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Abstract
Common brown colour in natural diamond forms by plastic deformation during storage in
the subcontinental lithospheric mantle (SCLM). Dislocation movement generates vacancies,
which aggregate into clusters of perhaps 30–60 vacancies.

Positron annihilation lifetime

spectroscopy (PALS) and electron energy loss spectroscopy (EELS) support such vacancy
clusters as the cause of brown colour.
Brief treatment in a high-pressure–high-temperature (HPHT) vessel at 1800–2700 °C can
destroy the brown colour. There has been speculation that similar colour removal should occur
continuously at depth in the SCLM.

Diamonds are stored at 900–1400 °C in the SCLM,

according to inclusion thermometry. The effect of temperature on the time required to destroy
brown colour has been calculated from published data. The activation energy for the breakup of
vacancy clusters is a critical component.
The time required to destroy brown colour in the SCLM is significant at the scale of
geological time. Brown diamonds should easily maintain their colour for millions of years during
cooler mantle storage at or below about 1000 °C. Warmer temperatures toward the base of the
lithosphere may be able to reduce or eliminate brown colour within thousands of years. The
survival of brown colour in the lithospheric mantle does not require the colour to be formed late
in the storage history nor does it require metastable storage in the graphite stability field.
Crystal strain is preserved upon loss of brown colour during HPHT treatment.
Inhomogeneous crystal strain was measured in 18 natural diamonds using micro-X-ray diffraction
(μXRD) χ-dimension peak widths. There is a correlation between strain and depth of brown
colour. None of the colourless diamonds examined have high strain, as should be expected for a
diamond that has gained and lost brown colour.
not a common natural occurrence.
ii

This suggests that removal of brown colour is

Infrared spectroscopy was used to determine nitrogen concentration and aggregation state
in 60 natural diamonds. A loose association was found between brown colour and lower total
nitrogen content.

Within single diamonds, regions with less nitrogen tend to exhibit more

anomalous birefringence due to strain. Colour zoned diamonds tend to have less nitrogen in the
darker brown regions. This supports the hypothesis that diamonds with less nitrogen are more
susceptible to plastic deformation and the development of brown colour.

iii

Acknowledgements
This project would not have been possible without the support of my thesis supervisor,
Professor Herb Helmstaedt. His wisdom and guidance were invaluable throughout the project.
Several other people have provided the insight and resources necessary to complete this
thesis. In no particular order, I offer my sincere thanks to the following people:


John Gurney and Theo Laub for providing diamond samples



Courtenay Keenen at Aurora College for his diamond polishing services



Professor Thomas Stachel and Lucy Hunt at the University of Alberta for help with
infrared spectroscopy



Professor Roberta Flemming at the University of Western Ontario for help with micro-Xray diffraction



Professor Ron Peterson at Queen’s University for several valuable discussions and the
use of his stereo microscope



David Fisher of the Diamond Trading Company Research Facility for discussions about
diamond treatment



Luke Hounsome for discussions regarding his Ph.D. thesis at the University of Exeter



Professor Noel James and Meg Seibel at Queen’s University for help with
cathodoluminescence imaging

The Society of Economic Geologists Foundation generously provided a Graduate Student
Fellowship as well as a Student Research Grant. The Natural Sciences and Engineering Research
Council is gratefully acknowledged for awarding me the Alexander Graham Bell Canada
Graduate Scholarship and for granting Professor H. Helmstaedt funds towards this research.

iv

Table of Contents
Abstract............................................................................................................................................ii
Acknowledgements.........................................................................................................................iv
Table of Contents............................................................................................................................. v
List of Figures ................................................................................................................................vii
Abbreviations................................................................................................................................... x
Diamond Terminology..................................................................................................................... x
Chapter 1 Introduction ..................................................................................................................... 1
1.1 Project Context....................................................................................................................... 1
1.2 Project Objective.................................................................................................................... 2
Chapter 2 Background ..................................................................................................................... 3
2.1 Cause of Brown Colour ......................................................................................................... 3
2.1.1 Dislocations..................................................................................................................... 6
2.1.2 Graphitic Regions ........................................................................................................... 9
2.1.3 Vacancy-type Defects ................................................................................................... 11
2.1.4 Summary of Brown Colour........................................................................................... 17
2.2 Creating Brown Colour (by Deformation)........................................................................... 17
2.2.1 Conditions Required for Plastic Behaviour .................................................................. 18
2.2.2 Timing of Deformation ................................................................................................. 22
2.3 Destroying Brown Colour (by High-Pressure–High-Temperature treatment)..................... 25
Chapter 3 Diamond Samples ......................................................................................................... 30
3.1 Sample Numbering .............................................................................................................. 30
3.2 Morphology and Colour....................................................................................................... 32
3.3 Diamond Polishing............................................................................................................... 34
3.4 Interesting Features.............................................................................................................. 35
Chapter 4 Infrared Spectroscopy ................................................................................................... 39
4.1 Fourier Transform Infrared Technique ................................................................................ 39
4.2 Infrared Spectroscopy Results ............................................................................................. 40
Chapter 5 Single-Crystal X-Ray Diffraction ................................................................................. 46
5.1 Micro-X-Ray Diffraction Technique ................................................................................... 47
5.2 Micro-X-Ray Diffraction Results ........................................................................................ 48
Chapter 6 Cathodoluminescence Imaging ..................................................................................... 53
v

6.1 Cathodoluminescence Technique ........................................................................................ 53
6.2 Cathodoluminescence Results ............................................................................................. 54
Chapter 7 Synthesis and Analysis.................................................................................................. 57
7.1 Extrapolating High-Pressure–High-Temperature Treatment Conditions to the
Subcontinental Lithospheric Mantle .......................................................................................... 57
7.1.1 Uncertainty in Extrapolated High-Pressure–High-Temperature Conditions ................ 60
7.1.2 Graphical Representation.............................................................................................. 61
7.2 Evidence for Brown Colour Survival................................................................................... 63
7.3 Controls on the Distribution of Brown Colour .................................................................... 67
7.3.1 Morphology and Brown Colour.................................................................................... 67
7.3.2 Nitrogen and Brown Colour.......................................................................................... 69
Chapter 8 Conclusions ................................................................................................................... 73
References...................................................................................................................................... 75
Appendix A - Sample Summary Table .......................................................................................... 79
Appendix B FTIR Spectra ............................................................................................................. 83
Appendix C μXRD Data.............................................................................................................. 119

