diamond mining operations are on a 
small scale (Fig. 1-17).3, 178 Th e combined placer diamond production, 
therefore, is much smaller than from primary kimberlitic deposits. Dia-
monds in placer deposits are often of high quality because the transport 
has reduced the number of stones with imperfections.279

1-17: Mineral separation 

plant used for processing 

small-scale placer 

diamond deposits. 

Terowie, South Australia.
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Diamonds from other sources

Outside the Earth’s mantle, natural diamonds can form in a variety of 
ways. In all cases, their formation is due to unusually high pressure condi-
tions. So far, none of the diamonds from such sources are of large enough 
size or of high enough quality to be of economic importance.

Metamorphic and other crustal diamonds

Diamonds have been identifi ed as accessory components in metamor-
phic rocks from localities in Central Asia, such as the Kokchetav massif in 
Kazakhstan and the Dabie Shan-Sulu terrain in China.265, 319 Th e diamonds 
in these areas occur in crustal rocks, such as gneisses and crustal eclogites. 
It is believed that these diamonds formed as a result of continental plate 
collision that caused the rocks to undergo short-lived, high-pressure meta-
morphism. Th e resulting metamorphic diamonds are generally very small, 
in most cases only fractions of a millimeter in size. Subsequently, meta-
morphic diamonds were found in other parts of the world, including the 
Western Gneiss region of Norway and in the Erzgebirge in Germany.62, 180

In addition to their presence in metamorphic rocks, diamonds have 
recently been identifi ed as minute (~ 1μm) inclusions in detrital zircon 
crystals from the Jack Hills, Western Australia.186, 209 Th e host zircons are 
among the oldest known minerals, with ages of up to 4.2 billion years. 
Although it is not known how the enclosed diamonds formed, they are the 
oldest known terrestrial diamonds.

Meteoritic and impact diamonds

Diamonds have also formed as a result of meteorite impacts on the 
Earth’s surface. Th e shock waves from a large meteorite impact can cause 
the pressures at an impact site to be temporarily high enough to allow 
diamonds to crystallize. As a result, carbonaceous matter at the impact 
site instantaneously converts to diamond. Diamonds that formed by 
meteorite impacts have been discovered at the Popigai impact structure in 
Russia, at the Nördlinger Ries in Germany, at the Sudbury impact struc-
ture in Canada, and at other localities.65, 164, 179, 254 Th e presence of impact 
diamonds is generally restricted to the impact sites of larger meteorites. 
Th e diamonds that formed through meteorite impacts are generally small. 
Most of the diamonds are only fractions of a millimeter in size; however, 
some polycrystalline diamond aggregates linked to meteorite impacts can 
be larger than a centimeter.145

Diamonds are also known to be rare components of the meteorites 
themselves.151 Th e diamonds in some types of meteorites, such as iron me-
teorites and ureilites, probably formed during collisions between meteor-
ite parent bodies in space, and not during the impact on Earth.35, 171 Similar 
to terrestrial impact diamonds, these diamonds are very small. 

Another type of meteoritic diamonds has been recovered from some 
un-metamorphosed chondritic meteorites. Th e carbon isotope compo-
sition of these diamonds—which are only few nanometers in size—is 
very distinct from any other known carbon source. Th is indicates that 
the diamonds did not form within our solar system. Th ese diamonds are 
considered to be presolar dust grains of interstellar origin that were in-
corporated into the chondritic meteorites as exotic mineral components.2 
Th ese unusual diamonds possibly formed billions of years before our solar 
system and are some of the oldest minerals known.
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Natural diamonds occur as single crystals, as aggregates of a few 
crystals, or as clusters of countless small crystallites. Th e diff erent 

morphologies (i.e. shape, size, number of crystals, etc.) refl ect the growth 
conditions of diamond, and provide valuable information about the pro-
cesses that led to diamond formation.

Th e classifi cation and interpretation of the morphologies and shapes 
of diamonds has been a matter of debate for more than a century. Initial 
studies of diamonds were mostly descriptive, and they often focused on 
diamonds from a specifi c deposit or region.76, 281, 315 More comprehensive 
diamond classifi cations were subsequently developed. Th e classifi ca-
tion scheme of Orlov (1977), for example, distinguishes eleven types of 
diamonds (varieties I-XI) based on diff erences in their morphology.214, 215 
Other, more generalized diamond classifi cation schemes emphasize the 
growth mechanisms (i.e. single crystal growth, fi brous growth, etc.) that 
produce the diff erent morphological types of diamonds.277, 278, 314

Based on diff erences in morphology and growth mechanisms, three 
principle types of diamond are distinguished in this text: monocrystalline 
diamonds, fi brous diamonds, and polycrystalline diamonds (Fig. 2-01). 

Monocrystalline diamonds • consist of single diamond 
crystals, but some aggregates, twins, and other intergrowths 
also belong to this type. In any case, the number of individual 
crystals is small. 
Fibrous diamonds•  are composed of numerous elongated fi bers 
of microscopic size. Th e overall morphologies of fi brous dia-
monds, however, can resemble those of some monocrystalline 
diamonds. Fibrous diamonds can also occur as fi brous over-
growths (coats) around other types of diamonds. 
Polycrystalline diamonds • consist of countless small diamond 
crystallites, and they usually occur as indistinct masses.

Chapter 2: 
Th e Morphology of Diamonds

R. Tappert and M.C. Tappert, Diamonds in Nature: A Guide to Rough Diamonds,
DOI 10.1007/978-3-642-12572-0_2, © Springer-Verlag Berlin Heidelberg 2011 
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Monocrystalline diamonds

Th e external shape, or habit, of most naturally occurring monocrystalline 
diamonds is restricted to three basic geometric forms: the octahedron, the 
cube, and the rhombic dodecahedron (Fig. 2-02). Only the octahedral and 
the cubic habit, however, represent genuine growth habits of monocrystal-
line diamonds. Th e dodecahedral habit is generally the result of resorp-
tion.76, 202 Even though kimberlites and placer deposits usually contain 
diamonds with a wide range of habits, these variations are solely the result 
of modifi cations of these three basic geometric forms.

Rate of
Growth

LOW

HIGH

Monocrystalline
diamonds

Polycrystalline
diamonds

including aggregates,
twins, and other

intergrowths

Fibrous
diamonds

Growth

octahedral

cubic

Resorption

rounded
dodecahedral

fibrous with cubic, 
cubo-octahedral, or

irregular morphology

granular
(octahedral in voids)

including fibrous
 overgrowths (coats),

 ballas, and
 hailstone boart

including
 boart, framesite,

stewardite, carbonado,
and yakutite 

2-01: Classifi cation of 

diamonds based on mor-

phological characteristics 

and growth mechanisms. 

Drawings by Fersmann 

and Goldschmidt (1911).

T Y P I C A L  H A B I T S
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Octahedral diamonds

Th e octahedral habit is the most common growth habit of natural 
diamonds (Fig. 2-03). Th e ideal octahedron consists of eight equally-sized 
triangular faces. Very few diamonds, however, approximate the ideal 
octahedron; instead, most are distorted. Th is distortion occurs when one 
growth direction is favored over another. A distorted octahedral diamond 
can have additional edges instead of pointed corners and/or edges of 
unequal lengths. A high degree of distortion can result in an elongated or 
fl attened diamond (Fig. 2-04). In addition, the development of numerous 
growth layers can produce a stepped appearance (Fig. 2-05). Whether 
ideal or distorted, the development of an octahedral habit indicates that 
the diamond grew slowly, typically layer-by-layer, under relatively stable 
conditions.115, 251, 277

CubeOctahedron Dodecahedron

(100)

(111)

(110)

2-02: Basic geometric 

forms that underlie 

the crystal habits 

of monocrystalline 

diamonds. Miller indices 

denote the principle 

crystal faces.

elongated

slightly distorted

flattened

2-04: Distorted octahedral habits.

2-03: Diamond octahedron with minor resorption at the crystal edges (1.08 ct). The 

crystal faces exhibit several triangular etch pits (trigons).



THE MORPHOLOGY OF DIAMONDS

18

Th e majority of octahedral diamonds show signs of modifi cations 
caused by resorption that took place after their growth. Th e resorption is 
usually linked to the exposure of the diamond to the kimberlitic magma 
during transport to the Earth’s surface. Kimberlitic magmas can contain 
high concentrations of oxidizing agents, namely CO2 and H2O. At high 
temperatures, these oxidizing agents are detrimental to the diamond and 
can partially or completely resorb an octahedral diamond. It is notable 
that diamonds found enclosed in xenoliths are often sharp-edged octahe-
dral diamonds because they were protected by the xenoliths from direct 
exposure to the kimberlitic magma (Fig. 1-06).253, 267

For an octahedral diamond, the start of resorption is marked by the de-
velopment of rounded corners and edges. In this initial stage, the resorp-
tion only aff ects the most protruding features, such as pointed corners and 
sharp edges (Fig. 2-06). Th e less protruding features, including the crystal 
faces, are aff ected as resorption progresses (Fig. 2-07, Fig. 2-08, Fig. 2-09). 
Resorption continues until entire octahedral crystal faces disappear. Th e 
complete loss of octahedral crystal faces results in a rounded dodecahe-
dral habit (Fig. 2-10). Th e transition from an octahedral to a dodecahe-
dral habit is associated with a considerable loss of the diamond’s original 
volume (Fig. 2-11).

2-05: Stepped, octahedral 

diamond with slightly 

rounded crystal edges 

(0.96 ct).
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2-07: Partially resorbed 

(~20%), pale yellow 

diamond with a habit 

transitional between 

octahedron and 

dodecahedron (1.05 ct). 

The crystal edges and 

corners are extensively 

rounded, and the 

octahedral crystal faces 

are reduced in size.

2-06: Octahedral 

diamond with resorbed 

crystal edges and corners 

(0.96 ct). Numerous 

triangular etch pits 

(trigons) indicate that the 

octahedral crystal faces 

were also affected by the 

resorption.

2-08: Diamond with 

a transparent green 

surface color exhibiting 

a habit transitional 

between octahedron 

and dodecahedron 

(0.92 ct).
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2-09: Yellow diamond 

with a habit transitional 

between octahedron and 

dodecahedron (0.99 ct).

2-10: Diamond with 

fully developed rounded 

dodecahedral habit 

(1.20 ct).
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Although the degree of resorption varies from crystal to crystal, dia-
mond populations within each deposit usually have distinctive resorption 
characteristics.42, 111, 315, 324 In other words, each deposit contains diamonds 
with a characteristic distribution of resorbed and un-resorbed crystals. 
Th e distribution can vary as a function of crystal size or other physical 
properties of the diamonds.109

Deposits that produce a high percentage of sharp-edged octahedral 
diamonds are located in Russia (e.g. Mir, Udachnaya),214, 325 Canada (e.g. 
Ekati, Diavik),100, 160 China,113 and Sierra Leone (e.g. Koidu).91

2-11: The stages of re-

sorption for an octahedral 

diamond. Modifi ed from 

MacCallum et al. (1994).
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Diamond cubes

A small number of monocrystalline diamonds exhibit a distinctive cubic 
habit. Th ese diamonds always have conspicuously rugged crystal faces 
and rounded edges (Fig. 2-12). In addition to being rugged, the crystal 
faces of diamond cubes are also often curved, either towards the inside 
(re-entrant) or the outside (salient) (Fig. 2-13). In some cases, the inward 
curvature is so extreme that the diamond develops a skeletal appearance. 
Th ese diamonds are referred to as re-entrant cubes (Fig. 2-14, Fig. 2-15).282 
Diamond cubes with crystal faces that have a strong outward curvature 
can develop a rounded form that resembles a tetrakis-hexahedron (Fig. 
2-16). Because they lack fl at, crystallographically bound crystal faces, 
diamond cubes are sometimes referred to as cuboids.

Although the cubic habit is found among monocrystalline diamonds, 
it is particularly common among fi brous diamonds. Compared to the 
typical transparent and clear monocrystalline diamonds, fi brous diamond 
cubes are generally non-transparent and have a dull appearance. Fibrous 
diamond cubes, however, may not always be visually distinguishable from 
monocrystalline diamond cubes.

Studies of the zoning patterns of monocrystalline diamond cubes 
have shown that their internal structures can be quite complex and that 
the cubic growth was frequently disturbed by octahedral growth epi-
sodes.168, 201, 251 In comparison, some octahedral diamonds show evidence 
that their development was interrupted by cubic growth episodes.115

Although octahedral growth can occur in combination or alternating 
with cubic growth, it is rare to fi nd natural monocrystalline diamonds 
with a distinct cubo-octahedral habit. Synthetic diamonds, in contrast, 
can be produced as fl at-faced and sharp-edged, cubo-octahedra (Fig. 
3-11).77 Th e growth habit of synthetic diamonds depends largely on the 
temperature conditions.321 At relatively high temperatures, synthetic dia-
monds crystallize as octahedra, whereas cube and cubo-octahedral habits 
develop at lower temperatures (Fig. 2-17). Th is relationship, however, is 
not directly applicable to natural diamonds because the growth mecha-
nisms between synthetic and natural diamonds diff er considerably. 

2-13: Diamond cubes 

with different types of 

surface development. 

Drawings from Fersmann 

and Goldschmidt (1911).

2-12: Monocrystalline 

diamond cubes with 

characteristic rugged 

crystal faces (each ~1.0 

ct). The transparency of 

these monocrystalline 

diamond cubes contrasts 

the cloudiness of fi brous 

diamond cubes.
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(111)

(111)

2-16: Diamond cube 

with strongly convex 

crystal faces that result 

in a rounded appearance 

(1.00 ct).

2-15: Left, Re-entrant diamond 

cube with re-entrant facets along 

the crystal edges (1.03 ct). 

Above, Simplifi ed representation 

of the crystal faces. The re-entrant 

facets along the crystal edges are 

marked in grey.

2-14: Left, Re-entrant diamond 

cube (1.19 ct). The strongly con-

cave crystal faces result in a skeletal 

appearance. Above, Simplifi ed 

representation of the crystal faces. 

Miller indices mark subordinate 

octahedral crystal faces.



THE MORPHOLOGY OF DIAMONDS

24

In nature, other factors, such as the degree of carbon oversaturation 
in the diamond-forming fl uids (i.e. carbon availability), are likely to have 
an important infl uence on the growth habit of the diamond.277 Diamond 
cubes are likely to form under slightly higher carbon supersaturation con-
ditions and grow more rapidly compared to octahedral diamonds. 

Monocrystalline diamond cubes are generally rare, and only a small 
number of diamond deposits produce signifi cant quantities, including 
the Diavik and Ekati mines in Canada,100 the Jwaneng and Orapa mines in 
Botswana,312 and the Udachnaya mine in Russia.325

Diamond cubes can also show signs of resorption. Similar to octahe-
dral diamonds, resorption causes rounding of the corners and edges (Fig. 
2-18). Th e original edges and crystal faces disappear as the resorption 
progresses, and the diamond develops a dodecahedral or texahexahedral 
habit.240
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2-17: Pressure-tempera-

ture diagram outlining the 

fi elds of different growth 

shapes for synthetic 

diamonds. Modifi ed from 

Yamaoka et al. (1977).

2-18: Unusual, knobbed 

diamond from the Diavik 

mine, Northwest Territo-

ries, Canada (Ø: ~5 mm). 

This diamond may repre-

sent a strongly resorbed 

re-entrant diamond cube. 

In this case, the conspicu-

ous knobs mark the posi-

tion of former octahedral 

crystal faces.
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Dodecahedral diamonds

Th e dodecahedral habit of natural diamonds is always the result of resorp-
tion.76, 202 Th e resorption can take place while the diamonds reside in the 
mantle or during exposure of the diamond to a kimberlitic magma. Two 
factors infl uence the habit of a dodecahedral diamond: the original growth 
habit and the extent of resorption. Resorption usually starts at the corners 
and the edges, and it gradually transforms a diamond with an octahedral 
or cubic growth habit into a diamond with a dodecahedral habit (Fig. 
2-19).239 Th e transition from a growth habit to a dodecahedral resorption 
habit is linked to a signifi cant loss of volume (Fig. 2-11). A non-distorted 
diamond with an octahedral habit loses at least 45% of its volume when 
transformed into a rounded dodecahedron without relictic octahedral 
faces.182 Remnants of the original crystal faces may still exist on dodeca-
hedral diamonds that have undergone only weak or moderate resorption 
(Fig. 2-20).

Th e ideal dodecahedron consists of twelve equally-sized rhombic 
faces (Fig. 2-02). In contrast to this ideal geometry, the faces of dodecahe-
dral diamonds are always convex, which causes the diamonds to appear 
rounded. Th e rounded surfaces are not true crystal faces, and so the do-
decahedral habit of diamonds is sometimes described as dodecahedroid.214 
Some dodecahedral diamonds are spherical, but many are fl attened, 
elongated, or distorted in other ways. Th e crystal surfaces commonly 
exhibit an additional straight or undulating ridge that connects their 
shortest diagonals (Fig. 2-20). In most cases, this ridge is a minor feature, 
but occasionally it is quite prominent. If regarded as a true crystal edge, 
the presence of this ridge would double the number of crystal faces from 
twelve to twenty-four. In this case, the idealized polyhedron would be a 

2-19: Slightly fl attened, 

rounded dodecahedral 

diamond from Echunga, 

South Australia (0.46 ct).
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tetrakis-hexahedron, or tetrahexahedron (Fig. 2-21). Rounded dodecahe-
dral diamonds, therefore, are sometimes referred to as tetrahexahedra or 
texahexahedroids.239 Very few resorbed diamonds, however, have a true 
tetrahexahedral habit.

During resorption, parts of the internal structure of the diamond can 
be exposed on the dodecahedral crystal faces to show the original growth 
zones. Although these growth zones may not be visible in normal light, 
they can often be observed using high-energy radiation, such as UV-light 
or electron beams (Fig. 2-22).

Tetrakis-Hexahedron

(210)

Rounded Dodecahedron

2-20: Right, Rounded 

dodecahedral diamond 

with a small, relictic oc-

tahedral crystal face that 

is surrounded by terraces 

(0.92 ct). Below, Simpli-

fi ed representation of 

the crystal faces and the 

ancillary ridges that divide 

the crystal faces.

2-21: Comparison 

between a rounded 

dodecahedron and a 

tetrakis-hexahedron.

dodecahedral edge

ancillary ridge

(111)
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In some cases, only a part of the diamond exhibits a dodecahedral habit 
while the remaining part retains the octahedral or cubic growth habit. 
Th is combination of growth and resorption habits is referred to as pseudo-
hemimorphism (Fig. 2-23). A pseudohemimorphic habit can result from a 
diamond being partially enclosed in a xenolith during ascent to the Earth’s 
surface. In this case, the enclosed part of the diamond is protected from 
the kimberlitic magma, and its growth habit is preserved. Th e portions 
exposed to the magma undergo resorption and develop a dodecahedral 
habit.43, 223, 241

(111)

(111)

2-22: Above, Cathodoluminescence image of a partially resorbed diamond with a 

transitional habit from an alluvial deposit at Arenapolis, Mato Grosso, Brazil (0.07 ct). 

Octahedral growth layers of the diamond, which were exposed by resorption, are vis-

ible on dodecahedral crystal faces. Relictic octahedral crystal faces are marked by weak 

cathodoluminescence (dark tones). Scattered dark round spots are caused by irradiation 

damage. Right, Simplifi ed representation of the external shape. Relictic octahedral crystal 

faces are grey.

2-23: Left, Pseudohemimorphic 

diamond from the Springfi eld 

Basin, South Australia (0.02 ct). 