vi

List of Figures

Figure 2.1. Two brown diamonds from Ekati................................................................................. 4
Figure 2.2. Absorption spectra of 6 type IIa brown diamonds........................................................ 5
Figure 2.3. Diamond lattice showing glide and shuffle dislocations .............................................. 7
Figure 2.4. Strain before and after HPHT treatment..................................................................... 11
Figure 2.5. Absorption spectrum before and after irradiation....................................................... 12
Figure 2.6. Atomic structure of a vacancy plane .......................................................................... 14
Figure 2.7. TEM images of colourless and brown natural diamond ............................................. 16
Figure 2.8. Deformation mechanism map for diamond ................................................................ 20
Figure 2.9. Pressure-temperature diagram showing minimum temperature for plasticity............ 22
Figure 2.10. Plastic deformation (PD) surface features ................................................................ 24
Figure 2.11. Brown graining before and after HPHT treatment ................................................... 26
Figure 2.12. Vacancy production during HPHT treatment ........................................................... 28
Figure 3.1. Diamond suite with sample numbers.......................................................................... 31
Figure 3.2. Shapes produced by resorption................................................................................... 32
Figure 3.3. Polished diamond plates ............................................................................................. 35
Figure 3.4. Examples of some brown diamonds ........................................................................... 36
Figure 3.5. Pseudohemimorphic diamond .................................................................................... 38
Figure 4.1. Examples of infrared spectra ...................................................................................... 41
Figure 4.2. Nitrogen concentration and aggregation for Ekati diamond........................................ 43
Figure 4.3. Total nitrogen and aggregation state in polished samples .......................................... 44
Figure 4.4. FTIR measurement points on polished samples ......................................................... 45
Figure 5.1. Geometry of the ‘omega scan’ method....................................................................... 48
Figure 5.2. {111} diffraction spot and streak................................................................................ 49
Figure 5.3. Diffraction streak integration along the χ dimension ................................................. 50
Figure 6.1. CL images of the four polished samples..................................................................... 55
Figure 6.2. CL images of sample 20 showing its healed fracture ................................................. 56
Figure 7.1. Extrapolation of a single point of HPHT treatment conditions .................................. 62
Figure 7.2. HPHT treatment data extrapolated to SCLM temperatures........................................ 63
Figure 7.3. Peak width as function of brown colour depth ........................................................... 65
Figure 7.4. Peak width as function of birefringence ..................................................................... 66
vii

Figure 7.5. Anomalous birefringence as a function of brown colour ........................................... 67
Figure 7.6. Slip plane of brown colour in sample 128 .................................................................. 68
Figure 7.7. Peak width as a function of total nitrogen concentration ........................................... 70
Figure 7.8. Anomalous birefringence with nitrogen concentration profiles ................................. 71
Figure 7.9. Prominent slip plane in sample 20.............................................................................. 72

viii

List of Tables
Table 2.1. Changes that occur with HPHT treatment .................................................................... 26
Table 3.1. Diamond sample numbering by origin ......................................................................... 30
Table 3.2. Morphology and colour of all samples. ........................................................................ 33
Table 4.1. Total nitrogen and aggregation for all spectra collected.............................................. 42
Table 5.1. Peak widths from μXRD analysis................................................................................ 51
Table 7.1. Activation energy for vacancy cluster breakup............................................................ 58
Table 7.2. Partial derivatives for error propagation. ..................................................................... 60

ix

Abbreviations
μXRD
CL
CRSS
CVD
EELS
FTIR
HPHT
PALS
PD
PPL
ppm
SCLM
TEM
XPL

micro-X-ray diffraction
cathodoluminescence
critical resolved shear stress
chemical vapour deposition
electron energy loss spectroscopy
Fourier transform infrared spectroscopy
high-pressure–high-temperature (referring to colour treatment for brown diamonds)
positron annihilation lifetime spectroscopy
plastic deformation (used here to mean deformation via dislocations)
plane-polarized light (petrographic microscopy)
parts per million (concentration)
subcontinental lithospheric mantle
transmission electron microscopy
cross-polarized light (petrographic microscopy)

Diamond Terminology
A centre
B centre
C centre
GR1
H2 centre
H3 centre
H4 centre
N
N3 centre
type I
type Ia
type Ib
type II
type IIa
type IIb
V

pair of substitutional nitrogen atoms (colourless)
four substitutional nitrogen atoms surrounding a vacancy (colourless)
single substitutional nitrogen (yellow/orange)
‘general radiation one’ luminescence peak, associated with a neutral vacancy
negatively charged H3 centre
A centre plus a trapped vacancy (strong yellow-green)
B centre plus a trapped vacancy (orange/brownish)
usually represents a nitrogen atom (e.g. the A centre could be shown as N–N)
three nitrogen atoms surrounding a vacancy (common or ‘cape’ yellow)
diamond with nitrogen (detectable by IR spectroscopy)
type I diamond with aggregated nitrogen (often denoted A, AB, or B based on
dominant nitrogen form)
type I diamond with some non-aggregated nitrogen (in the form of C centres)
diamond with no nitrogen (below IR spectroscopy detection limit, or about <5ppm)
type II diamond that acts as an insulator
type II diamond that acts as a semiconductor (due to boron)
usually represents a vacancy (e.g. the H3 centre could be shown as N–V–N)

x

Chapter 1
Introduction
1.1 Project Context
Brown is the most common colour of natural diamond (Fritsch, 1998). This colour is
generally related to plastic deformation of the crystal structure. Although the explicit cause of the
colour has long been uncertain, recent work shows large vacancy-related defects are a prime
candidate for the cause of brown colour (Barnes et al., 2007; Hounsome et al., 2007).
From a petrological standpoint, brown colour may be considered a deformation feature
(Harris et al., 1979). Lamellae or kink bands in quartz or olivine are more familiar examples of
deformation features. When quartz or olivine is held at high temperatures, within its stability
field, these features anneal out. Brown colour in diamonds can similarly be annealed out. In
1999, General Electric and Lazare Kaplan International announced a new commercial colour
enhancement method for diamonds (patent since published as: Vagarali et al., 2004).

The

patented process involves high-pressure–high-temperature (HPHT) treatment of brown type IIa
(less than ~5 ppm nitrogen) diamonds to reduce or eliminate their colour. Similar treatment of
brown type I (more than ~5 ppm nitrogen) diamonds results in yellow and yellow-green colours
from nitrogen-related defects (Shigley, 2005).
The geological implications of this newfound knowledge of brown colour removal are
underexplored. Diamonds are plastically deformed and turned brown at depth in the mantle
(Stachel, 2007). If brief HPHT treatment can remove the colour, it seems logical that storage in
the subcontinental lithospheric mantle (SCLM) should similarly remove the colour. Intuitively,
diamonds stored in their stability field should be continually recovering any plastic deformation
features, such as brown colour.
1

Nevertheless, natural diamonds are commonly brown. One possible explanation is that
brown diamonds acquire their colour late in their storage history, shortly before being sampled by
a kimberlite (Gurney et al., 2004). Another explanation is that brown diamonds are stored above
the diamond–graphite transition, in the graphite stability field (Harris et al., 1979). Such a
metastable environment may preserve the brown colour from decomposition.
The latter explanation of metastable diamond storage would have profound geological
implications. It would require that diamond-bearing packages of rocks be structurally relocated
above the diamond stability field without re-equilibrating, contrary to the currently accepted
model of diamond storage. This would cast doubt on xenolith-based inferences about lithospheric
mantle stratigraphy. Thus it is important to investigate the stability of brown colour in diamonds.