Above, Simplifi ed represen-

tation of the main crystal 

faces showing the rounded 

dodecahedral (bottom left) and 

octahedral (right) parts.
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Irregular diamonds

Diamonds are classifi ed as irregular if they do not exhibit an identifi able 
crystal shape or if their existing shape is largely incomplete (Fig. 2-24). 
Irregular diamonds occur frequently, and they even represent the majority 
of diamonds at some deposits.109 It is notable that irregular diamonds are 
particularly common among Type II diamonds, and most of the very large 
diamonds (> 500 carats), such as the Cullinan diamond (3,106 carats), 
belong in this category.89, 199 Besides the absence of well-developed crystal 
faces, these diamonds are generally characterized by distinctly smooth and 
undulated surfaces (Fig. 2-25, Fig. 2-26).
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2-24: A group of irregular 

diamonds from Santa 

Elena, Bolivar Province, 

Venezuela. The largest 

diamond is ~8 mm in 

diameter.

2-25: Exceptionally large 

diamond—weighing 

507.55 carats—from the 

Cullinan (formerly Pre-

mier) mine, South Africa. 

Its irregular shape is typi-

cal for large diamonds, 

which are also mostly 

Type II diamonds. Around 

1.5 times natural size.
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Fragmented diamonds are another type of irregular diamond. Th eir 
fracture planes are often fl at or slightly conchoidal, and they exhibit 
conspicuous stepping (Fig. 2-27). Th e fragmentation of a diamond can 
occur in the mantle or during their ascent to the surface in a kimberlitic 
magma. Th e presence of etched or resorbed fracture surfaces provides 
evidence that the fragmentation occurred during or before entrainment in 
the kimberlitic magma. In the case of placer diamonds, the fragmentation 
can occur during transport in a high energy environment (e.g. in a river). 
In other cases, fragmentation may be linked to damages that were caused 
by the mining process. 

2-27: Scanning electron 

microscope (SEM) image 

of a diamond fragment 

showing the character-

istic stepping of fracture 

planes.

2-26: Irregular diamond 

with a smooth undulated 

surface and a light brown 

color (1.19 ct). The ap-

pearance of this diamond 

is typical for Type II dia-

monds. This diamond also 

contains several colorless 

mineral inclusions.
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Aggregates, parallel intergrowths, and twins

Aggregates, parallel intergrowths, and twins consist of two or more inter-
grown diamond crystals. Aggregates are composed of randomly oriented 
crystals (Fig. 2-28), whereas parallel intergrowths and twins consist of 
crystals that are aligned along crystallographic planes. In contrast to 
parallel intergrowths, which consist of crystals that are oriented in the 
same direction (Fig. 2-29, Fig. 2-30), the individual crystals in twins are 
oriented in diff erent, yet crystallographically controlled directions. 

2-30: Right, Parallel 

intergrowth of multiple 

octahedral diamond crys-

tals, which are covered by 

a thin fi brous coat (0.90 

ct). Below, Simplifi ed rep-

resentation of the main 

crystal faces.

2-28: Aggregate of brown and colorless octahedral 

diamonds (Ø: ~5 mm).

2-29: Examples of parallel intergrowths in diamonds.

(111)
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Th e individual crystals in twinned diamonds can be connected along 
external crystal faces, in which case they are contact twins. If they are con-
nected along internal planes, they are referred to as interpenetrant twins. 
Some twinned diamonds exhibit very distinctive morphologies, and these 
diamonds can be easily identifi ed as twins (Fig. 2-31, Fig. 2-32). In other 
cases, the twining is more subtle and can be restricted to certain parts of 
the diamond, for example in lamellar twins (Fig. 2-33).

It is often possible to recognize a twinned diamond by the presence 
of a straight twinning line that marks the contact between the diamond 
crystals. Th e twinning line mirrors the crystals on either side. Although 
diamond twins are common, the twinning might not be obvious, and ad-
ditional analytical techniques may be required to determine the nature of 
the twinning within a diamond.198

2-32: Typical flat triangu-

lar macles (~1.0 ct each). 

Macles are common 

diamond twins that are 

easily identifi able by their 

characteristic shape.

2-31: Above, Examples of twinning in diamond. 

Top: “arrowhead” twin. Middle: dodecahedral con-

tact twin. Bottom: interpenetrant cube.

2-33: Left, Scanning electron microscope (SEM) image 

of a complex diamond aggregate. One diamond includes 

a lamellar twin, which is marked by two twinning 

lines. Above, Simplifi ed representation of the diamond 

aggregate. Lamellar twin in red.
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Contact twins

Th e most distinct type of contact twins is the triangular macle (French 
for twin) (Fig. 2-32). A macle is an intergrowth of two fl attened octahe-
dral crystals that are connected along an octahedral plane, with one of 
the crystals being oriented in the opposite direction. Th is orientation can 
be viewed as one crystal being rotated in the contact plane by 180º with 
respect to the other crystal (Fig. 2-34).1, 320 Macles, at fi rst glance, may re-
semble fl attened octahedral diamonds, but the presence of a twinning line 
distinguishes macles from un-twinned diamonds (Fig. 2-35). As a result 
of resorption, macles can loose their sharp edges and develop a rounded 
dodecahedral habit (Fig. 2-36, Fig. 2-37). Ultimately, the resorption can 
fully convert macles into fl attened dodecahedral diamonds that are only 
distinguishable from their single crystal counterparts by the presence of 
a twinning line (Fig. 2-38). Macles are quite common and can comprise a 
considerable fraction of the diamond population within a deposit. At some 
South African mines, for example, an average of 10-15% of the diamond 
production are macles.109, 257

octahedron octahedral macle

180° rotation flattening

2-35: Right, Side view of a macle from the Bow River 

alluvial deposit, Western Australia (1.23 ct). The diamond 

shows the characteristic tabular habit of macles. 

Above, Simplifi ed representation of the main crystal face, 

and the location of the twinning line (red). 

2-34: Diagram illustrating 

the geometric relationship 

between an octahedron 

and a fl attened octahedral 

macle. A reference plane 

is shaded grey. The twin-

ning plane is shaded pink.
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2-36: Octahedral macle 

with characteristic trian-

gular outline (0.99 ct).

2-37: Resorbed octahe-

dral macle with rounded 

edges and negative trig-

ons on relictic octahedral 

crystal face (1.20 ct).

2-38: Strongly rounded 

and slightly distorted 

dodecahedral macle 

(1.13 ct).
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Another distinctive type of contact twins resembles a six-pointed star 
(Star of David twin) (Fig. 2-39). Th is star-shaped twin represents an inter-
growth of two octahedral macles that are oriented in opposite directions 
(Fig. 2-40). Besides the six-pointed star twin, other star-shaped diamond 
twins exist. Th ese include cyclic diamond twins, which can have a fi ve-fold 
symmetry (Fig. 2-41).29 Just like other diamonds, star-shaped twins can 
be modifi ed by resorption and develop a rounded dodecahedral habit 
(Fig. 2-42).

Interpenetrant twins

An interpenetrant twin consists of two or more crystals that have grown 
in the same space with diff erent orientations. Interpenetrant twins occa-
sionally occur in diamonds with octahedral habit, but they are more com-
mon in diamonds with cubic habits (Fig. 2-43).177 A variety of interpene-
trant twins have been documented, and like other types of diamonds, they 
can be aff ected by resorption, which results in rounding (Fig. 2-44).76, 177

2-39: Star-shaped dia-

mond twin, which consist 

of two triangular macles 

oriented in opposite 

directions to each other 

(0.93 ct).

2-40: Idealized represen-

tation of a six-pointed 

star-shaped twin. 

Modifi ed from 

Williams (1932).

2-41: Cyclical star-shaped 

diamond twins. Drawings 

by Fersmann and Gold-

schmidt (1911).

side view

top view
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2-43: Left, Interpenetrant 

diamond twin consisting 

of two individual diamond 

cubes (0.95 ct). Above, 

Simplifi ed representation 

of the individual crystals.

2-44: Interpenetrant 

diamond twins drawn 

by Fersmann and 

Goldschmidt (1911).

2-42: Strongly resorbed 

star-shaped diamond twin 

(0.93 ct).
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2-46: Polished sec-

tion through a coated 

diamond. The diamond 

consists of a monocrystal-

line (octahedral) core and 

a fi brous overgrowth. 

(Ø: ~7 mm)

2-45: Non-transparent 

fi brous diamond with cu-

bic habit from the Diavik 

mine, Northwest Territo-

ries, Canada (0.93 ct).
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Fibrous diamonds and fi brous coats

Some diamonds consist of parallel microscopic fi bers that are generally 
oriented in the direction of diamond growth. Although individual fi bers 
are not usually visible without magnifi cation, most fi brous diamonds can 
be identifi ed by their distinctive dull appearance. Numerous microscopic 
inclusions incorporated within the fi bers usually cause fi brous diamonds 
to be non-transparent or completely opaque (Fig. 2-45). 

In some cases, the fi brous growth is restricted to the outer layer of 
monocrystalline diamonds, producing non-transparent fi brous over-
growths (coats).168 Th e monocrystalline diamonds enclosed by fi brous 
coats are often well-crystallized, sharp-edged octahedra (Fig. 2-46).

Fibrous diamonds can grow in concentric layers, and diamonds with 
very obvious concentric layering are sometimes referred to as hailstones 
or hailstone boarts (Fig. 2-47).

Th e habits of fi brous diamonds often resemble those of monocrystal-
line diamond cubes (Fig. 2-48), but they can also be nondescript (Fig. 
2-49). Similar to monocrystalline diamond cubes, fi brous diamond cubes 
generally have rough surfaces and rounded edges (Fig. 2-45, Fig. 2-48). Th e 
visual distinction between monocrystalline and fi brous diamond cubes, 
therefore, may not always be possible. 

Fibrous diamonds with a distinctly spherical habit are referred to as 
ballas (Fig. 2-50). In ballas, the diamond fi bers are usually oriented radially 
around the center.59, 175, 301

Th e habit of a coated diamond is strongly infl uenced by the habit of 
the enclosed diamond and by the thickness of the coat (Fig. 2-51).176, 214 
Octahedral diamonds with a thin fi brous coat are likely to retain an overall 
octahedral habit (Fig. 2-52), whereas thicker coats can produce cubo-
octahedral or cubic habits (Fig. 2-53, Fig. 2-54).

Fibrous diamonds probably formed under considerably diff erent 
conditions than monocrystalline diamonds. Th e lack of well-developed 
crystal faces and the overall fl awed appearance of fi brous diamonds is a 

2-47: Fragment of a hailstone boart from Diavik, North-

west Territories, Canada (Ø: ~8 mm). The concentric 

layers, which are exposed on a fracture plane, consist of 

fi brous (grey) and polycrystalline (white) diamond. The 

habit of the hailstone boart is cubic. 

2-48: Fibrous diamond 

with cubic habit from 

Brazil (Ø: ~2 mm).
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2-49: Fibrous diamond 

with a non-descript shape 

(Ø: ~1 cm).
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2-50: Ballas: a spheri-

cal variety of fi brous 

diamond. Bahia, Brazil 

(2.18 ct).

2-52: Octahedral 

diamond with a thin 

fi brous coat (1.19 ct). The 

octahedral crystal faces 

are marked by numerous 

trigons.

2-51: Relationship 

between coat thickness 

and habit of an 

octahedral diamond 

with a fi brous coat.

A. uncoated

B. thin coat

C. thick coat

D. section through core 

and thick coat

A B C D
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sign of rapid growth from highly carbon-oversaturated fl uids. It has been 
suggested that the fi brous growth of diamonds may have occurred directly 
within the kimberlitic magma.11 In this case, the kimberlitic magma would 
have been carbon-rich and reducing enough to allow diamonds to grow.

Fibrous diamonds and diamonds with fi brous coats are minor constitu-
ents of the diamond populations of many deposits worldwide, but they are 
completely absent in others. Deposits with a particularly high abundance 
of fi brous diamonds include Mbuji-Mayi in the DR Congo,227 and the 
Aikhal mine in Russia.214

2-53: Polished section 

through a sharp-edged 

octahedral diamond 

with a thick fi brous coat 

(Ø: ~7 mm). The fi brous 

coat exhibits faint 

concentrical layering.

(100)

(110)

(111)

2-54: Left, Fibrous dia-

mond with a cubo-octa-

hedral habit from Makeni, 

Sierra Leone (Ø: ~8 mm). 

Above, Simplifi ed rep-

resentation of the main 

crystal faces. The diamond 

is likely to enclose a small 

monocrystalline core.
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Polycrystalline diamonds

Polycrystalline diamonds are comprised of numerous microcrystalline to 
cryptocrystalline diamond crystallites. Th ey usually occur as masses with-
out an apparent form. Individual diamond crystals occur as interlocking 
grains, which often have random orientations and lack discernible shapes. 
Due to the random orientation of the individual crystals, polycrystalline 
diamonds are not easily cutable and are generally used as abrasives.

Several varieties of polycrystalline diamonds have been identifi ed. 
However, the classifi cation of polycrystalline diamonds based on physical 
properties alone, such as grain size or porosity, has not been proven to be 
reliable.142 As a consequence, a generally accepted classifi cation scheme 
for polycrystalline diamonds has not yet been established. Th e results 
of chemical and isotopic analyses confi rm that fundamental diff erences 
between some varieties of polycrystalline diamonds exist, but the reasons 
for the diff erences are not fully understood.

Distinctly granular polycrystalline diamond varieties are generally clas-
sifi ed as framesite, but they have also been referred to as bort (boart) (Fig. 
2-55). Th e use of the name bort, however, is ambiguous because it is often 
used to describe various types of polycrystalline and fi brous diamonds.

Framesites consist of large and sometimes euhedral diamond grains 
(>100 microns), which are surrounded by a matrix of small grains (<20 
microns).122 Framesites can have some porosity, and the voids are oc-
casionally lined with euhedral diamond crystals. Inclusions and inter-
growths of mantle-derived minerals are common. Framesites are found 
in several kimberlitic diamond deposits and can constitute a large pro-
portion of the diamond production. At the Jwaneng mine in Botswana, 
for example, around 60% of the diamond production is framesite.56, 112, 159 
Other major sources of framesite are located in Russia, for example, at 

2-55: Framesite, a granu-

lar variety of polycrystal-

line diamond (Ø: ~3 cm).
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the Mir and Aikhal mines.214, 231 A subvariety of framesite with a strong 
natural magnetization has been classifi ed as stewardite. Th e magnetic 
properties of stewardite are caused by the presence of fi nely dispersed 
inclusions or intergrowths of magnetite.40 Stewardite is a relatively 
common constituent of the diamond production at the Orapa mine in 
Botswana.159

Carbonados are another type of polycrystalline diamond. Th ey have 
smaller grain sizes and a higher porosity than framesites. Carbonados are 
commonly black, dark grey, or brown due to the presence of numerous 
small minerals lining the pore spaces (Fig. 2-56). Minerals associated with 
carbonados include unusual phases such as fl orencite, xenotime, zircon, 
and various native metals and alloys.51, 294, 300 No typical mantle miner-
als have been found associated with carbonados. Carbonados are unique 
because their stable carbon isotope compositions are unusually light (δ13C: 
-23 to -30‰) when compared to the stable carbon isotope compositions of 
the other types of polycrystalline diamonds.150 

 Th e largest diamond mass ever found was a carbonado named Sergio, 
which weighed 3,167 carats (~ 633 g). Carbonados are restricted to placer 
deposits in eastern South America, mainly in the state of Bahia, Brazil; and 
to the Central African Republic. In both areas, the carbonados are derived 
from Mid-Proterozoic (1-1.5 billion year old) conglomerates that were de-
posited when South America and Africa were part of the same continuous 
land mass. Radiometric age determinations indicate that the carbonados 
crystallized long before the deposition of the conglomerates—between 2.6 
and 3.8 billion years ago.217, 243

It is not completely understood how carbonados formed, but they 
do not seem to be directly associated with kimberlites or other mantle-
derived rocks. It has been proposed that carbonados formed as a result of 

2-56: Carbonado: an 

enigmatic polycrystalline 

diamond (Ø: 1.5 cm).
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meteorite impacts on Earth that converted carbonaceous matter directly 
into polycrystalline diamonds.163, 259 In a more controversial hypothesis, 
carbonados represent actual fragments of a meteorite that impacted with 
Earth.84, 103 In alternative models, the individual diamond crystallites of 
carbonados formed in the Earth’s mantle, and they were welded together 
by natural irradiation after being emplaced in the crust 144 or by the high 
temperatures of the magmas that transported the crystallites to the Earth’s 
surface.28

Another type of fi ne-grained polycrystalline diamond is yakutite, 
which was discovered in placer deposits in Yakutia, Russia. Yakutites are 
characterized by a high abundance of the mineral lonsdaleite, which is a 
hexagonal polymorph of diamond. Lonsdaleite is a characteristic compo-
nent of meteorites and shock metamorphosed rocks. Th e high abundance 
of lonsdaleite, therefore, provides strong evidence that yakutites formed as 
a result of a meteorite impact. Th is interpretation is supported by the fact 
that yakutites have been found in impact metamorphosed rocks.145, 295
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Blue diamond (26.58 

carats) from the Cullinan 

mine, South Africa. 

Photo courtesy of 

Petra Diamonds.
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Diamond in its pure form is colorless, but natural diamonds com-
monly display a range of colors. Transparent colors that aff ect the 

entire diamond are usually caused by the presence of atomic or molecular 
impurities and imperfections (Fig. 3-01). Diff erent body colors are linked 
to diff erent impurities or imperfections, which form color centres.38 
Th e body color of a diamond depends largely on the abundance of color 
centers and the size of the crystal. A large diamond will generally appear 
more intensely colored compared to a small diamond. Body colors are also 
infl uenced by the source of light. For example, diamonds in natural light 
may display a slightly diff erent color than in artifi cial light. Diamonds with 
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Th e Colors of Diamonds

3-01: Transparent 

yellow diamond with 

dodecahedral habit (1.02 

ct). The pale yellow color, 

or cape yellow, is typical 

for Type Ia diamonds. The 

diamond also exhibits 

brown irradiation spots.

R. Tappert and M.C. Tappert, Diamonds in Nature: A Guide to Rough Diamonds,
DOI 10.1007/978-3-642-12572-0_3, © Springer-Verlag Berlin Heidelberg 2011 
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3-03: Opaque black 

diamond cube from Brazil 

(Ø: ~5 mm). The opaque-

ness of this diamond is 

the result of dispersed 

microscopic inclusions of 

opaque minerals.

3-02: Slightly rounded, 

octahedral diamond with 

an intense yellow color 

(1.10 ct). The non-trans-

parent cloudy appearance 

and rugged surface of 

this diamond is typical 

for fi brous diamonds or 

diamonds with fi brous 

coats.

3-04: Rounded octa-

hedral diamond with a 

strongly abraded surface 

from the Bow River al-

luvial deposit, Western 

Australia (0.42 ct). The 

abraded surface creates 

a milky white appear-

ance. Only few relics of 

the original surface are 

preserved.
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intense and attractive colors are often valuable gemstones, but very few 
diamonds belong to this group. 

Inclusions of minerals or fl uids, or other larger scale imperfections    
such as fractures, can alter the color and transparency of a diamond. A 
diamond can appear dull or milky if it contains an abundance of small 
inclusions and/or imperfections (Fig. 3-02). In extreme cases, inclusions 
and imperfections might cause a diamond to be completely opaque (Fig. 
3-03). Surface textures can also have a strong infl uence on the perceived 
color. Colorless diamonds with rough surfaces, for example, may appear 
whitish (Fig. 3-04).