1.2 Project Objective
The proposition that removal of brown colour might occur during storage in the
subcontinental lithospheric mantle (SCLM) provided the initial spark for this project. Little is
known about the stability of brown colour in nature. The project objective was to investigate this
problem with a thorough exploration into the nature of brown colour and its creation and
destruction. Ultimately, the goal of the project was to determine whether or not metastable
conditions are required to preserve brown colour in diamonds stored in the SCLM. The storage
time in consideration extends from the acquisition of brown colour (deformation event) to
volcanic sampling (e.g. by kimberlite).

2

Chapter 2
Background
2.1 Cause of Brown Colour
The relative abundance of brown diamonds is contrasted by our scant understanding of
the cause of the colour. Brownish tones can be imparted by hydrogen or isolated nitrogen atoms
(Fritsch, 1998; Lindblom et al., 2005). When a B aggregate (four nitrogen atoms surrounding a
vacancy) captures another vacancy, the resulting H4 centre can have a yellow, orange, or brown
colour (Collins et al., 2000). Various combinations of brown with other colour centres results in
a myriad of colour nuances. Grey tones are caused by small graphite or sulfide inclusions, or
substitutional boron, whereas yellow hues are usually caused by nitrogen-related colour centres
(Fritsch, 1998).
Carbon dioxide was labeled as a cause of brown colour in New Scientist magazine
(1993). The article claimed that solid CO2 trapped inside diamonds during growth causes the
common brown colour in diamonds. The referenced researchers (Schrauder and Navon, 1993),
however, made no such claim. They did discover solid CO2 in a natural brown diamond, but
made no attempt to link CO2 and colour. More recent work has revealed that a small proportion
of brown diamonds (<1%) contain CO2. These diamonds are distinct from common brown
diamonds in that they have minimal internal strain and their colour is not removed during HPHT
treatment (Hainschwang et al., 2008).
This thesis concerns ‘common brown’ colour and any ambiguous mention of brown
herein should be taken as referring to this specific feature. Under magnification, brown colour is
inhomogeneous and often has a grained or streaky texture. Graining comprises parallel lamellae
about 0.1–0.01 mm thick (Fritsch, 1998) that are aligned on octahedral {111} planes (Collins,
3

2003). Brown graining is associated with plastic deformation of the crystal structure (Stachel,
2007), which can be made visible by crossed polarizing filters (Figure 2.1) (Van Royen and
Pal’yanov, 2002). A large proportion of natural diamonds have at least some brown component
to their colour (Fisher, 2008).

Figure 2.1. Transmitted light photomicrographs of two brown diamonds from Ekati, shown in
plane-polarized light (PPL) and cross-polarized light (XPL). (A) Polished plate, parallel to {001},
with a brown region in upper right quadrant. (B) An octahedral face with a chipped right edge.
Streaks of brown colour, along {111}, extend to the left from the chip. Brown regions in both
diamonds exhibit anomalous birefringence due to crystal strain.

Brown colour occupies regions with high dislocation densities (Hounsome et al., 2007).
Furthermore, depth of colour is correlated with general crystallographic strain as gauged by the
width of the neutral vacancy luminescence feature at 741.1 nm, the GR1 centre (Fisher et al.,
2006). The plastic deformation can also be observed in cathodoluminescence spectra and images
(Kanda et al., 2005), as well as in diffraction patterns produced using X-rays or synchrotron
radiation (Rylov et al., 2007). Plastic deformation is related to brown colour, but colourless
diamonds can also show evidence of plastic deformation (Harris et al., 1979). In this context,
plastic deformation means deformation by dislocation movement. The amount of deformation
needed to produce recognizable ‘deformation features’ is likely less than that needed to create
colour.
Recognizing the association of plastic deformation with brown colour is an important
step in unraveling the brown colour centre. In a brown/colourless striped diamond, the brown
4

regions are more strongly deformed (Fisher, 2008). Uneven colour distribution may be caused in
part by variations in nitrogen concentration. Nitrogen tends to stiffen diamond, so that nitrogenpoor diamond deforms more readily than nitrogen-rich diamond (Brookes et al., 2000). In a study
of three brown/colourless zoned type Ia diamonds from the Argyle Mine, Australia, the colourless
regions had more than 1.6 times as much total nitrogen compared to brown regions (Nailer et al.,
2007).
Spectroscopic analysis shows the brown colour as a broad, featureless absorption
continuum, increasing from red to violet (Figure 2.2).

Brown type Ia diamonds have an

additional broad absorption hump centred on 560 nm that correlates with A centre (paired
nitrogen) concentration (Collins, 2003). The absorption curve has no starting point or threshold
above which absorption begins. This lack of threshold energy along with the lack of discrete
peaks indicates an extended defect is responsible, rather than a point defect (Collins, 2003). The
consistent shape of the underlying absorption curve in all brown diamonds suggests a single type
of extended defect is responsible (Hounsome et al., 2007).

Figure 2.2. Absorption spectra of 6 type IIa brown diamonds (Fisher et al., 2006). Colour depth
increases from 1st to 6th according to the Diamond Trading Company rough grading system. These
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spectra show the characteristic brown absorption profile, smoothly increasing toward shorter
wavelengths. The visible spectrum rainbow is shown for reference.

Noting the occasionally brownish colour from isolated nitrogen atoms or H4 centres, the
common brown colour centre is not a nitrogen-type defect. Brown is a common colour in type II
diamonds, which have a nitrogen content below the detection limit of infrared absorption
spectroscopy (less than about 5 ppm) (Taylor, 2004). Furthermore there is no correlation between
colour depth and trace amounts of nitrogen in type II diamonds (Fisher et al., 2006).
Three possible explanations for the cause of brown colour in diamond are dislocations,
graphitic regions, and vacancy-type defects.

Absorption due to dislocations is the most

straightforward explanation, based on the association of brown colour with plastic deformation.
This has been the favoured explanation until recently (Hounsome et al., 2005). Absorption by
vacancy aggregates recently became the most popular explanation. The three explanations will
be examined further in the following subsections.