Many diamonds are compositionally zoned. Th is means that a single 
diamond can have zones with diff erent colors, transparencies, or color 
intensities. Compositional zoning is most apparent on diamonds with 
fi brous overgrowths (Fig. 2-53). 

Colorless diamonds

A large proportion of diamonds appear colorless at fi rst glance (Fig. 3-05), 
but it is common to fi nd that many of these colorless diamonds have faint 
hues (Fig. 3-06). Th e various faint hues of colorless diamonds are distin-
guished in the gem trade, and they can have a strong infl uence on the 
value of a diamond. Many colorless diamonds have a bluish hue, which is 
the result of blue fl uorescence.206 

3-05: Colorless trans-

parent dodecahedral 

diamond from a placer 

deposit in the Copeton 

area, New South Wales, 

Australia (0.73 ct). The 

diamond surface exhibits 

numerous green irradia-

tion spots and crescent-

shaped percussion marks 

that extend as fractures 

into the diamond. These 

surface features are char-

acteristic for transported 

placer diamonds.
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Fluorescence in diamonds is often caused by the interaction of the ul-
traviolet portion of light with elemental impurities and imperfections. Th is 
results in the emission of various faint background colors in the visible 
spectrum. Fluorescence colors are often diagnostic for specifi c types of 
impurities or imperfections. For example, the common blue fl uorescence 
of diamonds (Fig. 3-07) is caused by nitrogen impurities. Other fl uores-
cence colors include yellow, green, orange, and white (Fig. 3-08).

3-07: Image of a faint 

yellow, slightly rounded 

octahedral diamond from 

Echunga, South Australia 

under ultraviolet (UV) light 

(1.00 ct). The UV radiation 

causes nitrogen impurities 

in the diamond to emit 

blue light in the visible 

part of the spectrum. This 

blue fl uorescence results 

in a faint blue background 

color when viewed in vis-

ible light.

3-06: Alluvial diamonds 

with body colors ranging 

from colorless to pale yel-

low (Ø: ~3 mm each). The 

diamonds are strongly re-

sorbed and have distinctly 

rounded shapes. Copeton 

area, New South Wales, 

Australia.
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3-08: Fluorescence 

colors of diamonds 

under UV light. 

(Ø: ~1 mm each)



THE COLORS OF DIAMONDS

50

Yellow diamonds

Yellow is a common body color in diamonds. Th e yellow color is generally 
caused by nitrogen atoms that replace carbon atoms within the crystal 
structure.69 Nitrogen is the most common elemental impurity in dia-
monds, and it can reach concentrations of more than 0.3 weight percent 
(>3000 ppm).24, 318 Th e intensity of a yellow body color depends on the 
concentration of nitrogen and on the arrangement of the nitrogen atoms. 
To determine the concentration of nitrogen and their arrangement within 
an individual diamond, analytical methods—such as infrared spectros-
copy—are generally required. Th e results of these analytical methods are 
used to classify diamonds (Fig. 3-09).12

Diamonds containing nitrogen are classifi ed as Type I diamonds, and 
diamonds without detectable nitrogen (< 5 ppm) are classifi ed as Type II 
diamonds.238, 280 Th e majority of mantle-derived diamonds are Type I dia-
monds, whereas only a small percentage (~2%) are Type II.314 Th e propor-
tion of Type II diamonds varies considerably between deposits, and also 
in relation to crystal size. Type II diamonds, for example, tend to be more 
common among the very large diamonds.8, 44

Type I diamonds are subdivided based on the arrangement of the nitro-
gen atoms in the crystal structure. In the most basic arrangement, single 
nitrogen atoms replace single carbon atoms during the growth of the 
diamond. Diamonds containing such single substitutional nitrogen atoms 
are classifi ed as Type Ib diamonds.33 Single substitutional nitrogen atoms 
are eff ective color centers, and even small amounts (<100 ppm) cause 
an intense yellow color that is referred to as canary yellow (Fig. 3-10).83 
Very few mantle-derived diamonds contain single substitutional nitrogen 
atoms, and if they do, the single substitutional nitrogen usually occurs 
together with nitrogen in aggregated states. Despite the presence of aggre-
gated nitrogen, diamonds that contain even a small proportion of single 

Type Ia
nitrogen in 
aggregated 
forms 
(mainly A-, 
B-, N3-centers 
and platelets)

Type Ib
single substitutional nitrogen

Type IaA
nitrogen in A-centers

Type IaB
nitrogen in B-centers

Type IaAB
nitrogen in A- and B-centers

Type IIa

Type IIb
contains boron (~1–10 ppm B)

~98%

~0.1%

~0.1%

1–2%

ABUNDANCE

INTENSE YELLOW
(CANARY YELLOW)

COLORLESS

BLUE GREY

PINK

PURPLE

RED

BROWN

IMPURITIES PLASTIC DEFORMATION

CAUSE OF COLOR

IRRADIATION

GREEN

body colors

surface skins
and spots

GREEN
AND

BROWN

COLORLESS

PALE YELLOW
TO YELLOW

(CAPE YELLOW)

Type I
nitrogen-bearing
(~5–>3000 ppm N)

Type II
no detectable 
nitrogen
(<5 ppm N)

3-09: Classifi cation 

based on the colors of 

natural diamonds.
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substitutional nitrogen are generally referred to as Type Ib diamonds.314

In response to the high temperatures in the Earth’s mantle, single 
substitutional nitrogen atoms migrate rapidly through the crystal lattice to 
form more complex nitrogen aggregates.71, 72 Th e presence of relictic single 
substitutional nitrogen atoms in natural diamonds, therefore, is a sign that 
the diamonds were transported to the Earth’s surface shortly after their 
formation.

Metamorphic, and synthetic diamonds are almost exclusively Type 
Ib.25, 73 Th ese diamonds have the distinctive intense yellow color of Type Ib 
diamonds (Fig. 3-11).

Diamonds containing nitrogen in more complex aggregates are clas-
sifi ed as Type Ia diamonds. Th e basic nitrogen aggregate, which consists 
of a pair of nitrogen atoms, is referred to as an A-center.47 Th rough time, 
A-centers convert to the highly aggregated B-centers, which consist of 
four nitrogen atoms and a vacancy.70 Type Ia diamonds are classifi ed 
depending on the relative abundance of A- and B-centers. Type IaA 
diamonds mostly contain A-centers, whereas Type IaB mostly contain B-
centers. Th e intermediate Type IaAB diamonds contain a mix of A- and 
B-centers (Fig. 3-09, Fig. 3-12). A- and B-centers have no eff ect on the 
color of a diamond.

Nitrogen can also produce other types of aggregates, such as N3-cen-
ters, which consist of three nitrogen atoms.20 Nitrogen is also present as a 

3-10: Distorted dodeca-

hedral Type Ib diamond 

with intense canary 

yellow color (1.03 ct).
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minor constituent of platelets, which are defect structures that are only a 
few atomic layers thick but can range in length from a few nanometers to 
a few micrometers.68, 318 Like A- and B-centers, platelets have no eff ect on 
the diamond color. 

It is mainly the presence of N3-centers in natural Type Ia diamonds 
that causes a straw yellow color that is referred to as cape yellow, named 
after the Cape Province in South Africa (Fig. 3-13, Fig. 3-14).83 Th e color of 
a diamond can also be infl uenced by a range of other nitrogen aggregates, 
many of which are not well-understood.39, 60, 322

A small number of Type Ia diamonds exhibit a greyish-yellow tinge or a 
fully grey body color. In these cases, the color has been linked to the pres-
ence of hydrogen impurities in the diamond.83

3-11: Synthetic diamonds with cubo-octahedral habit, 

exhibiting the characteristic yellow color of pure Type Ib 

diamonds, which is caused by single-substitutional nitro-

gen impurities. The nitrogen in synthetic diamonds is of 

atmospheric origin. The fi eld of view is ~1.5 cm.

3-12: Ranges of nitrogen 

aggregation for different 

types of diamonds. Data 

from Cartigny (2010).

20 40 60 80 20 40 60 80

Ib IaA IaBType

A-centers (%) B-centers (%)

Monocrystalline diamonds

Fibrous diamonds

Polycrystalline diamonds (carbonado)

Metamorphic diamonds

Nitrogen Aggregation
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3-13: Slightly elongated 

dodecahedral diamond 

with a straw yellow color 

(cape yellow), which is 

characteristic for Type Ia 

diamonds. (1.00 ct).

3-14: Yellow Type Ia dia-

mond with a transitional 

(octahedral-dodecahedral) 

habit. (Ø: ~7 mm)
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Blue diamonds
Type II diamonds, which are defi ned by containing no detectable 

nitrogen (≤ 5 ppm), are often colorless or brown (Fig. 2-26). A small per-
centage of Type II diamonds have the unusual physical property of being 
semiconductors, despite that fact that diamonds in general are electrical 
insulators. Th ese semiconducting Type II diamonds are classifi ed as Type 
IIb diamonds. Th ey are distinguished from their non-conducting Type II 
counterparts, which are classifi ed as Type IIa.45 Th e electrical conductiv-
ity of Type IIb diamonds is caused by trace amounts of boron. Similar to 
nitrogen, boron replaces carbon atoms in the crystal lattice. Th e presence 
of boron is also responsible for the blue body color of some Type IIb dia-
monds (Fig. 3-15).155 Boron is a very eff ective color center, and even small 
amounts of boron (~1 ppm) can cause an intense blue color. Th e blue 
color, however, can only develop if the concentration of nitrogen are very 
low (< 1 ppm) or if nitrogen is completely absent.32

3-15: Large blue (Type IIb) 

diamond, weighing 

26.58 carats, from the 

Cullinan (formerly Pre-

mier) mine, South Africa. 

The diamond exhibits the 

characteristic irregular 

shape of Type II diamonds. 
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Even though blue diamonds are extremely rare, some large examples of 
blue Type IIb diamonds exist, including the Hope diamond (45.5 carats) 
and the Wittelsbach diamond (35.6 carats). Along with others, these two 
diamonds were originally recovered from placer deposits in the historic 
Golconda kingdom in eastern India, where diamonds were mined from 
the sixteenth until the mid-nineteenth century. Th ese deposits include the 
famous Kollur mine, which was located in the Guntur district of Andhra 
Pradesh. Th e deposits of the Golconda kingdom also produced several 
other famous large diamonds.14 Blue diamonds have also been recovered 
from placer deposits in Brazil, Western Africa, and Namibia. Several kim-
berlitic deposits are known to have occasionally produced blue diamonds, 
including the Jagersfontein, Koffi  efontein, and Helam mines in South 
Africa. Th e only reliable kimberlitic source of blue diamonds, however, is 
the Cullinan (formerly Premier) mine, in South Africa.109, 111, 155, 315

Although most blue diamonds are Type IIb diamonds, there are a few 
Type I diamonds that have a bluish-grey color. Th ese diamonds are non-
conducting, and the blue color is probably caused by hydrogen impuri-
ties.7, 82

Th e distinction between Type I and Type II diamonds is not always 
straightforward because diamonds commonly have a complex growth his-
tory that can lead to the development of complex growth zones (Fig. 3-16). 
Th e impurity content of individual growth zones can vary considerably, 
and it is not uncommon that individual diamonds possess nitrogen-bear-
ing (Type I) growth zones alongside nitrogen-free (Type II) growth zones.

3-16: Cathodolumines-

cence image of a rounded 

dodecahedral diamond. 

The complex internal 

growth zoning of this 

diamond is visible on the 

resorbed, dodecahedral 

crystal faces. Darker tones 

generally correspond to 

lower impurity (nitrogen) 

contents.
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3-18: Slightly rounded 

octahedral diamonds 

with brown body colors 

of different intensity. Bow 

River alluvial deposit, 

Western Australia (l: 1.80, 

r: 1.90 ct). 

3-17: Light brown, 

strongly resorbed 

diamond from Guinea 

(0.50 ct).

3-19: Dark brown, 

octahedral diamond from 

the Argyle mine, Western 

Australia (Ø: ~5 mm). The 

surface is covered with 

deep hexagonal etch pits 

(hexagons) that are a 

common feature of dia-

monds from this deposit.
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Brown, pink, red, and purple diamonds

Brown is the most common diamond color, and the brown color can 
range in intensity from very faint (Fig. 3-17, Fig. 3-18) to very dark tones 
(Fig. 3-19, Fig. 3-20). Th e brown color in diamonds is the result of plastic 
deformation, which occurred at high temperatures and pressures in the 
Earth’s mantle.58, 69 Plastic deformation causes the dislocation of atoms 
and the formation of vacancy clusters in the crystal lattice. Th ese vacancy 
clusters absorb part of the light causing a brown color.80, 143 Th e dislocation 
of carbon atoms and the formation of vacancies commonly occurs along 
octahedral planes. Occasionally the brown color is more intense along 
individual planes, producing a patchy color or color banding within the 
diamond. 

Th e surfaces of brown diamonds often exhibit parallel lines, which are 
the surface expressions of the dislocation planes. Th ese lines are referred 
to as deformation lines.58 Deformation lines become more accentuated 
during diamond resorption and are, therefore, more apparent on resorbed 
dodecahedral surfaces (Fig. 3-21, Fig. 3-22). In general, the proportion of 
brown colors is higher among the nitrogen-free Type II diamonds com-
pared to the nitrogen-bearing Type I diamonds.314

3-22: Dodecahedral diamond with an orange-brown color 

from Brazil (Ø: ~2 mm).

3-21: Brown diamonds with dodecahedral habit from Makeni, Sierra Leone (Ø: 5–6 mm). 

The diamonds exhibit deformation lines that are a common feature of brown diamonds.

3-20: Stepped and 

slightly rounded diamond 

with deep brown body 

color (0.95 ct).
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3-24: Patchy, light pink 

fragment of a strongly 

resorbed octahedral 

diamond (0.29 ct).

3-23: Pink dodecahedral 

diamond from the Bow 

River alluvial deposit, 

Western Australia 

(1.28 ct).

3-25: Reddish-brown, 

dodecahedral diamond 

from Guinea (0.48 ct).
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Pink colors in diamonds, like brown colors, are also caused by plastic 
deformation (Fig. 3-23). Pink diamonds usually exhibit the same signs of 
plastic deformation as their brown counterparts, including the presence 
of deformation lines on the surfaces (Fig. 3-24). Brown and pink colors 
belong to a color continuum that also includes red and purple (Fig. 3-25).
Th e cause of the diff erence between these diamond colors has not yet 
been established.80 

Plastic deformation may also be responsible for the rare grey color of 
some Type IIb diamonds. In these cases, the typical blue color of a Type 
IIb diamond, in combination with plastic deformation, is believed to result 
in the grey color.80

Diamonds with pink, red, or purple colors are extremely rare, and they 
are restricted to a few localities. Th e Argyle mine in Western Australia and 
the associated Bow River alluvial deposit, which are major producers of 
brown diamonds, are also the main sources of pink and reddish diamonds 
(Fig. 3-26).64, 74 Pink, red, and purple diamonds are also found in kimber-
lites in Russia, particularly in the Mir fi eld, and in Southern Africa.156, 214, 296 
Even though most pink diamonds are Type I diamonds, pink Type II 
diamonds also exist. Th e Williamson (Mwadui) mine in Tanzania156 and 
the Letseng mine in Lesotho,199 for example, are known producers of pink 
Type II diamonds.

3-26: One half of a slight-

ly rounded octahedral 

diamond with a reddish-

pink color (2.67 ct). 

Argyle mine, Western 

Australia.
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Green diamonds

Green body colors

Diamonds with transparent green body colors are extremely rare. Al-
though high concentrations of nitrogen impurities can cause a greenish 
tinge in some Type Ib diamonds, a green body color is generally the result 
of natural irradiation. Th e irradiation is caused by radioactive elements, 
such as uranium and thorium, that are present in the environment of the 
diamond. Th e decay of these elements produces radiation in the form of 
alpha-, beta-, and gamma-rays that causes carbon atoms in the diamond 
to be expelled from the crystal lattice, leaving vacancies.34 Th ese vacancies, 
which are primarily isolated vacancies, absorb light and cause the green 
body color. Only gamma-rays have the ability to fully penetrate a diamond. 
Th erefore, they can be considered to be the main cause of transparent 
green body color in natural diamonds. Compared to other, more vivid 
diamond colors, the green body color of naturally irradiated diamonds is 
rather pale.

It is possible to create green body colors in diamonds artifi cially using 
modern high-energy radiation techniques. Irradiating a diamond with 
neutrons or electrons in a laboratory setting is very eff ective at produc-
ing vacancies in the crystal lattice. In fact, most of the green diamonds 
used as gemstones owe their color to artifi cial irradiation.83 Th ese artifi -
cially irradiated diamonds are indistinguishable from naturally irradiated 
diamonds; therefore, it is diffi  cult to verify the authenticity of a diamond 
with a natural green body color. However, examples of naturally irradiated 
diamonds do exist. Th e largest known naturally formed green diamond 
is the Dresden Green Diamond, which is a Type II diamond that weighs 
40.7 carats as a cut stone.152 Th e history of this diamond, which was prob-
ably found in a placer deposit in India, can be traced back for almost 300 
years—long before the development of radiation techniques. 

3-27: Dodecahedral 

diamonds with intense 

green surface colors give 

the impression of a green 

body color (0.35–0.50 ct).
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Green surface colors

Green skins and spots
Compared to true body colors, diamonds more commonly have trans-
parent green colors that are restricted to the surface. If the green color 
is evenly distributed over the entire surface of the diamond as a green 
surface skin, it can create the impression of a green body color (Fig. 3-27, 
Fig. 3-28). To determine if a diamond has a true green body color, it may 
be necessary to remove some of the diamond surface.

Some diamonds have green surface spots, which can be present as 
single spots, clusters of multiple spots, or spots that are evenly distributed 
over the entire diamond surface (Fig. 3-29, Fig. 3-30, Fig. 3-31 and Fig. 
3-32). Th e color of the surface skins and spots can range from light green 
to dark green to black.

3-28: Strongly resorbed, 

octahedral diamond with 

homogeneous pale green 

surface color (0.93 ct).

3-29: Green surface spots 

and percussion marks on 

an octahedral surface of 

a diamond from Echunga, 

South Australia. The fi eld 

of view is 1.4 mm.
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Green surface colors, similar to green body colors, are the result of 
irradiation damage. In these cases, the irradiation damage is caused by al-
pha-rays.187, 303 Unlike gamma-rays, alpha-rays have a very limited penetra-
tion depth. Th erefore, the damage to the crystal lattice is restricted to the 
outer few micrometers of the diamond surface. Since alpha-rays are not 
capable of penetrating deep into minerals, the radiation source must have 
been in direct contact with the diamond. Green skins and spots generally 
postdate the surface textures related to resorption and late stage-etching 
(Fig. 3-30). Th e irradiation damage, therefore, evidently occurred after the 
diamonds reached the Earth’s surface.

3-30: Right, Strongly 

resorbed, octahedral 

diamond with clusters 

of dark green surface 

spots and trigons (0.18 

ct). Below, Close-up of 

the dark green spots and 

trigons. The fi eld of view 

is ~1.5 mm.



THE COLORS OF DIAMONDS

63

Kimberlites are generally poor in radioactive elements, which is the 
reason why relatively few diamonds in kimberlites exhibit green surface 
skins or spots. Crustal rocks, such as granites, generally have much higher 
concentrations of radioactive elements. Th ese elements are primarily 
contained in accessory minerals, such as zircon. In some cases, the occur-
rence of green surface skins and spots on diamonds from kimberlites can 
be linked to the presence of crustal xenoliths that are entrained in the kim-
berlite. Kimberlites from the Guaniamo area in Venezuela, for example, 
contain an exceptionally high percentage of diamonds (>50%) with green 
surface spots.146 In this case, the kimberlites also contain an unusually 

3-31: Octahedral dia-

mond with a transparent 

green surface that is 

formed by numerous 

faint green surface spots 

(0.76 ct).

3-32: Cathodoluminescence 

(CL) image of the surface of an 

octahedral diamond with green 

surface spots. The green spots 

appear as dark spots or clusters 

on the CL image. Individual 

spots are surrounded by a dark 

ring. These dark rings are prob-

ably produced by alpha-rays 

with a slightly higher energy 

and deeper penetration depth 

compared to the alpha-rays 

that produced the central spots. 

Such higher-energy alpha-rays 

are produced in the decay-

chain of naturally occurring 

radioisotopes.
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high abundance of crustal xenoliths. Radioactive element-rich minerals 
from these xenoliths are the likely source of the radiation that caused the 
widespread green spots on the diamonds in this deposit. 

Groundwater is another potential source of radiation because radioac-
tive elements can leach out of crustal rocks and dissolve in the ground-
water. Once dissolved, the radioactive elements can percolate through 
the diamond host rock. If diamonds are in contact with this radioactive 
element-enriched groundwater, they can receive irradiation damage. 
Groundwater can evenly cover the surface of a diamond to cause a homo-
geneous irradiation eff ect. Th is type of irradiation is the most likely cause 
of homogeneous green surface skins. Diamonds with green surface skins 
are more abundant in the upper parts of some kimberlites where they are 
more likely to be exposed to groundwater. Th is has been observed, for 
example, at the Finsch mine in South Africa.109

Green surface skins and spots are much more common on diamonds 
from placer deposits than they are on diamonds from kimberlites. Placer 
deposits generally contain abundant radioactive element-rich minerals. 
Some of these minerals have a high specifi c gravity and are concentrated 
in placer deposits along with diamonds. Th e exposure of the diamonds to 
these radioactive minerals causes the green skins and surface spots that 
are so abundant on diamonds from placer deposits.

Th e intensity of the green color depends on the intensity of the radia-
tion and the length of time that the diamond was exposed to the radiation. 
Radioactive minerals generally emit radiation at very low intensities. As a 
result, it may require millions of years to produce visible radiation damage. 
It is, therefore, more common to fi nd irradiated diamonds in older kim-
berlites and placer deposits. Some diamonds recovered from the ancient 
Witwatersrand conglomerate were all found to have green surface spots.229 
Th is conglomerate, which is more than 2.5 billion years old, is one of the 
world’s oldest known diamond placer deposits. Other placer deposits con-
taining diamonds with green skins and spots are widespread, but they are 
particularly common in South America and Western Africa.148, 149, 289, 304 

3-33: A single brown spot 

on the surface of a placer 

diamond from Echunga, 

South Australia. 
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3-34: Dark brown surface 

spots on an alluvial 

diamond from Arenapo-

lis, Mato Grosso, Brazil 

(0.28 ct). The surface also 

exhibits multiple crescent-

shaped percussion marks.

3-35: An unusual looking 

rounded dodecahedral 

diamond fragment with 

brown surface spots and 

clusters of black surface 

spots (0.55 ct). The physi-

cal characteristics of this 

diamond provide evidence 

for a complex post-forma-

tional history that includes 

fragmentation, resorption, 

irradiation, and thermal 

metamorphism.

Brown spots
A small number of diamonds exhibit brown surface spots (Fig. 3-33, Fig. 
3-34, Fig. 3-35). Experiments have shown that green surface spots turn 
brown by annealing at temperatures above ~600ºC.304 Brown surface 
spots, therefore, are believed to form in nature during the heating of dia-
monds with pre-existing green spots. Th e heating events that caused the 
transformation from green to brown spots may have occurred on a small 
scale, for example, during localized volcanism, or they may have occurred 
on a large scale, such as during regional metamorphism. 
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3-36: Dodecahedral 

macle from Brazil with 

numerous green surface 

spots and a few brown 

surface spots (Ø: ~6 mm).

3-37: Placer diamond 

with numerous brown 

and a few green surface 

spots (0.07 ct). Springfi eld 

Basin, South Australia.
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Most diamonds with brown spots are found in placer deposits, but 
brown spotted diamonds have also been discovered in some kimberlites.304 
Th is indicates that the kimberlites themselves experienced a thermal 
overprint. 

In some cases, green and brown spots occur on the same diamond (Fig. 
3-36, Fig. 3-37, Fig. 3-38), which indicates that the diamond received an 
additional dose of irradiation after experiencing earlier irradiation damage 
and a heating event. If green and brown spots are present on diff erent 
parts of the diamond surface, it is evident that the diamond was shifted 
or transported between the irradiation events. Even though it may not 
be possible to unravel the exact details about the irradiation and thermal 
events, the mere presence of green and brown surface spots is a sign that a 
diamond has had a long history on the Earth’s surface.

3-38: Distorted dodeca-

hedral diamond with a 

homogeneous green sur-

face skin and additional 

green and brown surface 

spots (1.62 ct). Bow River, 

Western Australia.
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Colors caused by inclusions

Th e presence of inclusions can have an infl uence on the color and trans-
parency of a diamond. Small particles of graphite or other minerals can 
produce a grey appearance. Th is non-transparent grey, however, is quite 
distinct from the transparent grey body color that is caused by atomic 
impurities. A high abundance of minute inclusions can produce an opaque 
black color. Inclusion minerals that have been identifi ed as the source 
of such black diamond colors include graphite, sulfi des, magnetite, and 
hematite.214, 297 Clouds of minute transparent inclusions can also cause the 
white color of some non-transparent monocrystalline diamonds.

Small inclusions of fl uids and minerals are also the main source of 
color for fi brous diamonds and fi brous coats (Fig. 3-39). In these cases, 
the color is generally accompanied by a cloudy, non-transparent appear-
ance. If a true body color is present, it may also infl uence the overall color 
of a fi brous diamond or a fi brous coat. Th e colors of fi brous diamonds are 
quite variable, and they can be found having green, yellow, brown, grey 
and black colors. 

 

3-39: Grey fi brous 

diamond coat around a 

colorless monocrystalline 

diamond with octahedral 

habit (1.32 ct). The coated 

diamond is fragmented, 

which exposes its 

monocrystalline core.
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Percussion marks 
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Diamonds exhibit a wide range of surface textures that developed 
at diff erent stages in their history. Some of the surface textures 

developed early and are linked to growth and resorption processes that 
occurred when the diamonds were residing in the Earth’s mantle. Others 
formed during exposure to the kimberlitic magma, and others formed on 
the Earth’s surface. Individual diamonds can exhibit many diff erent types 
of surface textures, and the relationship between these textures can be 
used to reconstruct the sequence of events that have aff ected the dia-
monds since their formation.241

Most of the textures are restricted to particular crystal faces. Th is means 
that they occur either on octahedral, cubic, or dodecahedral crystal faces 
(Fig. 4-01). Some textures, however, can occur anywhere on a diamond. 

Chapter 4: 
Th e Surface Textures of Diamonds

Growth

Resorption

Late-Stage Etching

Abrasion, Transport

Triangular plates

Frosting, Enhanced luster, Ruts 

Tetragons

Plastic DeformationDeformation lines

Edge abrasion, Surface scratching, Network patterns, Percussion marks

Hillocks
Terraces

Corrosion sculptures

Micro-pits, Micro-disks
Shallow depressions

Trigons
Hexagons

Shield-shaped laminae

OCTAHEDRAL CUBIC

CRYSTAL FACE

SEQUENCE OF EVENTSDODECAHEDRAL

I
N

 
M

A
N

T
L

E I
N

 
K

I
M

B
E

R
L

I
T

E

IN
 P

LA
C

E
R

4-01: Common 

surface textures of 

diamonds and their 

sequence of formation.

R. Tappert and M.C. Tappert, Diamonds in Nature: A Guide to Rough Diamonds,
DOI 10.1007/978-3-642-12572-0_4, © Springer-Verlag Berlin Heidelberg 2011 
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Textures on octahedral crystal faces

Triangular plates

Triangular plates are growth layers of variable thickness that develop on 
octahedral crystal faces (Fig. 4-02).315 Th ey can occur as single plates, or 
they can form multiple imbricated plates. Th e latter causes the diamonds 
to develop a stepped appearance (Fig. 4-03). Triangular plates have an 
octahedral form, but their original sharp edges can be rounded if the dia-
monds were aff ected by resorption (Fig. 4-04).

4-02: Octahedral 

diamond with multiple 

triangular growth plates 

of variable thickness (0.92 

ct). The growth plates 

cause the stepped appear-

ance of this diamond.

4-03: Octahedral 

diamonds with triangular 

growth plates in different 

confi gurations. Draw-

ings from Fersmann and 

Goldschmidt (1911).

4-04: Slightly resorbed, 

rounded triangular 

growth plates on a 

stepped octahedral dia-

mond (1.06 ct).
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Shield-shaped laminae

Octahedral crystal faces can have superimposed laminae that are smaller 
than the underlying octahedral crystal face. Th e laminae have curved 
edges, which results in a shield-like outline (Fig. 4-05).91 Compared to 
triangular growth plates, shield-shaped laminae are generally much thin-
ner and have curved edges. Similar to triangular growth plates, multiple 
imbricated shield-shaped laminae can cause a stepped appearance (Fig. 
4-06, Fig. 4-07). Shield-shaped laminae are the result of the resorption of 
individual growth layers.214

Triangular pits (trigons)

Triangular pits, which are generally referred to as trigons, are a very com-
mon and distinctive feature of octahedral crystal faces.298 Trigons can be 
variable in size, and it is not uncommon to fi nd trigons with a wide range 
of sizes on a single diamond (Fig. 4-08). Even octahedral crystals faces that 
visually appear pristine and smooth often contain microscopic trigons. 
Trigons with fl at bottoms can be distinguished from other varieties that 

4-07: Light brown 

diamond with multiple 

imbricated shield-shaped 

laminae (1.11 ct).

4-05: Idealized represen-

tation of shield-shaped 

laminae on an octahedral 

crystal face.

4-06: Rounded triangular 

growth plates and shield-

shaped laminae on an 

octahedral diamond 

(1.01 ct).
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have pyramidal or terraced bottoms (Fig. 4-09, Fig. 4-10). Trigons on natu-
ral diamonds are usually oriented in the direction opposite to the underly-
ing crystal face, which is the reason why these trigons are referred to as 
negative trigons.81 Negative trigons are considered to form when original 
growth surfaces are etched by fl uids at high temperatures (~1000°C).67, 213 
Compared to negative trigons, trigons with positive orientations are ex-
tremely rare on natural diamonds.

1

2

3 4

4-08: Large terraced 

trigons on the surface of 

a slightly resorbed, octa-

hedral diamond (1.03 ct). 

The negative trigons are 

oriented in the direction 

opposite to the underlying 

octahedral crystal face.

4-10: Multiple fl at-

bottomed trigons on the 

octahedral crystal face 

of an alluvial diamond 

from Boa Vista, Roraima, 

Brazil. The diamond exhibits 

green surface spots that 

cover some of the trigons, 

indicating that the surface 

spotting postdates the 

trigon formation. The fi eld 

of view is ~2 mm.

4-09: Different types 

of trigons: (1) terraced 

trigons, (2) fl at-bottomed 

trigons, (3) pyramidal 

trigons, and (4) positively 

oriented trigons.
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Six-sided pits (hexagons)

Some octahedral diamonds exhibit six-sided pits, which are referred to as 
hexagons. Hexagons can be quite large in their areal extent, and they can 
also be quite deep. Hexagons are usually fl at-bottomed, but their bottoms 
can be rugged (Fig. 4-11, Fig. 4-12). Compared to trigons, which have 
sharp edges, hexagons often have a rounded outline and smooth edges. 
Hexagons develop as original crystal faces are etched by fl uids at high 
temperatures.67 In some cases, negative trigons are present on the bottoms 
of hexagons, which indicates that the etching event that produced the 
trigons postdates the formation of the hexagons (Fig. 4-13). Hexagons are 
generally less common than trigons, but they are a frequent and typical 
surface feature on diamonds from the Argyle mine in Western Australia.

4-13: Hexagons on the 

surface of an octahedral 

diamond from Argyle, 

Western Australia (1.80 

ct). Negative trigons are 

present on the bottom of 

the hexagons.

4-12: Idealized represen-

tation of hexagons on 

an octahedral diamond 

surface.

4-11: Hexagonal pits 

(hexagons) on the surface 

of an octahedral diamond 

from Argyle, Western 

Australia (1.78 ct). Most 

of the hexagons are 

slightly rounded.
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Textures on cubic crystal faces

Tetragonal pits (tetragons)

Diamond cubes exhibit very few characteristic surface textures. Th e only 
easily recognizable surface features of diamond cubes are tetragonal 
pits, which are referred to as tetragons (Fig. 4-14). Th e square outline of 
tetragons refl ects the four-fold symmetry of the cubic crystal faces. Th e 
corners of tetragons usually point towards the edges of the underlying 
crystal face (negative orientation) (Fig. 4-15). Tetragons are often terraced, 
and they probably develop in a similar manner as trigons and hexagons—
from the etching of the crystal faces by fl uids at high temperatures.219

Textures on rounded dodecahedral crystal faces

Terraces

Terraces are concentric ridges or bands with a three- or six-sided outline 
that are developed around the three-fold axes of dodecahedral crystal 
faces (Fig. 4-16, Fig. 4-17). If relictic octahedral crystal faces are pres-
ent, terraces usually follow their margins (Fig. 2-20). Terraces form when 
octahedral diamonds with strong growth zoning are resorbed and trans-
formed into rounded dodecahedral diamonds.202 Th e octahedral growth 
zones usually consist of layers with diff erent concentrations of nitrogen. 
Depending on their nitrogen concentration, individual layers can be more 
resistant to resorption than others. As a result, some layers develop into 
terraces during the resorption process and are raised compared to the 
remaining crystal face (Fig. 4-18). Th e prominence of the terraces is infl u-
enced by the extent of the compositional diff erences between the layers 
and by the degree of resorption that the diamond has experienced.

4-15: Simplifi ed repre-

sentation of tetragons on 

the surface of a diamond 

cube

4-14: Deep tetragonal 

etch pits (tetragons) on 

the surface of a diamond 

with cubic habit. The fi eld 

of view is ~2 mm.

4-16: Illustration of the 

relationship between 

growth zoning in 

octahedral diamonds 

and terraces in resorbed 

dodecahedral diamonds.

octahedral

(growth)

dodecahedral

(resorption)
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4-18: Left, Rounded 

dodecahedral diamond 

(0.16 ct) with promi-

nent terraces from Boa 

Vista, Roraima, Brazil. The 

diamond also contains a 

colorless olivine inclusion. 

Below left, Cathodolu-

minescence (CL) image 

showing the octahedral 

growth zones. The ter-

races coincide with the 

brightest areas in the 

CL image. These zones 

have the highest nitrogen 

contents.

4-17: Left, Concentric terraces on the 

surface of a rounded dodecahedral 

diamond (1.00 ct). Below, Simplifi ed 

representation of the main crystal faces 

with the terraces outlined in red.
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Hillocks

Hillocks are a common feature on dodecahedral crystal faces.214 Th ey 
can occur as isolated features, or they can occur in groups (Fig. 4-19). 
Similar to terraces, hillocks are usually aligned concentrically around the 
three-fold axes of dodecahedral crystal faces (Fig. 4-20). Hillocks are also 
oriented parallel to the margins of relictic octahedral crystal faces, if these 
are preserved (Fig. 4-21). Hillocks can have pyramidal or rounded, drop-
like shapes, and they are often elongated. Pyramidal hillocks are generally 
restricted to diamonds that are only moderately resorbed (Fig. 4-22). More 
severe resorption causes the hillocks to become increasingly rounded 
(Fig. 4-23). Th e presence and shape of a hillock is strongly infl uenced by 
the original growth habit of the diamond and the degree of resorption. 
Stepped diamonds, for example, are more likely to develop hillocks during 
resorption than diamonds with smooth crystal faces.

4-19: Drop-shaped hill-

ocks on the dodecahedral 

crystal face of a diamond 

from the Jagersfontein 

mine, South Africa. The 

fi eld of view is ~2 mm.

4-20: Orientation of hill-

ocks (white) with respect 

to octahedral (grey) and 

dodecahedral (yellow)

crystal faces. Modifi ed 

from Orlov (1977).
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pyramidal drop-shaped

R e s o r p t i o n

4-22: Left, Large pyrami-

dal hillock on a dodeca-

hedral diamond (1.00 ct). 

Numerous smaller hillocks 

are oriented parallel to 

the large hillock. Below, 

Simplifi ed representation 

of the main crystal faces 

with the large pyramidal 

hillock in red.

4-21: Elongated, 

drop-shaped hillocks on 

dodecahedral crystal faces 

of a diamond from South 

Africa. The remnants 

of an octahedral crystal 

face are marked by the 

presence of trigons and 

shield-shaped laminae. 

The drop-shaped hillocks 

are oriented parallel to 

the edges of the relictic 

octahedral crystal face. 

A sulfi de inclusion within 

the diamond is visible 

through the octahedral 

crystal face. A character-

istic rosette of opaque 

fractures surrounds the 

sulfi de. The fi eld of view 

is ~6 mm.

4-23: The transition 

from a pyramidal hillock 

to drop-shaped hillock.
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4-25: Right, Pale yellow, 

dodecahedral diamond 

with corrosion sculptures 

and terraces (0.94 ct). 

Below, Close-up of the 

corrosion sculptures. The 

fi eld of view is ~2 mm.

4-24: Corrosion sculp-

tures on the surface of a 

rounded macle. The fi eld 

of view is ~3 mm.
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Corrosion sculptures and shallow depressions 

Dodecahedral crystal faces occasionally exhibit pits with elliptical or ir-
regularly curved outlines.214, 307, 315 Some pits are deep and have distinctly 
striated bottoms (Fig. 4-24). Th ese are generally referred to as corrosion 
sculptures. In other cases, the pits are shallow and have smooth bottoms. 
Th ese types of pits are classifi ed as shallow depressions.240 Shallow depres-
sions can coalesce and cover large parts of the diamond surface (Fig. 4-25). 
Corrosion sculptures and shallow depressions can occur together on the 
same diamond. 

Th e development of corrosion sculptures and shallow depressions 
is caused by late-stage etching, that postdates the formation of terraces 
and hillocks. Diamonds with corrosion sculptures were found to be more 
abundant in the higher levels of some kimberlites,307 which indicates that 
the etching that produced the corrosion sculptures occurred close to the 
Earth’s surface within the cooling kimberlitic magma. 

Micro-disks and micro-pits

Some dodecahedral crystal faces exhibit distinctly circular features, which 
occur either as slightly raised disks or as circular pits (Fig. 4-26). Th e 
diameters of the individual disks or pits can be quite variable, but they are 
mostly of microscopic size. Th e formation of micro-disks and micro-pits 
also postdates the formation of terraces and hillocks, and they are, there-
fore, linked to late-stage etching. Micro-disks and micro-pits can occur in 
association with corrosion sculptures and shallow depressions.

It has been suggested that the presence of small bubbles on the dia-
mond surface during late-stage etching is responsible for the development 
of micro-disks. Th e bubbles, in this case, protected the surface of the 
diamond from the etching, leaving raised disks.218

4-26: Circular micro-pits 

on a dodecahedral crystal 

face of a placer diamond 

from the Springfi eld 

Basin, South Australia. 