2.1.1 Dislocations
In perfect diamond, each carbon atom is sp3 hybridized, giving rise to tetrahedral
coordination. Each atom is bound to four neighbouring atoms by sigma bonds (the strongest of
covalent bonds). Valence electrons are held tightly within these bonds and cannot interact with
visible light. Thus perfect diamond is colourless. The notion that brown colour is caused by
dislocations extends from the association of brown colour and lattice deformation. Brown colour
occurs in regions of greater dislocation density (Hounsome et al., 2007). Diamond slips along the
octahedral planes during plastic deformation, the same orientation as brown graining (Fritsch,
1998). Furthermore, HPHT treatment to reduce brown colour is often accompanied by a decrease
in a photoluminescence feature at 490.7 nm, which is associated with slip traces (Collins et al.,
2000; Van Royen and Pal’yanov, 2002).
6

A dislocation disrupts bonding by introducing a linear irregularity into the crystal lattice.
Edge dislocations in diamond come in two basic varieties (Fall et al., 2002). Each extra halfplane can terminate in one of two possible atomic arrangements along the dislocation core.
Depending on which set of bonds is left unfulfilled, the dislocation can be either a glide
dislocation or a shuffle dislocation (Figure 2.3). Glide dislocations are much more stable and
therefore more common than shuffle dislocations in diamond (Hounsome et al., 2006). Electron
energy-loss spectroscopy (EELS) is used to study the electronic structure of dislocations (e.g. Fall
et al., 2002). Glide dislocations are optically inactive, so they cannot impart colour (Hounsome et
al., 2007). However, shuffle dislocations contain a core of sp2 hybridized atoms (Bangert et al.,
2004), leading to states in the band gap (Fall et al., 2002). In other words, shuffle dislocations
can change the local arrangement of electrons in such a way that they can absorb visible light.

Figure 2.3. Diamond lattice with glide and shuffle type edge dislocations (modified from Lehto and
Heggie, 1999). The top image shows the relative location of the glide and shuffle planes. Glide
dislocations interrupt bonding within octahedral double-layers, whereas shuffle dislocations
interrupt bonding in the wider spacing between double-layers. The two bottom images are looking
end-on at the dislocation cores, with the extra half-planes coloured red. All atoms shown are carbon
atoms.
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The amount of light absorbed by a shuffle dislocation can be determined theoretically.
That value can be used to estimate the number of dislocations required to account for the depth of
colour observed in brown diamonds. Dislocation densities in natural brown diamond are on the
order of 109 cm-2 (Hounsome et al., 2006). Nearly all of these would need to be shuffle type
dislocations in order for dislocations to account for the magnitude of absorption (Hounsome et al.,
2007). This is unlikely because shuffle dislocations are much less stable than glide dislocations.
Furthermore, brown diamonds grown by chemical vapour deposition (CVD) can have much
lower dislocation densities, around 105 cm-2 (Hounsome et al., 2007).

Even if all these

dislocations were shuffle type, they could not account for the magnitude of absorption.
Further evidence shows dislocations are not a direct cause of brown colour. Many
colourless diamonds are plastically deformed and contain dislocations (Fisher et al., 2006). TEM
studies of dislocations show no significant changes during HPHT treatment to remove brown
colour (Fisher et al., 2006). The reduction in the 490.7 nm luminescence feature with HPHT
treatment mentioned earlier is probably due to changes in nitrogen defects near dislocations rather
than to modification of the dislocations themselves. The 490.7 nm feature is only present in
deformed diamonds with B nitrogen aggregates (Van Royen and Pal’yanov, 2002) and can be
produced using indentation techniques on type IaB diamond (Collins et al., 2000).
In one experiment to study changes in cathodoluminescence features with HTHP
treatment, dislocations were produced in diamonds by (uncontrolled) non-hydrostatic stress in the
apparatus (Kanda et al., 2005). The researchers expected the diamonds to turn brown during the
experiment, but they remained colourless. Plastic deformation is associated with brown colour
but the dislocations themselves do not seem to be the cause of colour.
8

2.1.2 Graphitic Regions
Graphite is a fairly common inclusion in natural diamond. Diamonds having many small
graphite inclusions can have a grey body colour (Vins and Kononov, 2003). Early investigation
into plastic deformation in diamonds led to the proposal that brown colour might be caused by
sub-microscopic graphite particles along octahedral {111} planes (Urusovskaya and Orlov,
1964).

Harris et al. (1979) later suggested that brown colour forms under graphite-stable

conditions by conversion of diamond to graphite along slip planes during deformation.
Barnes et al. (2006) analyzed natural brown, colourless, and HPHT-treated diamonds
using transmission electron microscopy (TEM) and found graphitic regions only in specimens
originating from brown diamonds. The graphitic regions comprised poorly defined areas about
10 μm across and slivers of 50 nm by 5-10 nm. The presence of graphite was confirmed using
micro-RAMAN spectroscopy and its relative crystallographic orientation was determined using
electron diffraction.
Preparation for this experiment, however, involved argon ion beam milling to thin
samples to approximately 50 nm (Barnes et al., 2006). This process should not damage the
structure of perfect diamond, but its effects on defective regions are unpredictable.
Graphitization of diamond during ion beam milling is a known possibility (Davis, 1993). The
graphite observed by Barnes et al. was probably produced during sample preparation. The
relative orientation measured was diamond {111} and {110} planes parallel to graphite {001}
and {2̄ 10} planes, respectively (Barnes et al., 2006). This orientation is the same as graphite
formed internally at defects in diamond during high-temperature graphitization experiments
(Howes, 1962; Evans and James, 1964). Since Barnes et al. only found graphite in samples
originating from brown diamonds, the defects involved in the possible graphitization during ion
beam milling were probably specific to the brown diamonds.
9

If the graphite was indeed formed during ion beam milling, there are two defects that may
be good candidates to act as nucleation sites. The first possibility is a dislocation, which has been
demonstrated theoretically to act as a nucleation point for graphitization (Ewels et al., 2001). The
second possibility is a vacancy-related defect. Vacancies could provide space for the volume
expansion associated with the diamond-graphite transition.
Brown colouration is generally accepted as a post-growth feature in natural diamond (De
Weerdt and Van Royen, 2001). If graphitic regions cause brown colour, the volume increase as
small regions of diamond change to graphite should lead to intense strain in the lattice (Howes,
1962). Reverting the graphite back to diamond should result in a significant release of strain. If
graphite were the cause of brown colour, HPHT treatment of brown type II diamond to remove
colour should release significant strain.
Crystallographic strain can be measured indirectly in a diamond before and after HPHT
treatment to test this idea. Fisher et al. (2006) made such measurements, using the width of the
neutral vacancy luminescence peak at 741 nm (GR1) as an indicator of crystal lattice strain.
Figure 2.4 shows a scatter plot of GR1 peak widths before and after HPHT treatment for a range
of brown diamonds. The general trend in the plot is a small decrease in strain with HPHT
treatment.
The diamonds used by Fisher et al. were type IIa (less than ~5 ppm nitrogen), meaning
the cause of strain is limited to dislocations and other structural defects. If graphite were present
in the brown type IIa diamonds, it would cause significant strain. HPHT treatment to remove
brown colour only gives a small strain decrease. It is possible that the colour is caused by only a
small amount of graphite, and that the dominant cause of strain is dislocations. However, one
would still expect a dependence of strain reduction on initial colour depth. Figure 2.4 shows a
10

range of initial brown depths, with darker brown samples towards the upper right. The amount of
strain reduction is independent of initial colour depth (Fisher et al., 2006). There is no good
evidence to support graphite as the cause of brown colour in natural diamond.