The original dodecahedral 

crystal face exhibits elon-

gated hillocks. Since the 

micro-pits formed on the 

top of the hillocks, they 

must be late-stage etch 

features. The fi eld of view 

is 90 micrometers.
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Textures not restricted to specifi c crystal faces

Deformation lines

Dodecahedral crystal faces commonly exhibit sets of closely spaced linea-
tions that formed in response to plastic deformation (Fig. 4-27). Th ese 
lineations, which are referred to as deformation lines, can extend across 
adjacent crystal faces. Up to four sets of deformation lines with diff erent 
orientations can be present on a single diamond (Fig. 4-28, Fig. 4-29, Fig. 
4-30, Fig. 4-31).315 Deformation lines are caused by the displacement and 
shifting of carbon atoms along octahedral planes (glide-planes). Th e four 
sets of deformation lines, therefore, coincide with the four possible ori-
entations of the octahedral planes. At the intersection of the glide-planes 
with the diamond surface, the diamond is more resistant to resorption. 
Th ese intersections, therefore, become enhanced during resorption.

(111)

4-27: Deformation lines 

on a dodecahedral placer 

diamond from Echunga, 

South Australia. The 

deformation lines are 

accentuated by resorp-

tion. 

4-28: Right, Cathodoluminescence (CL) image of a 

dodecahedral diamond from Canastra, Minas Gerais, 

Brazil. The diamond exhibits deformation lines that ap-

pear as straight bright lines that cut across some of the 

original octahedral growth zones. Three distinct sets of 

deformation lines can be distinguished. These are oriented 

parallel to octahedral planes within the diamond. Above, 

Illustration of the main crystal faces and the location of 

the deformation lines (set 1–3). Growth zoning is marked 

in blue.
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4-29: Left, Brown dodecahedral diamond with two 

sets of deformation lines oriented in different directions 

(1.13 ct). The diamond also exhibits elongated hillocks 

that follow a third direction. Above, Simplifi ed repre-

sentation of the main crystal faces and the location of 

the deformation lines (red) and the hillocks (blue).

4-30: Colorless dodeca-

hedral diamond with two 

distinct sets of deforma-

tion lines (1.00 ct).

4-31: Colorless dodeca-

hedral diamond from 

Guinea, with deformation 

lines (0.22 ct).
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Deformation lines are less obvious on un-resorbed octahedral crystal 
faces. In some cases, however, they can be marked by rows of trigons that 
are aligned along the deformation lines (Fig. 4-32, Fig. 4-33). Multiple 
parallel rows of trigons can occur on the same octahedral crystal face. 
Although deformation lines can occur on diamonds of any color, they are 
particularly common on brown and pink diamonds. Plastic deformation 
occurs at high temperatures and high pressures,58 most likely within the 
Earth’s mantle.

Surface frosting

Some diamonds exhibit surface frosting that covers parts of the diamond 
or the entire diamond surface. Th e frosting can have a fi ne or a relatively 
coarse texture that usually causes the diamond to appear dull (Fig. 4-34, 
Fig. 4-35). Surface frosting is caused by numerous microscopically small 
etch pits, which probably formed during rapid late-stage etching within 
the cooling kimberlite.240

4-32: Deformation 

lines on an octahedral 

crystal face of a pink dia-

mond from the Mir mine, 

Russia. Parallel rows of 

fl at-bottomed trigons 

follow the trend of the 

deformation lines. The 

fi eld of view is ~2 mm.

4-33: Orientation of 

deformation lines and 

trigons on an octahedral 

crystal face.

4-34: Fine frosting on the 

surface of a dodecahedral 

diamond with a green 

surface color (0.26 ct).
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Enhanced luster

Some diamonds are characterized by conspicuously lustrous surfaces that 
lack fi ne surface textures. Such enhanced luster is particularly common 
on dodecahedral diamonds, but it can also occur on rounded octahedral 
diamonds (Fig. 4-36). Th e enhanced luster is possibly the result of a late-
stage, high-temperature (~1000°C) etching.224

Ruts

Ruts are deep etch-channels in diamond surfaces that do not follow 
specifi c crystallographic directions (Fig. 4-37, Fig. 4-38). Th ey are most 
likely related to the presence of preexisting planes of weakness within the 
diamond, such as those caused by fractures that have been widened by 
etching or resorption.214

4-36: Placer diamonds 

from Echunga, South 

Australia (l – r: 0.84 ct, 

1.0 ct, and 0.46 ct). The 

dodecahedral and round-

ed octahedral diamonds 

exhibit glossy surfaces 

with enhanced luster.

4-35: Coarse frosting on 

the surface of a rounded 

dodecahedral diamond 

with a green surface color 

(0.32 ct).
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4-37: A large rut on a 

light brown, dodecahedral 

diamond from Guinea 

(0.77 ct).

4-38: A rut intersecting 

a parallel intergrowth of 

two octahedral diamonds 

with a fi brous coat 

(1.09 ct).

4-39: Pale yellow, 

dodecahedral diamond 

(1.11 ct) with large 

crescent-shaped percus-

sion marks that formed as 

a result of particle impact 

during transport.
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Surface textures on placer diamonds

Diamonds from placer deposits exhibit a range of distinctive surface 
textures that are either absent or rare on diamonds recovered directly 
from kimberlites. Th ese textures are generally the result of abrasion during 
transport on the Earth’s surface. 

Percussion marks

Diamonds from placer deposits occasionally exhibit fractures and spall 
scars that have crescent-shaped, rounded, or hexagonal outlines (Fig. 
4-39). Th ese fractures can be the result of particle impacts on the dia-
mond surface. In this case, the size of the fracture, or percussion mark, 
is largely related to the size of the impacting particle and its energy. Th e 
fractures can extend deep into the interior of the diamond following the 
directions of the octahedral planes (Fig. 4-40).123, 124 Percussion marks on 
placer diamonds likely form in high energy environments, like fast fl owing 
rivers or beach settings. In these environments, particles such as pebbles 
or boulders can saltate and collide with the diamond causing surface dam-
age or even completely breaking of the diamond. Percussion marks may 
also form by the collision of diamonds with hard rock surfaces. Very small 
percussion marks may be the result of windblown sand grains hitting the 
diamond surface (Fig. 4-41).240 Percussion marks can also be present on 
diamonds from kimberlitic deposits. In these cases, they may have formed 
during kimberlite emplacement or during the processing of the kimberlite 
ore (e.g. crushing and transport).

4-40: Scanning electron 

microscope (SEM) im-

age of crescent-shaped 

percussion marks and 

network patterns on 

the surface of an alluvial 

diamond from Arenapolis, 

Mato Grosso, Brazil. The 

network patterns consist 

of two sets of fi ne, paral-

lel grooves.

4-41: Surface of a round-

ed dodecahedral diamond 

with numerous small 

percussion marks. The 

small size of the percus-

sion marks suggests they 

may have been caused by 

the impact of windblown 

sand grains. The fi eld of 

view is ~3 mm.
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Edge abrasion, surface abrasion, and scratch marks

Placer diamonds can be subjected to varying degrees of abrasion that 
produce a rough surface.240 Abrasion primarily aff ects the most protruding 
features, such as the sharp crystal edges. Small degrees of edge abrasion 
are characterized by the appearance of a few small fractures on the sharp-
est edges (Fig. 4-42). With increasing degrees of abrasion, less pronounced 
edges and crystal faces are aff ected. For example, fl at crystal faces may 
show scratch marks (Fig. 4-43), and sharper crystal edges may be rounded 
and have a dull appearance. In extreme cases, the abrasion can result in 
a distinctively rounded diamond with few clear surface areas (Fig. 4-44), 
or completely dull surfaces (Fig. 4-45). Abrasion textures, like percussion 
marks, are mainly related to the processes that occur in high-energy envi-
ronments, such as the transport of diamonds over exposed bedrock on the 
bottom of a riverbed. Rivers often contain potholes where diamonds can 
be trapped, and the contact of the diamonds with the walls of the potholes 
can cause the abrasion of placer diamonds.240 

4-42: Right, Dodecahe-

dral diamond (1.04 ct) 

with abraded hillocks 

and crystal edges. Below, 

Close-up of the abraded 

hillocks and crystal edges.
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4-44: Abraded dodeca-

hedral diamond (1.10 ct). 

The deepest parts of the 

surfaces are not abraded 

indicating that the 

diamond was scratched 

on a hard surface, such as 

the sidewalls of a pothole 

within a riverbed.

4-43: Dodecahedral 

diamond (1.13 ct) with 

abraded edges and 

scratched crystal faces. 

Inclusions inside the dia-

mond cause the orange 

color.

4-45: Dodecahedral 

diamond with a strongly 

abraded surface (0.95 

ct). Only the minor edges 

were not abraded.
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Network patterns

Network patterns on the surface of placer diamonds consist of parallel, 
tightly-spaced grooves (Fig. 4-46).66, 240 Th e grooves generally occur where 
octahedral planes intersect the diamond surface. Th e space between the 
grooves can vary from a few micrometers to tens of micrometers. On do-
decahedral crystal faces, the intersection of two sets of grooves produces a 
distinctive rhombic pattern. On octahedral crystal faces, network patterns 
are generally less regular. Th e presence of network patterns is linked to 
a minor dislocation of carbon atoms along octahedral planes, similar to 
deformation lines. During residence in a placer environment, these dislo-
cations are enhanced by etching.66 Network patterns are often associated 
with edge abrasion.

4-46: Right, Faint 

network patterns on the 

surface of a dodecahedral 

diamond (1.19 ct). Below, 

Close-up of the network 

patterns.
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Diamonds frequently contain inclusions. Th ese inclusions can alter the 
appearance and transparency of a diamond and are often undesired 

constituents in gemstone diamonds. On the other hand, the inclusions 
can provide insights into the origin of the diamonds. Although inclusions 
can be found in all morphological types of diamonds (i.e. monocrystalline, 
fi brous, and polycrystalline diamonds) the characteristics of the inclusions 
can be quite diff erent for each diamond type. Monocrystalline and poly-
crystalline diamonds, for example, typically contain inclusions of other 
minerals, whereas fi brous diamonds usually contain inclusions of 
fl uids.189, 208, 275

Inclusions in monocrystalline diamonds

Most of the inclusions in monocrystalline diamonds are rather non-
descript. Th ey commonly occur as dark fl akes, spots, clouds, or as coatings 
on internal fractures. In many cases, these inclusions consist merely of 
graphite, the low-pressure polymorph of diamond.107 Aside from these 
non-descript inclusions, monocrystalline diamonds occasionally contain 
inclusions of other minerals, including various silicates, oxides, and 
sulfi des, which were part of the growth environment of the diamond.193 
Once enclosed by the host diamond, these mineral inclusions were 
protected from alteration.

Th e mineral inclusions in monocrystalline diamonds have received 
considerable scientifi c attention because they are pristine samples from 
parts of the Earth’s mantle that are otherwise inaccessible. Th erefore, they 
contain valuable information about the composition and geological his-
tory of the Earth’s interior. Th is information is also of importance to the 
diamond mining and exploration industry (e.g. locating new diamond de-
posits) as well as in the gem trade (e.g. tracing and evaluating diamonds).

Inclusion characteristics

Mineral inclusions in monocrystalline diamonds can range in size from 
the sub-microscopic to the millimeter scale. Larger diamonds are statisti-
cally more likely to contain more inclusions, and these inclusions are more 
likely to be larger. Th e abundance of diamonds containing visually rec-
ognizable mineral inclusions other than graphite is generally quite small, 
but the abundance varies between deposits. At some southern African 
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diamond mines, an average of only one percent of the diamonds in the 
~2 mm size fraction contained visually recognizable mineral inclusions.275

Many mineral inclusions in monocrystalline diamonds exhibit well-
developed crystal faces and distinctive shapes.315 Th e shapes are typically 
octahedral or cubo-octahedral, and they are often distorted to some de-
gree (Fig. 5-01). Th ese regular shapes are even developed by minerals like 
olivine or pyroxene that do not have cubic crystal structures and under 
normal growth conditions would not develop an octahedral or cubo-
octahedral shape. Th is means that the diamond imposes its shape onto the 
enclosed mineral.105

5-01: Right, Strongly 

elongated peridotitic gar-

net inclusion (~1 mm in 

length). The crystal faces 

of the garnet are oriented 

parallel to the octahedral 

growth directions of 

the diamond, which are 

marked by terraces. This 

indicates that the inclu-

sion and diamond crystal-

lized, or re-crystallized, at 

the same time. One of the 

dodecahedral crystal faces 

of the diamond has been 

polished for better visibil-

ity. Below right, Close-up 

of the peridotitic garnet 

inclusion. The garnet has 

crystal faces that resemble 

a strongly distorted cubo-

octahedron.
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Th e crystal faces of mineral inclusions are also often aligned parallel 
to the octahedral crystal faces of the host diamond, which indicates 
that the inclusions are not randomly oriented within the diamond (Fig. 
5-02).196 Furthermore, x-ray analyses have shown that the crystal faces 
and the crystal axes of the inclusions can be aligned with those of the host 
diamond. Th is means that the inclusions and the host diamond form an 
epitaxial intergrowth (Fig. 5-03).104

Th e close crystallographic relationship between the inclusion and the 
diamond provides evidence that both crystallized at the same time. Th e 
mineral inclusions, therefore, are often interpreted as being syngenetic 

5-03: The orientations of 

inclusion minerals with 

cubo-octahedral and 

octahedral crystal shapes 

shown in relation to an 

octahedral host diamond. 

5-02: Left, Colorless 

inclusions (large inclusion 

is ~1 mm) of an unknown 

mineral in a fl attened do-

decahedral diamond from 

the Venetia mine, South 

Africa. The main crystal 

face of the large inclusion 

is oriented parallel to a 

relictic octahedral crystal 

face of the diamond. The 

diamond has been pol-

ished for better visibility. 

Below left, Close-up of 

the inclusions. It is notable 

that the crystal faces of 

the smaller inclusion are 

oriented in the same 

direction as those of the 

larger inclusion.
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with the host diamond.105 Th e observation that the mineral inclusions 
and their host diamonds crystallized at the same time seems to contra-
dict the premise that diamonds grow from fl uids or melts that percolate 
through an already existing lithospheric mantle. Th e most likely solution 
for this apparent contradiction is that the (pre-existing) minerals that 
were incorporated in the diamond re-crystallized at the same time as 
the diamonds grew. Th e re-crystallization of the host rocks would also 
create the spaces necessary for diamonds to develop their typical growth 
habits.

Some mineral inclusions do not exhibit well-developed crystal faces or 
crystal shapes, nor do they have a close crystallographic relationship with 
the host diamond (Fig. 5-04). Th ese inclusions possibly crystallized before 
the diamond and consequently could be classifi ed as protogenetic inclu-
sions.105, 193

5-04: Right, Eclogitic 

garnet inclusion with its 

characteristic orange color 

in a strongly resorbed and 

slightly distorted diamond 

(Ø: ~6 mm). The diamond 

surface is polished for 

better visibility. Below 

right, Close-up of the 

eclogitic garnet inclusion. 

The lack of a distinctive 

crystal shape indicates 

that the garnet may be 

protogenetic.
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Unlike syngenetic and protogenetic mineral inclusions, epigenetic 
minerals formed after the growth of the host diamonds.106 Th e formation 
of epigenetic minerals is generally linked to processes that occurred to the 
diamond during transport in a kimberlitic magma or during residence on 
the Earth’s surface. Epigenetic minerals often have little or no genetic re-
lationship with the host diamond, which is the reason why relatively little 
scientifi c attention is paid to them. However, a wide range of minerals 
have been identifi ed as epigenetic.41, 106, 193 A common epigenetic mineral 
in diamond is graphite, which can form as a late-stage product on internal 
fractures. Epigenetic minerals also include secondary minerals that formed 
on the surface of the diamond, commonly in deep etch pits, ruts, or frac-
tures. In addition, epigenetic minerals comprise syngenetic or protoge-
netic inclusions that were altered while residing within the diamond.106 In 
this case, alteration can occur through fractures that connect the inclusion 

5-05: Left, Rounded 

dodecahedral diamond 

containing an altered 

(epigenetic) mineral inclu-

sion (Ø: ~7 mm). The 

diamond surface is pol-

ished for better visibility. 

Below left, Close-up of 

the inclusion, which con-

tains dark cloudy patches 

that are characteristic for 

altered inclusions.
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mineral to the diamond surface. Fluids permeating through the fractures 
can alter or dissolve the original inclusions. Even very small fractures can 
act as conduits for fl uids that destroy inclusions and precipitate secondary 
alteration minerals.

It not always possible to determine if an inclusion mineral has been 
aff ected by alteration or if it is a secondary precipitate. Th erefore, it can be 
diffi  cult to distinguish between epigenetic minerals and true inclusions. 
Minerals located close to visible fractures or to the surface of a diamond 
are particularly prone to alteration and must be examined closely. Epi-
genetic minerals or altered inclusions can sometimes be recognized by a 
cloudy appearance (Fig. 5-05). 

5-06: Right, Purplish-

red peridotitic garnet 

inclusion in a rounded 

dodecahedral diamond 

(Ø: ~8 mm). The inclusion 

is surrounded by fractures. 

A dodecahedral crystal 

face is polished for better 

visibility. Below right, 

Close-up of the peridotitic 

garnet inclusion, which 

exhibits well-defi ned 

crystal faces.
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Identifi cation of inclusions

A large number of minerals have been identifi ed as inclusions in diamonds 
(Table 5-01). Most of these minerals are rare, and some of them have only 
been found once. Only around a dozen minerals occur frequently, and it 
is possible to identify some of these based on their visual appearance. Th e 
visual identifi cation of mineral inclusions is easiest for those minerals that 
have distinctive colors or other unique features. Inclusions of peridotitic 
garnets, for example, can often be identifi ed by their distinctive purplish-
red color (Fig. 5-06). However, the visual identifi cation of a mineral 
inclusion based solely on its color can be challenging. Th e intensity of a 
color can vary depending on the chemical composition of the mineral 
and its size. Smaller inclusions tend to have a less intense color compared 
to larger inclusions. Inclusions that lack distinguishing features can be 
even more diffi  cult or impossible to visually identify. Several minerals, for 
example, are colorless, and their identifi cation requires more advanced 
analytical techniques (Fig. 5-07). 

5-07: A colorless mineral 

inclusion in an octahedral 

diamond (0.04 ct) from 

the Jagersfontein mine, 

South Africa. After it was 

released from the host 

diamond, the inclusion 

was identifi ed as an ec-

logitic clinopyroxene.