Figure 2.4. Strain before and after HPHT treatment, as gauged by the width of the GR1
photoluminescence feature (modified from Fisher et al., 2006). The diagonal line of slope=1
represents no change. The points range from colourless to deep brown moving up and to the right.
The general trend is a small strain decrease with HPHT treatment.

2.1.3 Vacancy-type Defects
Experimentation with HPHT treatment of diamond reveals a link with vacancies.
Vacancies are liberated during HPHT treatment to remove brown colour. These are captured
nitrogen centres (Collins et al., 2000; De Weerdt et al., 2004). It was originally argued that the
vacancies are released by annealed dislocations (Collins et al., 2000), but this may instead be a
clue that the brown colour centre is a vacancy-type defect.
11

Interestingly, Clark et al. (1956) produced possible brown absorption by irradiation and
annealing of a colourless type IIa diamond (Figure 2.5). Irradiation forms monovacancies and
interstitials. Vacancies become mobile at temperatures over 800 °C (Collins, 2003) and can
combine with nitrogen or clump together in small groups.

The experimentally-produced

absorption of Clark et al. is potentially one of the earliest pieces of evidence linking vacancy-type
defects and natural brown colour. This link was not very interesting to Clark et al. because they
were looking for discrete absorption peaks, not the underlying continuum.

Figure 2.5. Absorption spectrum of a type IIa before and after 0.6 MeV electron irradiation and
heating at 850 °C for 21 hours (modified from Clark et al., 1956). The treatment has added to the
absorption continuum, suggesting that the brown colour centre may be produced or enhanced during
the treatment.

In natural diamonds, common brown colour is always observed in conjunction with
plastic deformation, but the absorption created by irradiation and heat treatment involves no
plastic deformation. Either the absorption brought about by irradiation and annealing is different
than the natural brown colour centre, or it is the same type of defect produced by different means.
It is important to note that no causal relationship has been established between brown colour and
12

plastic deformation, only a correlation. Plastic deformation may not be essential in creating
brown colour.
An isolated monovacancy produces the GR1 absorption feature, centred on 625 nm
(Collins, 2003). Blue to green colours are achieved by irradiation to produce GR1 absorption.
Aggregates of vacancies have different absorption features. Vacancies could be arranged in small
clusters, chains, planes, or larger volumes such as octahedral voids or spheres.
Depending on the specific number of vacancies in the cluster, slightly different
absorptions could occur.

Brown absorption curves have no threshold and are smooth and

relatively uniform in shape between different diamonds. For small vacancy clusters to produce
this absorption would require the combined effect of many different sized clusters (Hounsome et
al., 2006).

These clusters would have to be present in the same proportions in different

diamonds. The clusters would also have to have the same stability during HPHT treatment.
Otherwise, the brown absorption curve would change shape for different treatment times, leading
to intermediate colours and contradicting experimental observations. Vacancy chains possess
similar problems in terms of producing continuous absorption (Hounsome et al., 2005).
Modelling of an infinite plane of vacancies in the diamond {111} plane shows the free
surfaces of carbon atoms change their bonding structure to minimize surface energy (Hounsome
et al., 2007).

An infinite plane was considered because of the difficulty associated with

modelling the edges of a finite plane. The atoms at a free {111} diamond surface become sp2
hybridized and form π-bonded Pandey chains (Figure 2.6) (Field, 1992). These bonds can
interact with visible light and, if present in sufficient quantities, could impart colour (Hounsome
et al., 2007).
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Figure 2.6. Atomic structure of a vacancy plane (Hounsome et al., 2007). An octahedral {111} plane
highlighted in the left image has been removed in the right image. The lighter coloured atoms at the
vacancy plane are π-bonded in chains extending into the page.

A vacancy disk in the diamond {111} plane will lead to a continuous absorption curve,
resembling that of a natural brown type IIa diamond. Larger volumes such as octahedral voids,
made up of more than about 20 vacancies, are more difficult to model, but should have
comparable absorption profiles (Hounsome et al., 2007).
Vacancy-type defects are a prime candidate for investigation using positron annihilation
lifetime spectroscopy (PALS) (Pu et al., 2000). Annihilation is indicated by a gamma-ray flash,
emitted as a positron and electron combine. The time required for positrons from a source to
annihilate with electrons in the sample depends on the electron density of the sample. A sample
with many vacancies has a reduced electron density because some atoms are missing. Positrons
have longer average lifetimes when they encounter vacancy-rich regions. PALS analysis reveals
that brown type IIa diamonds contain a long, ~400 ps (picoseconds) lifetime component,
consistent with a vacancy-type defect of approximately 30–60 vacancies (Avalos and Dannefaer,
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2003). This signature is absent in colourless diamonds. The PALS long lifetime component
decreases significantly with HPHT treatment to remove brown colour (Avalos and Dannefaer,
2003), suggesting the removal of vacancy clusters. The ~400 ps positron lifetime in brown
diamonds is indicative of a globular (some equant shape) vacancy-type defect. A relatively large
void is required to extend positron lifetimes to this extent. A plane of vacancies is too thin to
cause such a long positron lifetime (Fisher, 2008).
The π-bonding in reconstituted octahedral {111} surfaces of a large vacancy-type defect
can be detected by electron energy loss spectroscopy (EELS). This technique uses an electron
beam with a specific narrow range of kinetic energies. Some of the electrons undergo inelastic
scattering by interacting with the sample. The energy loss is measured and is directly dependent
on what the electrons hit. In this case, the energy loss associated with π-bonding in carbon is of
interest.
EELS observations show that brown diamonds have a peak in the π-bonding energy loss
region (5–7 eV), whereas colourless diamonds do not (Barnes et al., 2007). This π-bonding
contrast is maintained between brown and colourless regions of a single crystal, such as a striped
‘zebra patterned’ diamond (Barnes et al., 2007). The distribution of π-bonding in brown diamond
is uniform above the scale of about 5 nm, and is independent from the distribution of dislocations
(Barnes et al., 2007). This is further evidence that dislocations are not directly related to brown
colour.
The aforementioned low loss EELS has a spatial resolution of several nanometers. Core
loss EELS has slightly better resolution. Preliminary work with this technique on brown diamond
shows that the π-bonding is non-uniform at a scale of about 1 nm (Barnes et al., 2007). Small
spots of enhanced π-bonding about 1 nm across are the expected size for a 50–60 vacancy cluster.
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These spots may be equivalent to the similarly-sized spots seen in brown diamond using
transmission electron microscopy (TEM) (Barnes et al., 2007). Figure 2.7 shows a TEM image
of colourless and brown diamond, along with simulated images for a 54 vacancy cluster. The
brown diamond appears mottled and spotted. The spots bear a striking resemblance to those in
the simulated images.

Figure 2.7. TEM images of colourless and brown natural diamond (modified from Barnes et al.,
2007). The spotted appearance of the brown diamond may be due to large vacancy clusters. Two
computer-simulated TEM images (Barnes et al., 2007) for a 54 vacancy defect in diamond are shown
alongside the brown sample.