Table 5-01: Mineral inclusions in monocrystalline diamonds (other than graphite and diamond)

Lithospheric Inclusions   Sublithospheric Inclusions

PERIDOTITIC SUITE

Olivine Mg2[SiO4]
Pyrope Garnet Mg3(Al,Cr)2[SiO4]3

Orthopyroxene Mg2[Si2O6]
Clinopyroxene (Ca,Cr)Mg[Si2O6]
Chromite (Mg,Fe)Cr2O4

Sulfi des various, usually Ni-rich

ECLOGITIC SUITE

(including 1calc-silicate and 2websteritic inclusions)

Pyrope-Almandine Garnet (Mg,Fe)3Al2[SiO4]3

Clinopyroxene (Ca,Na)(Mg,Al)[Si2O6]
Sulfi des various, usually Ni-poor
Kyanite Al2O[SiO4]
Sanidine1 K[AlSi3O8]
Coesite1 SiO2

Rutile TiO2

Corundum Al2O3

Orthopyroxene2 Mg2[Si2O6]

ASTHENOSPHERE/TRANSITION ZONE

Majoritic Garnet (Mg,Fe)3(Al,Si)2[SiO4]3

LOWER MANTLE

Ferropericlase (Mg,Fe)O
Mg-Si-Perovskite* MgSiO3

Ca-Si-Perovskite* CaSiO3

TAPP (Mg,Fe)3(Al,Cr)2Si3O12

Stishovite* SiO2

Corundum Al2O3

Type-III Pyroxene/Garnet* (Na,Mg)(Al,Mg)[Si2O6]

*crystal structure inferred

Uncertain and/or Rare Mineral Inclusions in Diamonds (with selected references)

Native Iron 263 Fe Eskolaite 174 Cr2O3 Titanite 49 CaTiO[SiO4]
Native Chromium 90 Cr Perovskite 165, 192 CaTiO3 Zircon 190 Zr[SiO4]
Nickel-Chromium alloy 90 NiCr Ilmenite 190 (Mg,Fe,Mn)TiO3 Staurolite 46 (Fe,Mg)2Al9O6[(Si,Al)O4]4(O,OH)2

Moissanite 140, 204 SiC Loparite-(K,Cr) 165 (K,Ca,Sr,REE,Th)(Cr,Ti,Fe,Nb)O3 Chevkinite-(Cr) 165 (REE,Sr,Th)4(Mg,Fe,Ca)Cr2(Ti,Al,Nb)2O8[Si2O7]2

Cohenite 252 FeC Lindsleyite 170, 266 (Ba,Sr)(Ti,Zr,Fe,Cr)21O38 Melilite 49 (Ca,Na)2(Al,Mg,Fe)[(Al,Si)SiO7]
Molybdenite 49 MoS2 Yimengite 18 K(Cr,Ti,Mg,Fe,Al)12O19 Amphibole 110, 192 NaCa2(Mg,Fe)4Al[(Al2Si6)O22](OH)2

Fluorite 30 CaF2 Magnesite 170, 309 Mg[CO3] Phlogopite 170, 228, 266 KMg3[AlSi3O10](OH,F)2

Wüstite 270 FeO Calcite 184 Ca[CO3] Plagioclase 306 Na[AlSi3O8]-Ca[Al2Si2O8]
Magnetite 105 Fe3O4 Apatite 90 Ca[PO4]3(OH)
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Fractures within diamonds can also complicate mineral identifi cation, 
especially if they occur around inclusions. Th e fractures around inclusions 
are often caused by diff erences in the expansion properties of the enclosed 
mineral and the host diamond. During transport to the Earth’s surface, 
changes in pressure and temperature can cause the enclosed minerals to 
fracture the host diamond. Certain minerals are more prone to fracturing 
their hosts than others. Inclusions of sulfi de minerals, for example, are 
very often surrounded by extensive fracture systems (see Fig. 5-16). In ad-
dition, large inclusions are also more likely to fracture their host diamond 
than smaller inclusions.

Problems with the visual identifi cation of mineral inclusions can also 
be caused by the surface of the diamond. Surface frosting and other 
surface textures can obscure the interior of the diamond (Fig. 5-08). Th e 
interface between some mineral inclusions and their host diamond are 
very refl ective, a phenomenon caused by the diff erence in the refractive 
index between inclusion and diamond. Th ese refl ections can mask the 
color, particularly of weakly colored inclusions (Fig. 5-09).

Although the visual examination of mineral inclusions can provide 
some information about their identity, it is often necessary to use other 
analytical techniques to determine their precise composition. Some 
analytical techniques can be applied to an inclusion still enclosed in a dia-
mond (in-situ); others require the inclusion to be liberated. In-situ tech-
niques, including Raman-spectroscopy 87, 130 and x-ray diff ractometry,105, 

214 are capable of identifying minerals, but they provide limited informa-
tion about their exact chemical composition. To determine the chemical 
composition of a mineral inclusion with accuracy, it is usually necessary 
remove the inclusion from the diamond. Th is can be done by crushing or 
by polishing the diamond until the inclusion is exposed.16, 248 Alternatively, 
the diamond can be burned in air at temperatures above 700ºC.310 Most 
inclusion minerals are not aff ected by these temperatures, and they will 
remain in the residue after the diamond has been burned. Once released 
from the diamond, a wide range of analytical techniques, including elec-
tron microprobe analysis or mass spectrometry, can be used to accurately 
determine the chemical and isotopic composition of the mineral inclusion. 

5-08: Right, Peridotitic 

garnet inclusion in a 

macle from Boa Vista, 

Roraima, Brazil. The inclu-

sion is slightly masked by 

the rough surface texture 

of the diamond. The 

fi eld of view is ~3 mm. 

Below right, The peridot-

itic garnet inclusion after 

it was released from the 

host diamond. The crystal 

faces are now visible.
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Classifi cation of inclusions

Based on their composition, the majority of mineral inclusions in dia-
monds worldwide can be subdivided into two distinct suites: peridotitic 
and eclogitic.193, 262 Diamonds containing these mineral inclusions can be 
classifi ed as either peridotitic or eclogitic diamonds. Th e two suites relate 
to the two main types of mantle rocks, peridotites and eclogites. Th e pres-
ence of these two inclusion suites is refl ected in the frequent occurrence of 
peridotites and eclogites as xenoliths in kimberlites. Even though a single 
diamond can contain more than one mineral, it is extremely rare to fi nd a 
mix of peridotitic and eclogitic minerals in a single diamond.

In addition to these frequently occurring inclusion suites, less common 
and compositionally distinct suites, such as websterictic and calc-silicate 
suites, have been identifi ed in diamonds from some deposits.4, 95, 194, 264 

5-09: Left, Inclusions of 

undetermined minerals in 

a rounded dodecahedral 

diamond (Ø: ~7 mm) 

from the Koffi efontein 

mine, South Africa. The 

interface between the in-

clusions and the diamond 

is so refl ective that it pre-

vents the identifi cation of 

the inclusions’ true colors. 

Below left, A close-up of 

the inclusions. The dark 

material is graphite that 

formed from internal 

graphitization.
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Th e presence of inclusions belonging to these less common suites 
indicates that the host diamonds formed in unconventional mantle rocks, 
which may only be present on a regional scale. Some rare minerals found 
as inclusions cannot be linked to an inclusion suite because their composi-
tions are not diagnostic for a particular type of mantle rock. In contrast, 
graphite and diamond inclusions in diamonds are very common and can 
occur in any type of diamond. 

Studies on mineral inclusions indicate that the vast majority of dia-
monds (~99%) formed within the lithospheric mantle at depths between 
140-250 kilometers.97, 275 Over the last twenty-fi ve years, a small number of 
diamonds have been found to contain mineral inclusions that originated 
from much greater depths beneath the base of the lithosphere. Th ese 
sublithospheric diamonds formed below the continental keels in the asthe-
nosphere (250-410 km), the transition zone (410-670 km), and even in the 
lower mantle (>670 km).116 Less than 1% of the global diamond production 
is believed to come from the sublithospheric mantle.272

Inclusions of graphite and diamond

Graphite is the most common mineral inclusion in diamonds. Within 
diamonds, graphite usually occurs as fi ne black fl akes. A large number 
of dispersed graphite inclusions can change the color of a diamonds to 
grey or black. Th e presence of abundant graphite fl akes indicates that 
the diamonds crystallized in unfavorable conditions. In these cases, the 
diamonds may have formed only marginally within the diamond stability 
fi eld (Fig. 1-03).86 

Graphite can also be present as coatings on fractures within diamonds. 
In these cases, graphite formed as an epigenetic mineral in response to in-
ternal stress.107 Th e fractures around mineral inclusions and the interfaces 
between the inclusions and the host diamond are also often coated with 
epigenetic graphite (Fig. 5-10).108

Inclusions of well-developed graphite crystals are far less common than 
graphite fl akes and coatings. Some graphite inclusions have hexagonal 
crystal morphologies—which relate to the hexagonal crystal structure of 
graphite—and they can also be crystallographically aligned with the host 
diamond.88 In these cases, the graphite inclusions are likely to be protoge-
netic and pre-date the host diamond.

Inclusions of diamonds within diamonds are not uncommon, but they 
are often diffi  cult to recognize. Th e enclosed diamond may only be visible 
if there is an apparent interface between it and the host diamond, or if 
the enclosed diamond is distinct from the host diamond (e.g. a diff erent 
color). Inclusions of diamond in diamonds usually have octahedral mor-
phologies and may be recognized by having a slightly diff erent orientation 
compared to the host diamond.315

Diamonds from the lithospheric mantle

Peridotitic mineral inclusions
Diamonds containing inclusions of peridotitic minerals are estimated to 
be 2–3 times more common on a worldwide scale than diamonds with 
eclogitic minerals.275 Between deposits, however, the proportion of perido-
titic and eclogitic diamonds can vary considerably. Even within a deposit, 
diff erent size fractions of diamonds may have diff erent proportions of 
peridotitic and eclogitic diamonds. Th e predominance of peridotitic 
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diamonds worldwide is not surprising, since peridotitic rocks are believed 
to comprise the bulk of the lithospheric mantle.236

Peridotitic mineral inclusion assemblages can be used to constrain the 
pressure and temperature conditions that prevailed during the forma-
tion of the host diamond. Research on peridotitic inclusions indicates 
that the diamonds in the lithospheric mantle generally formed at tem-
peratures between ~900-1300ºC and pressures between ~40-80 kilobars, 
which is equivalent to mantle depths between ~140-250 kilometers (Fig. 
1-02).9, 193, 275 However, regional variations in the composition of peridotitic 
inclusion minerals exist, and these variations contain important informa-
tion about the geological history and the diamond formation conditions 
within a particular region.

One of the most common and characteristic minerals that occurs 
as an inclusion in peridotitic diamonds is olivine. Olivine inclusions in 

5-10: Left, A peridotitic 

garnet inclusion with 

multiple faint yellow 

(olivine?) inclusions in a 

diamond from Damtshaa, 

Botswana, which repre-

sent a typical peridotitic 

inclusion suite. The dia-

mond is polished parallel 

to octahedral planes for 

better visibility, and the 

main crystal faces of the 

inclusion are oriented 

parallel to this plane. 

Below left, A close-up 

of the peridotitic garnet 

inclusion. The interface 

between the inclusion 

and diamond, and the 

fractures surrounding the 

inclusion, are covered 

with graphite. The fi eld of 

view is ~1 mm.
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diamonds are usually magnesium rich, which means that they contain a 
high forsterite component.193 Olivine inclusions are colorless, or they have 
a slightly yellowish or greenish hue (Fig. 5-10).105 Visually they are often in-
distinguishable from other colorless or weakly-colored inclusions. Olivine 
is the most abundant mineral in peridotitic rocks; therefore, its frequent 
occurrence as an inclusion in peridotitic diamonds is to be expected.

Garnet is a common and distinctive inclusion mineral. Peridotitic gar-
net inclusions usually have a high pyrope component and can contain sub-
stantial amounts of chromium.188 Th ey are characterized by their intense 
red and purplish-red colors (Fig. 5-01, Fig. 5-10). Due to their intense 
color, peridotitic garnet inclusions are usually easy to recognize.

Inclusions of orthopyroxene are not uncommon, but they are usually 

5-11: Right, Colorless 

orthopyroxene inclusions 

in a diamond (Ø: ~3 mm) 

from the Jagersfontein 

mine, South Africa. It is 

notable that the inclusions 

are aligned perpendicular 

to the right crystal edge 

of the diamond. Below 

right, A close-up of the 

orthopyroxene inclusions.



INCLUSIONS IN DIAMONDS

105

colorless or have a faint yellowish hue (Fig. 5-11). Th erefore, they can-
not be visually distinguished from other colorless mineral inclusions—
especially from the more common olivine.105 Like olivine, orthopyroxene 
inclusions are generally rich in magnesium, which means they have a high 
enstatite component.

Clinopyroxenes are also not uncommon in peridotitic diamonds, and 
they often have a distinctive emerald-green color, but they can also be 
pale-green (Fig. 5-12). Th ey have a high diopside component and contain 
variable amounts of chromium. Th e intensity of the green color generally 
increases with the chromium content.

Chromite is a spinel-group mineral that frequently occurs as inclu-
sion in peridotitic diamonds. Chromite inclusions are usually black and 

5-12: Left, Multiple 

inclusions of peridotitic 

clinopyroxene with their 

characteristic green color 

in an irregular shaped 

diamond (Ø: ~7 mm). 

Some of the inclusions are 

surrounded by graphite-

coated fractures. Below 

left, A close-up of the 

peridotitic clinopyroxene 

inclusion.
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opaque, and they may resemble graphite (Fig. 5-13, Fig. 5-14). Th ey can 
often be visually distinguished from graphite because thin chromite crys-
tals and the edges of larger chromite crystals are slightly translucent and 
exhibit a distinctive reddish-brown color (Fig. 5-15).105 Similar to other 
peridotitic minerals, chromite inclusions are usually magnesium rich, 
which means they contain a high magnesiochromite component.

Except for graphite, sulfi des are the most common group of minerals 
found as inclusions in diamonds.15, 94, 96, 252 Th e high abundance of sulfi de 
inclusions is in contrast to their relative scarcity in xenoliths. Th is indi-
cates that the presence of sulfi des in the Earth’s mantle provides a favor-
able environment for diamond crystallization. 

Sulfi de inclusions are opaque and generally have a metallic luster. Th ey 
are often surrounded by disc-shaped fractures that can take the form of 
rosettes (Fig. 5-16). Th ese fractures are commonly coated with smeared-

5-14: A typical peridotitic 

inclusion suite: a black 

chromite inclusion with 

colorless olivine inclusions 

in a diamond (Ø: ~2 mm) 

from Boa Vista, Roraima, 

Brazil. The olivine inclu-

sions are surrounded by 

graphite-coated fractures. 

The chromite is in direct 

contact with an olivine.

5-13: Chromite inclusion 

in a diamond from the 

Jagersfontein mine, South 

Africa. The fi eld of view is 

~1 mm.
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out sulfi des or graphite, which causes the fractures to exhibit a metal-
lic luster (Fig. 5-17).106 Th e fracture systems commonly mask the actual 
sulfi de inclusion. Smaller sulfi de inclusions may be completely dispersed 
along the fractures (Fig. 5-18). 

Sulfi des were usually incorporated into the diamond during growth as 
homogeneous mixtures of iron-, nickel-, and copper-bearing sulfi des with 
variable compositions. In some cases, these homogeneous mixtures are 
preserved in their original compositions. In other cases, diff erent sulfi de 
minerals precipitated from the original mono-sulfi de solid-solution during 
cooling. Pyrrhotite (Fe1-XS) and pentlandite ((Fe,Ni)9S8) are most common, 
but pyrite (FeS2), chalcopyrite (CuFeS2), cubanite (CuFe2S3), and heazel-
woodite (Ni3S2) have also been found.17, 55 Peridotitic sulfi de inclusions are 
usually more nickel-rich (>12 wt% Ni) compared to eclogitic sulfi des 
(<12 wt% Ni), but the distinction is not always clear-cut.17, 97 

5-15: Left, Multiple chro-

mite inclusions and small 

colorless olivine inclusions 

in an octahedral diamond 

(Ø: ~3 mm) from Boa 

Vista, Roraima, Brazil. The 

host diamond exhibits 

green and brown surface 

spots. Below left, A 

close-up of the chromite 

inclusions shows that the 

edges of the chromites 

are slightly translucent 

and have a characteristic 

reddish-brown color.
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Eclogitic mineral inclusions
Despite the observation that peridotitic diamonds are more common than 
eclogitic diamonds on a worldwide scale, a number of deposits, including 
some major diamond mines, are dominated by eclogitic diamonds. Th e 
Orapa and Jwaneng mines in Botswana,22, 56, 95 the Jagersfontein and Mon-
astery mines in South Africa,53, 205, 302 and the Argyle mine in Australia140 
are a few examples. Th e relatively high proportion of eclogitic diamonds 
worldwide is remarkable because eclogites are considered to be a minor 
constituent (≤ 5%) of the lithospheric mantle.246 Th is indicates that eclog-
ites in the Earth’s mantle contain, on average, more diamonds than typical 
peridotites.

Geochemically, eclogites are similar to mafi c crustal rocks, such 
as basalts and gabbros. In fact, eclogites can be viewed as their high-
pressure equivalents. Th e origin of eclogites in the lithospheric mantle is 

5-16: Right, Sulfi de 

inclusion in a rounded 

dodecahedral diamond 

(Ø: ~7 mm). A do-

decahedral crystal face 

is polished for better 

visibility. Below right, A 

close-up of the inclusion. 

The silvery-grey inclusion 

is surrounded by disc-

shaped fractures that are 

fi lled with sulfi de material, 

which gives it a distinctive 

metallic luster.
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controversial. Eclogites have been interpreted to represent cumulates of 
mafi c magmas that crystallized deep within the lithospheric mantle.119, 212 
Other evidence suggests that most of the eclogites in the lithospheric 
mantle formed from shallow crustal rocks that were transferred to the 
mantle by plate tectonics.134 In this scenario, oceanic crust, which consists 
primarily of basalts and gabbros, was forced into the Earth’s mantle at sub-
duction zones (Fig. 1-02). During the subduction, the basalts and gabbros 
converted into eclogites. Some of these eclogites were then incorporated 
into the lithospheric mantle roots where they became the host rocks for 
the eclogitic diamonds.

Garnets, along with clinopyroxenes, are the most common inclusion 
minerals found in eclogitic diamonds. Eclogitic garnet inclusions have 
a distinctive orange color (Fig. 5-04, Fig. 5-19, Fig. 5-20). Th ey consist 
mainly of almandine and pyrope components, but they can also contain 

5-17: Left, Sulfi de inclu-

sion in a star-shaped dia-

mond twin (Ø: ~8 mm). 

The sulfi des are sur-

rounded by disc-shaped 

fractures that are brassy 

and black. The octahedral 

crystal face of the dia-

mond has been polished 

for better visibility. 

Below left, A close-up 

of the sulfi de inclusion 

showing the brassy color 

of the smeared-out sulfi de 

material in the fracture 

system around the inclu-

sion. The actual inclusion, 

which has a distinctive 

octahedral shape, is vis-

ible in the center of the 

fracture rosette.
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signifi cant amounts of the calcium-endmember grossular. Very calcium-
rich varieties have been recovered from diamond deposits in Eastern 
Australia and Southern Africa.49, 185, 264 Th ese calcium-rich garnets, which 
are generally found in association with calcium-rich clinopyroxenes, are 
the main constituents of the calc-silicate suite.

Clinopyroxene inclusions in eclogitic diamonds are generally pale-
green, but bluish hues are also possible (Fig. 5-20, Fig. 5-21).228 Eclog-
itic clinopyroxenes are diffi  cult to distinguish visually from pale-green 
peridotitic clinopyroxenes, but compared to their peridotitic counterparts, 
eclogitic clinopyroxenes generally have higher sodium contents. In this 
case, they are classifi ed as omphacites, which are mixtures of diopside and 
jadeite endmembers. 

As previously mentioned, sulfi de inclusions are very common in dia-
monds. Sulfi des in eclogitic diamonds usually have lower nickel contents 
(<12 wt% Ni) compared to peridotitic sulfi des (>12 wt% Ni).17 As a result, 
nickel-bearing sulfi de minerals are rare in eclogitic diamonds, and pyr-
rhotite (Fe1-XS) is the dominant sulfi de mineral.

A number of minerals occur less frequently as inclusions in eclogitic 
diamonds, but they are important members of the eclogitic suite and are 
useful in identifying eclogitic diamonds. 

Inclusions of pale blue kyanite occur occasionally as inclusions.94, 228 
Visually, kyanite inclusions may be mistaken for bluish clinopyroxenes 
or moissanite inclusions. Kyanite is also a component of some eclogitic 
xenoliths. 

Corundum inclusions have been identifi ed in eclogitic diamonds from 
several deposits worldwide.185, 205, 216, 287 Corundum usually occurs as a col-
orless inclusion mineral (Fig. 5-22), but is has also been found in its red-
colored variety ruby,191, 311 and in its blue-colored variety sapphire.127 Th e 
red color of the ruby variety is caused by the presence of minor amounts 
of chromium, which is unusual because eclogitic minerals are usually poor 
in chromium. 

Rutile is another infrequently occurring constituent of the eclogitic 
suite.50, 207, 226, 268 Inclusions of rutile are usually moderately transparent or 

5-18: Smeared-out sulfi de 

material on fractures in 

a diamond (Ø: ~3 mm) 

from the Jagersfontein 

mine, South Africa.
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5-20: Typical eclogitic 

inclusion suite: multiple 

orange garnets and pale 

green clinopyroxene 

inclusions (the fi eld of 

view is ~7 mm).

5-21: Inclusions of 

orange eclogitic garnet 

and touching pale green 

clinopyroxene. The fi eld of 

view is ~1 mm.

5-19: Eclogitic garnet 

inclusion (Ø: ~150μm) 

with characteristic orange 

color and distinctive 

crystal faces. Some of 

the inclusion color is 

masked by refl ections on 

the inclusion-diamond 

interface.
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opaque and have a dark-red or brownish color.120, 105 Like kyanite and co-
rundum, rutile is also a typical mineral component of eclogite xenoliths.93

Th e alkali-feldspar sanidine is another colorless mineral that has been 
identifi ed as rare inclusions in diamonds of eclogitic affi  nity.192, 228 Al-
though sanidine is by far more common in crustal rocks, it occasionally 
occurs as constituent of eclogite and grospydite (calc-silicate) xenoliths in 
kimberlites.260

Coesite occasionally occurs as colorless inclusions in eclogitic dia-
monds.95, 146, 205, 216, 261 Although coesite is chemically identical to quartz, it is 
characterized by a diff erent crystal structure. Th e conclusive identifi cation 
of coesite, therefore, requires a crystallographic analysis.195 Coesite, which 
is a high pressure polymorph of quartz, is the stable form of SiO2 at the 
pressure conditions within the lithospheric mantle. After being enclosed 
in the diamond, coesite inclusions can retain their crystal structure be-
cause they are shielded by the surrounding diamond, which prevents their 
conversion to quartz at low pressures.

Coesite inclusions have been found in association with inclusions of 
the calc-silicate group, which include garnet and clinopyroxene inclusions 
that are more calcium-rich than their typical eclogitic counterparts.49, 

264 Based on the distinctive oxygen isotope composition of coesite inclu-
sions in diamonds from Guaniamo, Venezuela, it was suggested that these 
diamonds formed in rocks that were originally part of a subducted ocean 
fl oor.247

Although orthopyroxene is common as a mineral inclusion in peri-
dotitic diamonds, it can also occur with garnets of eclogitic affi  nity (Fig. 
5-23). Diamonds containing orthopyroxene with eclogitic garnets (i.e. 
almandine-rich garnet) are sometimes placed into the websteritic inclu-
sion suite.54 Th e websteritic inclusion suite can be viewed as a transition 
between the peridotitic and eclogitic suite.4 Even though diamonds with 
websteritic inclusions do not occur at every diamond deposit, they can 
comprise a considerable fraction of the diamond population at some 
deposits.275

5-22: Inclusions of 

colorless corundum and 

orange eclogitic garnet 

in a diamond from the 

Jagersfontein mine, South 

Africa. The fi eld of view is 

~2 mm.
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Carbon isotopes and the sources of diamond carbon
Additional information about the origin of diamonds can be obtained 
from their carbon stable isotope compositions. Th e relative abundance 
of the stable carbon isotopes 13C and 12C can identify the source of the 
carbon from which the diamonds grew. Carbon isotopic compositions are 
conventionally quoted as δ13C, which denotes the diff erence in the ratio of 
13C and 12C between a sample and a standard (given in permil). Th e more 
negative the δ13C value, the more depleted the sample is in 13C. 

Peridotitic diamonds have a narrow range of δ13C values, and most 
peridotitic diamonds fall between -2 and -8‰ (Fig. 5-24).23 Th ese carbon 
isotope values are considered to be typical for primordial mantle carbon 
and suggest that peridotitic diamonds formed mainly from carbon that 
was directly sourced from the Earth’s mantle.141 Eclogitic diamonds, in 
contrast, have a much wider range of carbon isotope values (δ13C: +4 to 
-40‰), and a considerable proportion of eclogitic diamonds have very 
negative δ13C values (-10 to -40‰) (Fig. 5-24).52, 158 Th ese very nega-
tive carbon isotope values overlap with values of typical organic matter, 
such as that derived from plants or animals.245 On the other hand, some 
eclogitic diamonds are isotopically heavy and have positive δ13C values 
(0 to +4‰). Th ese heavy isotope values, which are similar to δ13C values 
of marine carbonates, are particularly prominent among diamonds that 
contain inclusions of the calc-silicate suite.264

Th e wide range of isotopic compositions of eclogitic diamonds is a 
sign that the diamonds grew from carbon that was derived from mixed 
sources. Th e very light and the very heavy isotope values are consistent 
with at least part of the eclogitic diamond population in the lithospheric 
mantle growing from surface-derived carbon sources, such as subducted 
organic carbon and carbonates.

5-23: Inclusions of color-

less orthopyroxene and 

orange eclogitic garnet 

in a diamond from the 

Jagersfontein mine, 

South Africa. The inclu-

sions belong to the rare 

websteritic suite.
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Th e ages of diamonds
Major eff orts have been made to determine the crystallization ages of 
diamonds as these ages may provide insights into the causes and timing 
of diamond formation events in Earth’s history. Determining the ages of 
diamonds, however, is not straightforward because diamonds do not con-
tain radioisotopes that can be used to obtain radiometric ages. Diff erent 
approaches have been taken to circumvent this problem.

Crystallization ages of diamonds can be estimated by using the ag-
gregation states of nitrogen impurities. As mentioned earlier, nitrogen 
impurities migrate through the crystal lattice during the diamond’s 
residence in the Earth’s mantle, and over time, the nitrogen impurities 
form complex aggregates. Th e relative proportion of the diff erent types of 
nitrogen aggregates, mainly A- and B-centers, can be used to estimate the 
mantle residence time and, therefore, the crystallization age of individual 
diamonds.72, 293 One of the main problems with this approach is that the 
ambient mantle temperatures strongly infl uence the aggregation of nitro-
gen. Temperature diff erences of only a few tens of degrees can dramatically 
change the aggregation rate. In order to determine the crystallization ages 
accurately, it is necessary to have tight constraints on the temperature 
conditions during the residence time of the diamond in the mantle. Such 
constraints, however, rarely exist, and as a result, the nitrogen aggregation 
ages often have a high degree of uncertainty.
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Carbon stable isotope composition (δ13C)

Eclogitic diamonds

Peridotitic diamonds

organic carbon carbonates
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(n=997)

mantle
carbon

5-24: Histogram showing 

the carbon stable isotope 

compositions (δ13C) of 

peridotitic and eclogitic 

diamonds from deposits 

worldwide in relationship 

to typical δ13C values for 

organic carbon, mantle 

carbon, and marine 

carbonates. Diamond data 

from Cartigny (2005).
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An alternative dating approach uses the ages of mineral inclusions. 
Unlike the diamonds themselves, some of the mineral inclusions contain 
radioisotopes that can be used to determine radiometric ages (Fig. 5-25). 
A range of isotope systems have been applied to diff erent types of inclu-
sion minerals, including the samarium-neodymium (Sm-Nd) and the 
argon-argon (Ar-Ar) systems for clinopyroxenes and garnets,19, 225, 232, 233, 234 
the uranium-lead (U-Pb) system for sulfi des and zircons,157, 166 and the 
rhenium-osmium (Re-Os) system for sulfi des.5, 220 Th e Re-Os isotope sys-
tem in particular is widely used because of the high abundance of sulfi de 
inclusions in diamonds. Th e radiometric ages obtained for the inclusions 
are extremely variable and range from Archean ages (3.8-2.5 billion years) 
to the kimberlite eruption ages. Despite the large range, the oldest inclu-
sion ages (>3 billion years) tend to be restricted to peridotitic minerals. 
Eclogitic mineral inclusions tend to be younger and are mainly Paleo- to 
Mid-Proterozoic (1.5-2.5 billion years) in age.221, 275

Th e radiometric ages of inclusion minerals are often interpreted to be 
identical to the crystallization ages of the host diamonds.221 Archean ages 
of inclusion minerals, in this case, would suggest that these diamonds 
formed early in Earth’s history. After their formation, they would have 
resided in the mantle for hundreds of millions or billions of years before 
being transported to the Earth’s surface by a kimberlitic magma.234 Th is 
interpretation, however, has been challenged, and it has been suggested 
that the inclusions may preserve ages that predate the diamond formation 
event.269, 292 Th is idea is fueled by apparent discrepancies between the ages 
of the inclusions and the observed nitrogen aggregation states of the host 
diamonds. Diamonds from the Ekati and Diavik mines in Canada, for ex-
ample, generally have low nitrogen aggregation states (<20% B-centers),63, 

288 which indicate that they are relatively young (or they were stored for a 
long time at abnormally low temperatures). Yet many of the sulfi de inclu-
sions in these diamonds produced Archean to Palaeoproteozoic ages.6, 27, 313

Despite the lack of indisputable evidence that the age of the inclusion 
mineral represents the age of the host diamond, the inclusion ages provide 
valuable information about the history of the diamond source rocks and 
the evolution of the Earth’s mantle. Th e Archean ages of some peridotitic 
inclusions indicate that the peridotitic source rocks in the lithospheric 
mantle formed early in Earth’s history. On the other hand, the apparent 

5-25: Peridotitic garnet 

inclusion on the polished 

surface of a diamond. 

Similar garnet inclusions 

have been used to deter-

mine radiometric ages. 

The fi eld of view 

is ~4 mm.
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younger ages of eclogitic inclusions suggest that the eclogitic rocks were 
later additions to the lithospheric mantle. Th ese younger ages also support 
the notion that the sources of the eclogitic diamonds formed through 
subduction.

Independent age constraints show that some diamonds are certainly 
very old. Diamonds occur in volcanic rocks of Late-Archean age (~2.7 Ga) 
at Wawa, Canada.57, 169, 274 Th ey are also present in the Late-Archean (>2.5 
Ga) Witwatersrand conglomerate in South Africa.229 On the other hand, 
some diamonds must be geologically much younger because they contain 
poorly aggregated nitrogen (e.g. Type Ib diamonds, see chapter 3). Th ese 
diamonds must have formed just prior to the kimberlite emplacement. 
In other cases, diamonds can be considered young because they contain 
mineral inclusions with radiometrically young ages. Based on these ob-
servations, it is certain that diamonds formed throughout most of Earth’s 
history, and claims about the general antiquity of lithospheric diamonds 101 
should be considered with caution.

Diamonds from the sublithospheric mantle

Inclusions in asthenosphere and transition zone diamonds (250-670 km)
Diamonds from the asthenosphere and the transition zone (Fig. 1-02) 
are characterized by the presence of majoritic garnets. Majoritic garnets 
form as a result of the dissolution of pyroxene into the crystal structure 
of garnet, which occurs at pressures of more than ~80 kilobars. Such 
high pressures exist in the Earth’s mantle only at depths of more than 
250 kilometers. Compositionally, majoritic garnets are characterized by 
higher silicon contents compared to garnet inclusions from the shallower 
lithosphere.128 Visually, however, majoritic garnets are not distinguishable 
from their non-majoritic counterparts. Most majoritic garnet inclusions 
are of eclogitic composition. Th ey exhibit the distinctive orange color of 

5-26: Minerals from the 

asthenosphere/transition 

zone: a majoritic garnet 

inclusion in a diamond 

from the Jagersfontein 

mine, South Africa. The 

garnet inclusion has the 

typical orange color of 

eclogitic garnets. The 

inclusion is surrounded by 

graphite-coated fractures. 

The fi eld of view is 

~2 mm.
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eclogitic garnet inclusions from lithospheric diamonds (Fig. 5-26). Only 
a few diamonds contain majoritic garnets of peridotitic and websteritic 
composition.272

Th e existence of majoritic garnets in the Earth’s mantle was predicted 
based on high-pressure experiments,235 but it was not until the mid-1980s 
that majoritic garnet were fi rst identifi ed as inclusions in diamonds from 
the Monastery mine in South Africa.203 Diamonds with majoritic garnet 
inclusions were subsequently discovered in other deposits worldwide, but 
the number of diamonds with majoritic garnet inclusions in a deposit is 
usually very small. Only three diamond sources are known to produce a 
higher abundance of majoritic garnet-bearing diamonds: the Jagersfontein 
mine in South Africa,53 the Kankan district in Guinea,273 and the São Luiz-
Juina area in western Brazil.125

Majoritic garnet-bearing diamonds have never been found within 
xenoliths, nor do majoritic garnets exist as discrete mineral components 
in xenoliths. At low pressures, majoritic garnets are not stable, and they 
break down into their garnet and pyroxene components. Some xenoliths, 
however, have been identifi ed that appear to contain the break-down 
products of former majoritic garnets.102, 244

Despite the fact that the typical asthenosphere and transition zone is 
believed to consist of peridotitic rocks, most of the majoritic garnet inclu-
sions in diamonds are eclogitic. Th is indicates that diamonds containing 
these majoritic garnets formed in unusual mantle environments. It has 
been proposed that these diamonds formed in oceanic crust that was 
subducted to asthenosphere and transition zone depths 286 (Fig. 1-02). Th e 
carbon that formed the diamonds was probably directly derived from the 
subducting oceanic crust and may have originated from organic matter 
and carbonates that were originally deposited on the ocean fl oor.

5-27: Minerals from the 

lower mantle: a brown 

ferropericlase inclusion in 

a diamond. The inclusion, 

which is partially masked 

by refl ections on the 

inclusion-diamond inter-

face, is surrounded by an 

extensive fracture system. 

Many of the fractures are 

covered by graphite. The 

fi eld of view is ~2 mm.
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Inclusions in lower mantle diamonds (>670 km)
Th e boundary between the transition zone and the lower mantle is located 
at a depth of ~670 kilometers (Fig. 1-02). Th is boundary is a major geo-
physical feature, and it is caused by a change in the mineralogical com-
position of the mantle. At this boundary, the dominant mineral phases of 
the upper mantle convert to denser high-pressure minerals. Th ese include 
iron-bearing periclase, which is also referred to as ferropericlase ((Mg,Fe)
O), and a magnesium-silicon oxide (MgSiO3) (Fig. 5-27).75, 284 Th e latter 
mineral has a chemical composition similar to orthopyroxene (=ensta-
tite), but it has the crystallographic structure of perovskite. Th erefore, 
it is referred to as Mg-Si perovskite. Th e existence of ferropericlase and 
Mg-Si-perovskite in the lower mantle was predicted from high-pressure 
experiments, and they are considered to be the main mineral constituents 
of the lower mantle.237

Mineral inclusions of possible lower mantle origin were fi rst noted 
in diamonds from the Eurelia/Orroroo area in South Australia, and the 
Koffi  efontein mine in South Africa.249 Th ese diamonds contained inclu-
sions of ferropericlase and orthopyroxene (MgSiO3). Th e orthopyroxene 
was considered to have formed in the lower mantle as Mg-Si perovskite 
and converted to orthopyroxene at lower pressures. Since then, additional 
diamonds containing lower mantle inclusions were discovered from 
several other deposits worldwide. Th e number of lower mantle diamonds 
recovered is very small, and only a few deposits have produced more than 
one or two lower mantle diamonds. Among these, only the Juina/São Luiz 
area in Brazil and the Kankan district in Guinea have produced both types 
of sublithospheric diamonds, lower mantle and asthenosphere/transition 
zone diamonds, with some frequency.116, 147, 271

Lower mantle diamonds are generally Type II diamonds, which means 
that they contain little or no nitrogen. Like other Type II diamonds, they 

5-28: Small ferropericlase 

inclusions in a diamond 

from Kankan, Guinea 

(Ø: ~6 mm). The fer-

ropericlase inclusions are 

surrounded by graphite-

coated fractures. The 

brown color and the lack 

of well-defi ned crystal 

faces are characteris-

tic features of Type II 

diamonds, which are 

prevalent among lower 

mantle diamonds.
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tend to lack well-developed crystal morphologies, and they often have 
brownish colors.147 Commonly they exhibit signs of plastic deformation, 
such as deformation lines (Fig. 5-28). Th e inclusions in lower mantle 
diamonds generally have fractures around them that are caused by the ex-
pansion of the mineral inclusion as it is transported to the Earth’s surface 
(Fig. 5-29).

Th e most common mineral inclusion in lower mantle diamonds is 
ferropericlase. Ferropericlase can generally be distinguished from other 
mineral inclusion by its brown color, which is caused by the presence of 
iron (Fig. 5-27). Th e interface between the diamond and the ferropericlase 
inclusion is often distinctly iridescent, which is probably caused by a thin 
layer of graphite (Fig. 5-28, Fig. 5-29).

Most of the ferropericlase inclusions in diamonds are magnesium-
rich, but iron-rich varieties also exist. Because of their high iron content, 
the latter are also classifi ed as wüstites or magnesio-wüstites. Th ey are 
particularly common among diamonds from the Sao Luiz/Juina area in 
Brazil.117 Although ferropericlase inclusions are genrerally considered to 
be lower mantle minerals, especially if the occur with Mg-Si-perovskite, it 
has been pointed out that diamonds containing only ferropericlase inclu-
sions could have also formed outside the lower mantle in compositionally 
unusal source rocks.13, 173

Compared to ferropericlase, the identifi cation of Mg-Si-perovskite is 
not trivial because Mg-Si-perovskite inevitably converts to its low-pres-
sure polymorph orthopyroxene outside the lower mantle. Only the pres-
ence of ferropericlase with orthopyroxene in the same diamond provides 
indirect evidence that the orthopyroxene inclusion was originally incorpo-
rated as Mg-Si-perovskite in the lower mantle. At upper mantle pressures, 
ferropericlase and orthopyroxene are not stable together, and they react 
to form an olivine polymorph.172 Former Mg-Si-perovskites may also be 

5-29: Inclusion of ferro-

periclase in a diamond. A 

fi ne graphite fi lm on the 

inclusion-diamond inter-

face probably causes the 

iridescence. The inclusion 

is surrounded by graphite 

coated fractures. The fi eld 

of view is ~1 mm.
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identifi ed by their nickel contents, which are expected to be considerably 
lower (<0.02 wt% Ni) than true lithospheric orthopyroxene inclusions 
(0.1-0.2 wt% Ni).154

A rare mineral phase that has also been identifi ed as a lower mantle 
mineral is calcium-silicon oxide (CaSiO3). It is also believed to have 
crystallized with a perovskite structure and is, therefore, referred to as 
Ca-Si-perovskite.117 At lower pressures, Ca-Si-perovskite is not stable and 
converts to wollastonite. Since wollastonite is not a typical lithospheric 
mineral, its presence indicates a lower mantle origin for the diamond.