The theory that the brown colour centre results from octahedral {111} π-bonded surfaces
of vacancy clusters of about 30–60 vacancies is supported by evidence from PALS and EELS
techniques.

This theory can also be tied into the correlation of brown colour with plastic

deformation. The role of plastic deformation in creating brown colour would be to create
vacancies by movement of dislocations (Collins et al., 2000; Hounsome et al., 2006; Fisher,
2008). Isolated vacancies will clump together into more stable configurations. The exact size
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and shape of the vacancy clusters may vary somewhat in nature. Computer modelling of a
spherical 71-vacancy cluster in diamond has yielded encouraging results (Fujita et al., 2008).

2.1.4 Summary of Brown Colour
Brown colour in diamond is common, and is characterized by a featureless absorption
continuum increasing from red to violet in the visible spectrum. Brown colour often appears
grained and oriented along octahedral {111} planes. Although the colour is associated with
plastic deformation, some colourless diamonds are also plastically deformed. Experimental and
theoretical observations do not support dislocations or graphitic regions as the cause of brown
colour. However, vacancy clusters are a strong candidate for the brown colour centre (Barnes et
al., 2007; Hounsome et al., 2007). The clusters are globular, and may comprise 30–60 vacancies,
although the exact size and shape of the defect are yet to be determined. Reconstituted octahedral
{111} surfaces surrounding the defect become π-bonded to minimize energy. This change in
bonding leads to absorption in the visible spectrum, causing brown colour.

2.2 Creating Brown Colour (by Deformation)
Vacancy clusters are well-supported as the cause of brown colour in natural diamonds.
Plastic deformation (deformation via dislocation movement) may provide the vacancies needed
for creating brown colour (Fisher, 2009). This would explain the association between plastic
deformation and brown colour.

Let us first consider silicon, a material whose mechanical

behaviour has been studied more extensively. Silicon is face-centred cubic and deforms in the
{111}<110> slip system, just like diamond (Orlov, 1977).
During extensive deformation, moving dislocations become obstructed by point defects
or other dislocations.

Continued deformation requires dislocation climb by emission or
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absorption of vacancies. The process of deformation via dislocation glide and climb is the
definition of crystal plastic deformation (Passchier and Trouw, 2005).
However, during extensive deformation dislocation jogs may created by climb as well as
by the intersection of two dislocations. The movement of a tangle or jog in a dislocation through
the lattice can produce trails of vacancies. This has been demonstrated theoretically (Zhou et al.,
1999; Leipner et al., 2000) and experimentally (Leipner et al., 2003).

Plastic deformation of

silicon at 800 °C shows that such trails of vacancies are unstable, and quickly rearrange (moving
by diffusion) into globular forms. Plastic deformation of silicon therefore results in large vacancy
clusters, detectable by PALS (Leipner et al., 2003). Given the right circumstances, diamond
should exhibit the same behaviour during plastic deformation.
Plastic deformation could saturate the diamond lattice with vacancies. Monovacancies in
diamond are mobile above temperatures of about 800 °C (Collins, 2003). The vacancies would
group together to minimize energy, growing by the process of Ostwald ripening (Hounsome et
al., 2006), whereby larger clusters grow at the expense of smaller ones.
The final size of the clusters would be limited by the supply of vacancies and the stability
of the configuration. For modelled clusters of 14 vacancies or less, there is a decrease in
formation energy per vacancy with increasing size (Hounsome et al., 2005). At some size beyond
14 vacancies there must be a threshold above which further growth is energetically unfavourable.
For example, a theoretical vacancy disk becomes unstable at a size of about 200 vacancies
(Hounsome et al., 2006). The resulting vacancy clusters in diamond give rise to brown colour.

2.2.1 Conditions Required for Plastic Behaviour
Production of brown colour in nature requires diamonds to deform by internal slip
without brittle failure. Based on their own and experiments and others, Evans and Wild (1965)
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proposed that diamonds could only deform plastically in nature at temperatures exceeding 2000
°C.

Later work (e.g. DeVries, 1975) showed that diamonds can actually undergo plastic

deformation within the lithospheric temperature realm (<1400 °C). Although a wide range of
techniques (scratching, bending, hard/soft indenting, etc.) have been used, our understanding of
diamond deformation remains fragmentary.
The mechanical strength of diamond depends on temperature and the applied stress field,
as well as the concentration and distribution of impurities and pre-existing dislocations. Other
factors include grain size, grain shape, and strain rate. Based on indentation experiments, it is
possible to construct a simple deformation mechanism map (Figure 2.8). The pressure axis in this
diagram is a measure of contact pressure for a small indenter, and is approximately equal to the
resolved shear stress along an octahedral {111} slip plane (Brookes and Daniel, 2001). Resolved
shear stresses reach a critical value when they are just high enough to induce dislocation
movement and cause slip along one of the octahedral planes. The critical value is called critical
resolved shear stress (CRSS). The curved line can be taken as approximately equal to the CRSS.
Excessive stresses will lead to brittle failure of the diamond.
The filled and open points plotted on Figure 2.8 lend support to this diagram as a
predictor of deformation behaviour in nature rather than merely behaviour only in indentation
experiments. The points come from an experiment whereby diamonds (~1 mm across) were
embedded in finer diamond grit in a high-pressure cell and exposed to varying temperature and
pressure conditions (DeVries, 1975). Pressure was applied uniformly, such that the pressure of
the cell was approximately equal to the pressure of each grit fragment pushing against the
embedded diamond. The filled points indicate conditions where the diamond grit pushed against
the larger diamond and made small indentations (by dislocation movement in the larger
diamond). These points plot above the curve because they exceed the resolved shear stress
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needed to induce slip along an octahedral plane at a given temperature. The open points indicate
conditions were no indentations were made (i.e. recoverable, elastic deformation only). These
points plot below or left of the curve because they fail to induce plastic deformation.

Figure 2.8. Approximate deformation mechanism map for diamond. The pressure axis represents
contact pressure for a point indenter. Minimum temperature for dislocation movement to be the
dominant mode of deformation is shown by the vertical dashed line. The curved line is analogous to
CRSS (critical resolved shear stress). Strain rate (not shown) generally increases upward and to the
right. Filled and open points, respectively, indicate conditions where plastic deformation was and
was not induced by indentation of diamond grit into a macrodiamond (DeVries, 1975). The dashed
line defining the brittle failure envelope is redrawn from Brookes and Daniel (2001). Strain rate is
not shown due to lack of experimental data, but should generally increase upward and to the right.

The intersection of the CRSS curve with the brittle failure envelope defines the minimum
temperature for significant dislocation movement to be approximately 800 °C.

This is the

minimum temperature for plastic deformation to occur as a dominant mode of deformation, but it
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is not a constant for all diamonds. For example, the onset of plastic behaviour occurs at around
1000 °C in powdered diamond (Weidner et al., 1994), whereas the temperature is lowered slightly
by the incorporation of nitrogen into the diamond lattice (Brookes and Daniel, 2001). The
location of the CRSS curve can also vary, especially according to nitrogen content. Nitrogen
defects inhibit dislocation movement, thereby strengthening the diamond lattice and warping the
CRSS curve upward (Brookes et al., 2000). Although nitrogen seems to both encourage plasticity
by lowering the minimum temperature for dislocation movement and discourage plasticity by
increasing the CRSS, it is the latter effect that dominates. Overall, nitrogen stiffens the diamond
lattice (Brookes and Daniel, 2001). Type II diamonds therefore deform most readily, as seen in
nature (Orlov, 1977) and in lab experiments (Evans and Wild, 1965).
One might be tempted to overlay a continental geotherm and the diamond stability field
onto Figure 2.8, attempting to show that the diamond window lies in the zone of plastic
deformation. However, the result would be misleading. The pressure axis of the deformation
map represents an applied indentation stress, not lithostatic pressure. Instead, we can plot the
minimum temperature for plastic deformation on a conventional P-T diagram. As shown by
Figure 2.9, most or all of the diamond window will lie beyond the minimum temperature
requirement. Diamonds can undergo plastic deformation in the diamond window when subjected
to sufficient shear stress to exceed the CRSS, but not so much as to induce brittle failure.
Diamonds have the potential to deform plastically in the mantle as well as during
magmatic ascent to the surface. Kimberlite magma temperatures remain above 1000 °C for most
of the journey to the surface (Sparks et al., 2006). Simply knowing the conditions required for
diamond plasticity does not in itself provide enough information to discern whether most
diamonds are deformed and turned brown at depth or during ascent.
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Figure 2.9. Pressure-temperature diagram showing the diamond window and the approximate
minimum temperature for plasticity of diamond. Given an appropriate applied stress field, diamond
can deform plastically in the brown region to the right of the vertical line. Note, the pressure in this
diagram is lithostatic. Typical cratonic geotherm and mantle adiabat are from Stachel (2007).
Graphite–diamond line is from Bundy et al. (1996).

2.2.2 Timing of Deformation
Diamonds from the SCLM are carried to the surface of the earth by kimberlites,
lamproites, and similar magmas. This is a rapid, violent journey for entrained mantle xenoliths
and xenocrysts.

These solid chunks are tossed about vigorously in the low-viscosity melt.

Kimberlite magma travels at speeds of 5–20 m/s along narrow dykes towards the surface (Sparks
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et al., 2006). Wilson and Head (2007) estimated that the entire emplacement process of a
kimberlite may occur in less than one hour, requiring even greater ascent speeds (>40 m/s).
Obviously, this brutal journey will impart large non-hydrostatic forces. It has been argued that
plastic deformation and brown colouration is imparted during this time (Robinson et al., 1989;
Collins et al., 2005; Fisher, 2009).
Conversely, the ascending magma environment may be so violent that diamonds are
more likely to fracture rather than deform plastically. Any stresses that might cause plastic strain
will be continually changing in this dynamic setting, making it difficult to develop extensive
internal slip. Without sufficient dislocation movement, very few vacancies will be generated for
the production of vacancy clusters.
There is good evidence that some or most brown diamonds were deformed and turned
brown at depth. For example, brown diamonds can be wholly contained within xenoliths (Orlov,
1977; Shee et al., 1982; Creighton et al., 2008). A single xenolith can even contain both
colourless and brown diamonds (Shee et al., 1982). It is difficult to explain how diamonds could
be selectively plastically deformed during ascent while inside a xenolith. The relatively ductile
silicates of the xenolith often appear undeformed, indicating a period of annealing (Shee et al.,
1982). The silicates would have no such chance to anneal if the deformation occurred during
magmatic ascent.
Plastic deformation lamellae are recognized as ridges on resorbed surfaces or aligned
rows of negative trigons on slightly resorbed octahedral faces (Figure 2.10) (Orlov, 1977).
Resorption can occur both in the mantle and/or during magmatic transport to surface (Gurney et
al., 2004). The fact that resorption must occur after deformation means the deformation must
have happened either in the mantle or very early on during magmatic transport.
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Figure 2.10. Plastic deformation (PD) features revealed by resorption. (A) Fine trail of aligned
negative trigons (marked by arrows) on a slightly resorbed octahedral face. (B) Well-developed PD
lamellae in two directions on a highly resorbed dodecahedroidal face. Elongate hillocks run parallel
to the long axis of the resorbed face (top left to bottom right). These features are highlighted in the
superimposed sketch (far right).

Polygonized dislocation networks in natural diamonds (De Corte et al., 2006) prove that
at least some plastic deformation occurs in the SCLM. Such recovery requires long-term mantle
storage and is impossible to achieve at surface (Fisher, 2008). Dislocation networks form by
plastic deformation at depth followed by a period of quiescent mantle storage. Polygonization
should develop more quickly at higher temperatures (especially sub-lithospheric).

Natural

recovery might require more time and heat than is needed to remove brown colour. Once formed,
the network structure should hinder further deformation and colouration (Fisher, 2009).
Polygonization is not observed during HPHT treatment of brown diamonds (Willems et al.,
2006).
The distribution of brown diamonds in primary deposits provides further evidence for
plastic deformation at depth.

There are significant variations in the proportion of brown

diamonds both within a single pipe and between different kimberlite pipes at Ekati, Northwest
Territories (Gurney et al., 2004).

This variation reflects sampling of different diamond

populations at depth, which have varying levels of deformation and brown colour. If magmatic
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transport caused plastic deformation and brown colour, it would be reasonable to expect a more
homogenous proportion of brown diamonds from pipe to pipe, unless there were drastic
variations in magma viscosity to give a range of ‘cushioning’ effects. Some plastic deformation
of diamonds during magmatic transport is inevitable. However, there is strong evidence to
suggest that most or all plastic deformation to produce brown colour occurs at depth in the
SCLM. The timing of deformation before kimberlite eruption is arguable. Perhaps plastic
deformation occurs during episodic fracturing of the SCLM, as a precursor to kimberlite eruption,
or during tectonic processes such as deep-seated earthquakes or subduction.