Another mineral found as an inclusion in lower mantle diamonds has a 
garnet-like composition but is characterized by a tetragonal crystal struc-
ture. Accordingly, this mineral has been named tetragonal-almandine-
pyrope-phase or TAPP.114, 126 Inclusions of TAPP, which are generally rare, 
have a distinctive apple-green color.114

A polymorph of silica has also been found in lower mantle diamonds. 
At the high pressures in the lower mantle, the silica phase is likely to have 
existed as the high-pressure polymorph stishovite.117 

Lower mantle diamonds also contain rare inclusions of sodium and 
aluminum-rich pyroxenes (type-III pyroxenes).126 Th ese pyroxenes may 
have crystallized in the lower mantle with a garnet structure.85 Like other 
inclusion minerals from the lower mantle, they probably converted into 
lower pressure minerals during ascent to the Earth’s surface.

Several other minerals, including various micro- and nanoinclusions, 
are associated with lower mantle diamonds.316, 317 Th eir authenticity as 
genuine lower mantle minerals is often not well established. Some of these 
minerals may be the break-down products of undetermined lower mantle 
minerals, or they may be epigenetic phases.

Th e lower mantle diamonds and their mineral inclusions are the only 
fragments of mantle material from depths beneath the 670 kilometer 
boundary. Neither xenoliths nor xenocrysts of lower mantle origin are 
known. As a result, the lower mantle diamonds and their mineral inclu-
sions can provide unique insights into the mineralogical composition, the 
diamond formation processes, and the dynamics of the lower mantle.

Most of the mineral inclusions in lower mantle diamonds have com-
positional affi  nities to peridotites. However, because of the many phase-
transformations at high pressures, the mineral associations that defi ne 
peridotites and eclogites no longer exist in the lower mantle.

Many aspects about the nature of the lower mantle diamonds still 
remain uncertain. It is not clear if a link between lower mantle diamonds 
and diamonds from the asthenosphere and transition zone exists. Both 
types of diamonds occur together at some diamond deposits, suggest-
ing that their formation may be linked to a common but unusual mantle 
environment.118 Although it is not possible, at this point, to determine 
the exact depths at which lower mantle diamonds formed, there is some 
evidence that suggests their formation is restricted to the top of the lower 
mantle, close to the 670 kilometer boundary.183 In this case, it might be 
the presence of subducted oceanic slabs accumulating at the 670 kilo-
meter boundary that has instigated the formation of the lower mantle 
diamonds.129, 290
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Inclusions of uncertain origin

A range of minerals have been found as inclusions in diamonds that 
cannot be linked to the typical lithospheric or sublithospheric inclusion 
suites. Th ese minerals usually occur as isolated inclusions and many of 
them have only been found once.

Some of these inclusions indicate that the source rocks for the dia-
monds were compositionally distinct from the conventional peridotitic or 
eclogitic rocks. Th e presence of websteritic and calc-silicate minerals as 
inclusions in diamonds and as xenoliths proves that such unconventional 
source rocks exist. A diff erent type of unconventional source rock may 
be refl ected in the phlogopite-, carbonate-, and titanate-bearing mineral 
inclusions assemblages, such as those found in some diamonds from 
the Namibian coast.170 In this case, the diamonds probably formed in an 
atypical, possibly metasomatized part of the mantle. Although it is likely 
that more of these unconventional diamond source rocks exist within the 
mantle, it is unlikely that they are volumetrically signifi cant.

Inclusions in fi brous diamonds

Inclusions in fi brous diamonds and fi brous coats are distinct from those 
found in typical monocrystalline diamonds. Fibrous diamonds and fi brous 
coats can contain millions of inclusions of submicrometer size. Th ese 
inclusions cause the cloudy appearance of these diamonds. Th ey gener-
ally consist of fl uids, which can be isolated or found in combination with 
various minerals.31, 208 Even though the compositions of the fl uid inclusions 
within a single fi brous diamond or fi brous coat are generally quite uniform, 
diff erent diamonds and diamonds from diff erent deposits can have a range 
of fl uid compositions. Inclusions containing saline solutions (e.g. brines), 
silicic solutions, and solutions rich in carbonates have been identifi ed.131, 162 
Most of the minerals associated with the fl uid inclusions are distinct from 
the typical inclusions found in monocrystalline diamonds. Th ey include 
carbonates, halides, apatite, and micas.161 However, inclusions of peridot-
itic and eclogitic minerals have also been identifi ed.132 Typical monocrys-
talline diamonds generally do not contain fl uid inclusions, but some of 
them have cloudy cores. Th ese cores contain inclusions that are very 
similar to the fl uid inclusions of fi brous diamonds and fi brous coats.323

Fig. 5-30: Polycrystalline 

diamond aggregate with 

intergrowths of peridotitic 

garnet (red) and clinopy-

roxene (green) from the 

Diavik mine, Northwest 

Territories, Canada 

(54 ct.).
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Inclusions in polycrystalline diamonds

Polycrystalline diamonds do not typically contain inclusions, but they can 
contain other minerals as interstitial phases. For example, framesites often 
contain mantle-derived minerals that prove their mantle origin (Fig. 2-55). 
Th e interstitial minerals in framesites generally have typical eclogitic or 
peridotitic compositions (Fig. 5-30 and Fig. 5-31).133, 135, 167 Carbonados, 
on the other hand, do not contain mantle-derived minerals. Instead, they 
contain exotic minerals, such as fl orencite, that coat the pore spaces. 

Unlike mineral inclusions in monocrystalline diamonds, the intersti-
tial minerals that occur in polycrystalline diamonds may have not been 
fully protected from alteration. Th erefore, it is generally not possible to 
exclude that the minerals in polycrystalline diamonds have been modifi ed 
or that they formed as epigenetic phases long after the formation of the 
diamonds. 

Fig.5-31: Close-up of the  

polycrystalline aggregate 

(previous fi gure).
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artifi cially irradiated diamonds, 60
asthenosphere, 2-3, 99, 102, 116-120

B
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B-centers, 50, 52, 114-115
beta-ray radiation, 60
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Boa Vista, Brazil, 7, 74, 77, 100, 106, 107
boart, 16, 40.  See also hailstone boart
boron, 50, 54
Bow River alluvial deposit, Australia, 7, 32, 46, 56, 58, 59, 67
brown diamonds, 29, 30, 41, 50, 54, 56-59, 68, 73, 83, 84, 86, 118, 119
brown spots on diamonds, 45, 50, 64-67, 107
Bultfontein mine, South Africa, 3, 7
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calc-silicate inclusion suite, 99, 101-102, 110, 112, 114, 121
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canary yellow, 50-51
Canastra, Minas Gerais, Brazil, 7, 82
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carbon isotopes, 12, 41, 113-115
carbonados, 16, 41-42, 122
carbonates, 113-114, 117, 121
carbonatites, 7
Carboniferous period, 10
Ca-Si perovskite, 99, 120
cathodoluminescence (CL) images, 27, 55, 63, 77, 82
chalcopyrite, 107
chevkinite, 99
chromite, 3, 99, 105-107
circular pits, 81
clinopyroxene, 3, 4, 99, 105, 109-112, 115, 122
coated diamonds. See fi brous diamonds
coesite, 99, 112
cohenite, 99

colors of diamonds, 43-68. See also specifi c colors
concentric ridges or bands. See hillocks; terraces
conglomerates, 10, 41, 64, 116
Copeton area, Australia, 7, 47, 48
corrosion sculptures, 71, 80-81
corundum, 99, 110, 112
cratons, 2-3, 6, 7-8
crystallites, 15, 40-42
cubanite, 107
cubic diamonds, 16-17, 22-24, 25, 27, 31, 34-37, 46, 71, 76
 interpenetrant cubes, 31, 34-35
 re-entrant cubes, 22-23
 salient cubes, 22
cubo-octahedral diamond inclusions, 94, 95
cubo-octahedral diamonds, 16, 22, 24, 37, 39, 52
Cullinan diamond, 28
Cullinan (Premier) mine, South Africa, 7, 28, 54, 55

D

Dabie Shan-Sulu, China, 12
deformation lines, 57, 59, 71, 82-84, 90, 119
 plastic deformation, 50, 57, 59, 71, 84, 119
diatremes, 4
Diavik mine, Canada, 4, 7, 9, 21, 24, 36, 37, 115, 121-122
diopside, 3, 105, 110 
dodecahedral diamonds, 16-21
Dresden Green diamond, 60
dull luster, 22, 37, 47, 84, 88

E

Echunga, Australia, 7, 25, 48, 61, 64, 82, 85
eclogites, 2-4, 12, 101, 108-109, 112, 120
eclogitic inclusion suite, 96, 99, 101-102, 107, 108-117, 121-122
Ekati mine, Canada, 6-8, 21, 24, 115
Ellendale mine, Australia, 7
elongated diamonds, 17, 25, 53
enhanced luster, 71, 85
enstatite, 105, 118
epigenetic mineral inclusions, 97-98, 102, 120, 122
epitaxial intergrowth, 95
Erzgebirge, Germany, 12
eskolaite, 99
etch pits, 17, 56, 76, 84, 97
etching, 29, 62, 71, 74, 75, 76, 81, 84, 85, 90
Eurelia/Orroroo area, Australia, 7, 118

F

ferropericlase, 99, 117-119
fi brous diamonds, 15, 16, 22, 30, 36-39, 40, 46, 47, 52, 68, 86, 93, 121
fl attened diamonds, 17, 25, 32, 95
fl orencite, 41, 122
fl uid inclusions, 47, 68, 93, 121
fl uids, 3, 24, 39, 74-76, 96
fl uorescence, 47-49
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fl uorite, 99
forsterite, 104
Fox Kimberlite, Canada, 8
fragmented diamonds, 29, 37, 58, 65, 68. See also irregular diamonds
framesite, 16, 40-41, 122

G

gabbros, 108-109
gamma-ray radiation, 50, 60, 62
garnet, 3, 4, 94, 96, 98, 99, 100, 103, 104, 109-113, 115-117, 120, 121
geothermal gradient, 2, 3, 7
Golconda kingdom, India, 55
Gondwana, 10
granites, 2, 6, 63
granular habit, 16, 40
graphite, 1-3, 24, 68, 93, 97, 99, 101-107, 116-119
graphitization, 101
green body colors, 50, 60
green spots, 47, 50, 61-67, 74, 107
green surface colors (skins), 19, 50, 61-64, 67, 68, 84, 85
grey diamonds, 41, 50, 52, 55, 59, 68, 102
grooves, 87, 90. See also network patterns
grospydite, 112
grossular, 110
growth zones, 22, 26, 47, 55, 76, 77, 82
Guaniamo area, Venezuela, 7, 63, 112
Guinea, 7, 56, 58, 83, 86, 117, 118

H

hailstone boart, 16, 37. See also boart
halides, 121
heazelwoodite, 107
Helam mine, South Africa, 55
hematite, 68
hexagons (hexagonal etch-pits) 56, 71, 75, 76
hillocks, 71, 78-79, 81, 83, 88
Hope diamond, 55
hydrogen impurities, 52, 55

I

ilmenite, 99
impact diamonds, 12, 42
imperfections in diamonds, 11, 45, 47, 48
impurities in diamonds, 45, 47, 48, 50, 52, 55, 60, 68, 76, 114
inclusions, 93-122
 classifi cation, 101-102
 epigenetic, 97-98, 102, 120, 122
 fl uid inclusions, 47, 68, 93, 121
 protogenetic, 96, 97, 102
 radiometric age dating, 41, 114-116
 syngenetic, 95, 97
indicator minerals, 10-11
interstellar diamonds, 12
irradiation damage, 27, 45, 47, 50, 60-67 See also brown spots; green 

body colors; green surface colors (skins)
irregular diamonds, 16, 28, 29, 54, 105. See also fragmented diamonds

J

Jack Hills, Australia, 12
jadeite, 110
Jagersfontein mine, South Africa, 7, 55, 78, 99, 104, 106, 108, 110, 

112, 113, 116, 117
Jwaneng mine, Botswana, 7, 24, 40, 108

K

Kankan, Guinea, 117, 118
Kelsey Lake mine, USA, 5
kimberlites (kimberlitic magma), 2, 5-11, 16, 18, 25, 27, 29, 39-41, 

55, 59, 63-64, 67, 71, 81, 84, 87, 97, 101, 112, 115, 116
Koffi  efontein mine, South Africa, 7, 55, 101, 118
Koidu, Sierra Leone, 7, 21
Kokchetav massif, Kazakhastan, 12
Kollur mine, India, 7, 55
komatiites, 7
kyanite, 99, 110, 112

L

lamproites, 7, 8
lamprophyres, 7
Letseng mine, Lesotho, 59
lindsleyite, 99
lithosphere, 2-4, 7, 96, 99, 102, 103, 108, 109, 112, 114-118, 120-121
loparite, 99
Lüderitz, Namibia, 7, 11

M

magnesite, 99
magnetite, 41, 68, 99
majoritic garnets, 99, 116-117. See also garnet
Mbuji-Mayi, DR Congo, 7, 39
melilite, 99
metamorphic diamonds, 12, 51, 52
meteoritic diamonds, 12, 42
Mg-Si perovskite, 99, 118-120
micas, 121
micro-disks and micro-pits, 71, 81
mineral inclusions. See inclusions
mining and mineral separation, 8-9, 11
Mir mine, Russia, 7, 21, 41, 59, 84
moissanite, 99
molybdenite, 99
Monastery mine, South Africa, 5, 108, 117
monocrystalline diamonds, 15, 16-37, 68, 93-94, 121, 122

N

N3-centers, 50, 52
Namaqualand, South Africa, 7, 11
Namibia, 55, 121
native chromium, 99
native iron, 99
native metals and alloys, 41
network patterns, 71, 87, 90
nickel-chromium alloy, 99
nitrogen impurities and aggregation, 48, 50-53, 54, 55, 57, 60, 76, 

77, 114-116, 118
Nördlinger Ries, Germany, 12

O

oceanic crust (slabs), 2, 3, 109, 117-118, 121
octahedral diamonds, 16, 17-39
olivine, 3, 6, 77, 94, 99, 103-107, 119
omphacites, 110
Oranjemund, southern Africa, 7, 11
Orapa mine, Botswana, 7, 24, 41, 108
Orroroo, Australia, 7, 118
orthopyroxene, 3, 99, 104-105, 112, 113, 118-120
oxides, 93
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P

Panda kimberlite, Canada, 6
parallel intergrowths, 30, 86
pentlandite, 107
percussion marks, 47, 61, 65, 71, 86, 87, 88
periclase, 99, 117-119
peridotite, 2-5, 101, 108, 120
peridotitic inclusion suite, 94, 98-117, 121-122
perovskite, 99, 118-120
phlogopite, 99
pink diamonds, 50, 57-59, 84
placer diamonds and deposits, 7, 10-11, 16, 29, 41, 42, 47, 55, 60, 

64, 66, 67, 71, 81, 82, 85, 87, 88, 90, 121
plagioclase, 99
plastic deformation, 50, 57, 59, 71, 84, 119. See also deformation lines
platelets, 50, 52
polycrystalline diamonds, 12, 15, 16, 37, 40-42, 52, 93, 121-122
Popigai impact stucture, Russia, 12
Premier mine, South Africa, 7, 28, 54, 55
Presidente Vargas diamond, 11
pressure-temperature diagram, 3, 24
Proterozoic Eon, 2, 7, 8, 9, 41, 115
protogenetic inclusions, 96, 97, 102
pseudohemimorphic diamonds, 27
purple diamonds, 50, 57, 59
pyrite, 107
pyrope, 99, 104, 109, 120. See also garnet; TAPP
pyroxene, 94, 99, 116, 117, 120 
 clinopyroxene, 3, 4, 99, 105, 109-112, 115, 122
 orthopyroxene, 3, 99, 104, 105, 112, 113, 118-120
 type-III pyroxene, 99, 120 
pyrrhotite, 107, 110

Q

quartz, 112

R

raised disks, 81
red diamonds, 50, 57-58
re-entrant cubes, 22-23
relictic faces, 25-27, 33, 76, 78, 79, 95
resorption, 16-35
Roberts Victor mine, South Africa, 4, 7
ruby, 110
rutile, 99, 110, 112

S

sandstones, 10
sanidine, 99, 112
Santa Elena, Venezuela, 28
Sao Luiz-Juina, Brazil, 119
sapphire, 110
scanning electron microscope (SEM) images, 29, 31, 87
scratch marks, 71, 88-89
Sergio diamond, 41
shallow depressions, 71, 81
shield-shaped laminae, 71, 73, 79
silicates, 93
single crystal diamonds. See monocrystalline diamonds
single substitutional nitrogen, 50, 51. See also nitrogen impurities 

and aggregation
six-sided pits (hexagons), 56, 71, 75, 76

spall scars, 87
spinel, 3, 99, 105-107
spots, 27. See also brown spots; green spots
Springfi eld Basin, Australia, 7, 10, 27, 66, 81
stability fi eld of diamonds, 3, 7, 24, 102
stable carbon isotope. See carbon isotopes
staurolite, 99
Star of David Twin, 34
stepped diamonds, 17, 18, 57, 72, 73, 78
stewardite, 16, 41
stishovite, 99
subduction, 2, 109, 112, 114, 116, 117, 120
Sudbury impact structure, Canada, 12
sulfi des, 68, 79, 93, 99, 100, 106-110, 115
surface frosting, 71, 84, 85, 100
surface scratching, 71, 88-89
synthetic diamonds, 22, 24, 51, 52

T

TAPP, 99, 120
terraces, 26, 71, 76-77, 78, 80, 81, 94
tetragonal pits (tetragons), 71, 76
tetragonal-almandine-pyrope-phase, 120
tetragons, 71, 76
tetrahexahedral diamonds, 22, 26
tetrakis-hexahedral diamonds, 22, 26
thermal metamorphism, 11, 65, 67
thorium, 60
titanite, 99
transition zone, 2, 99, 102, 116-120
triangular pits. See trigons
triangular plates, 71-73
trigons, 17, 19, 33, 38, 62, 71, 73-76, 79, 84
twinning line, 31-32
twins, 15, 16, 30-35
 contact twins, 31-34
 cyclic twins, 34
 interpenetrant twins, 31, 34-35
 lamellar twins, 31
 macles, 31, 32-34, 66, 80, 100
 star-shaped twins, 34-35, 109
Type I diamonds, 50-51, 55, 57, 59
 Type Ia diamonds, 45, 52
 Type IaA diamonds, 50, 52
 Type IaAB diamonds, 50, 52
 Type IaB diamonds, 50, 52
 Type Ib diamonds, 50, 51-52, 60, 116
Type II diamonds, 28, 29, 50, 54-55, 57, 59, 60, 118, 119
 Type IIa diamonds, 50, 54
 Type IIb diamonds, 50, 54, 55, 59

U

Udachnaya mine, Russia, 7, 21, 24
ultraviolet light, 26, 48
undulating ridges and surfaces, 25, 28, 29
uranium, 60, 115
UV light, 26, 48

V

Venetia mine, South Africa, 7, 95, 103
volume loss during resorption, 18, 21, 25
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W

websteritic inclusion suite, 99, 101, 112, 113, 117, 121
Western Gneiss region, Norway, 12
Williamson (Mwadui) mine, Tanzania, 7, 59
Wittelsbach diamond, 55
Witwatersrand conglomerate, 64, 116
wollastonite, 120
wüstite, 99, 119

X

xenocrysts, 3, 5, 120
xenolith, 3-6, 18, 27, 63-64, 101, 106, 110, 112, 117, 120
xeonotime, 41
x-rays, 95, 100

Y

yakutite, 16, 42
yellow diamonds, 19, 20, 45, 46, 48, 50-53, 68, 80, 86

Z

zircon, 12, 41, 63, 99, 115
zoning, 22, 26, 47, 55, 76, 77, 82
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