2.3 Destroying Brown Colour (by High-Pressure–High-Temperature treatment)
High-pressure–high-temperature (HPHT) treatment of diamond can reduce or eliminate
the brown colour component. General Electric and Lazare Kaplan International announced the
development of this new colour enhancement method in 1999 (patent since published as: Vagarali
et al., 2004). The method was originally used for type IIa material, but has since been applied to
all types of diamonds. Treatment conditions, as well as the initial nitrogen aggregation and
concentration, are the main factors that determine the final diamond colour.
Vacancies are released during HPHT treatment (Collins et al., 2000), likely due to
breakup of the vacancy clusters that cause brown colour. In the absence of other colour centres,
treated stones become colourless. Nitrogen defects in type I diamonds tend to capture the
vacancies, turning the diamond yellow-green from H3 absorption (Collins et al., 2000). At higher
temperatures, type I diamonds turn yellow from the creation of C and N3 centres (Fisher, 2009).
Commercially, HPHT treatment is used to alter the colour of diamonds to produce more valuable
colours. Table 2.1 summarizes the common changes that can occur with HPHT treatment. The
release of vacancies by the destruction of the brown colour centre and the subsequent
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sequestration of those vacancies by nitrogen defects is shown well by Figure 2.11. The striated
pattern of brown colour is preserved after HPHT treatment because the brown regions released
vacancies, creating yellow-green coloured defects.
Table 2.1. Simplified summary of changes that occur with HPHT treatment of brown diamond.
Type II results taken from Fisher (2008). Type I results taken from De Weerdt et al. (2004).
Starting material
brown type IIa
brown/grey type IIb
brown type Ia

Possible processes
destruction of brown
destruction of brown
-destruction of brown (releases vacancies)
[V] + [A] Æ [H3]
[V] + [B] Æ [H4]
[H3] + [C] Æ [H2] + [N]+
-above ~2100 °C, nitrogen defects break up
[A] Æ [C] + [C]
[N3] formation

Resulting colour
colourless or pink
blue or grayish
-yellow-green (mainly H3)

-‘type Ib’ yellow component
-‘cape’ yellow component

Figure 2.11. Transmitted light microphotograph of a type Ia diamond (A) before and (B) after
HPHT treatment to remove brown colour (Fisher, 2008). The defects responsible for the brown
colour were destroyed, releasing vacancies. Brown graining (streaks) is preserved as yellow graining
after treatment. Nitrogen A and B aggregates (colourless) were transformed into H3 and H4 centres
(yellow-green colour) by the addition of vacancies.

The conditions of HPHT treatment to remove brown colour are fairly well-constrained by
experimentation. Pressures and temperatures used are in the range of 5–9 GPa and 1800–2700
°C, respectively (Shigley, 2005). The colour removal process is strongly temperature dependant
and the role of pressure is much less important.
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High pressures are required to prevent

graphitization. Generally, the treatment temperature is chosen first and pressure is calculated to
lie just within the diamond stability field.

The time of treatment can be as brief as 10 minutes

(Vins and Yelisseyev, 2008) or up to about 12 hours or more (Van Royen and Pal’yanov, 2002).
The necessary treatment time is shorter at higher temperatures. Below ~1800 °C, the process is
so slow that it becomes impractical. A belt-type (Collins et al., 2000) or a multi-anvil (De Weerdt
et al., 2004) apparatus is used to achieve high pressures. The diamond sample is embedded in an
inert, soft medium that transfers pressure hydrostatically, such as graphite, sodium chloride, or
boron nitride (Collins et al., 2000).
A better understanding of the progression of HPHT treatment to remove brown colour
can be gained by analyzing the H3 centre (N-V-N). During treatment, vacancies are released by
disintegrating vacancy clusters until all the clusters are consumed. When A centres are available
in the diamond, vacancies are captured by the A centres to make H3 centres (De Weerdt et al.,
2004). The concentration of H3 defects will increase until the brown colour is fully removed,
assuming an excess of A centres. All the brown defects are essentially destroyed when the
concentration of H3 defects stops increasing (De Weerdt et al., 2004). Figure 2.12 shows how the
H3 centre concentration changes over time, demonstrating that the process is faster at higher
temperatures. Rare H3 defects in natural diamonds may be evidence of some removal of brown
colour in the upper mantle, similar to the formation of H3 defects during HPHT treatment
(Collins et al., 2000).
Nitrogen disaggregation observed in laboratory experiments is rare in nature.

For

natural diamonds stored at lithospheric mantle temperatures (<1400 °C) for millions of years,
nitrogen aggregates rapidly and completely from C (isolated nitrogen) to A (paired nitrogen)
centres. The A centres then gradually aggregate to B centres (four nitrogen atoms surrounding a
vacancy) (Collins et al., 2000). This progression is predicable and nitrogen aggregation states can
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be used to give a rough idea of storage temperature or (more crudely) storage time (Taylor et al.,
1990). In laboratory HPHT experiments at high temperatures (>1800 °C), the reaction rate of
nitrogen disaggregation becomes appreciable, allowing some C centres to form (Collins et al.,
2000).

Figure 2.12. Schematic of experimental results for HPHT treatment of type Ia diamond (De Weerdt
et al., 2004). The concentration of H3, vacancies, and N-V defects are plotted against time for three
different HPHT treatment temperatures. The pressures used were in the diamond stability field.
Two diamonds were processed at each temperature. Measurements were taken before treatment,
after a brief first treatment, and after a second treatment. The plateau in H3 concentration occurs
when the vacancy-generating source has been exhausted (i.e. total destruction of the brown defect).
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A distinction should be made between natural brown diamonds and those created by
chemical vapour deposition (CVD). When HPHT treatment is used to remove the colour from
CVD diamond, the colour starts to disappear at around 1400 °C (Hounsome et al., 2007). This
temperature is significantly lower than the 1800–2700 °C temperature range used to treat natural
diamond. One explanation is that the hydrogen in CVD diamond migrates toward the brown
defect at 1400 °C and deactivates it (Hounsome et al., 2007). CVD diamond contains more
hydrogen than natural diamond. A second explanation is that the brown defect in CVD diamond
is actually slightly different and unique from that of natural diamond (Jones, 2008). Presently the
case is unclear.
The combination of knowledge about the cause of brown colour and how it is destroyed
by HPHT treatment provides the opportunity to consider the stability of brown colour in nature.
This topic is explored further in Section 7.1.
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Chapter 3
Diamond Samples

A total of 137 rough diamonds were available for investigation (Table 3.1). Diamonds
from the Ekati Mine were pre-selected for their range in colour and the others were supposedly
type II light brown/grey stones to serve as a nitrogen-free comparison. However, only 7 of the 19
‘type II’ stones could be verified as having no detectable nitrogen in infrared absorption
spectroscopy. A table describing all 137 diamonds is given in Appendix A.

3.1 Sample Numbering
The 19 ‘type II’ diamonds of unknown origin were already in numbered packets from 1
through 19. For simplicity, those sample numbers were retained. The remaining diamonds from
the Ekati Mine were arranged by source pipe on an adhesive backing and numbered sequentially
(Table 3.1). Several digital images were taken of all samples, in part to combat potential mixups. Figure 3.1 shows all the samples and their numbers.
Table 3.1. Diamond sample numbering by origin.
Origin

# of stones

unknown
Ekati Mine, NWT – Panda pipe
Ekati Mine, NWT – Misery pipe
Ekati Mine, NWT – Fox pipe
total

19
14
51
53
137
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assigned sample
numbers
1–19
20–33
34–84
84–137

Figure 3.1. Diamond suite with sample numbers. Samples 1–19 are shown under incandescent light
against an opaque white background. Samples 20–33 (Panda), 34–84 (Misery), and 85–137 (Fox) are
shown in daylight against white adhesive foam backing. Scale bars are in mm divisions (first two
rows have a different scale). Numbering is continuous from left to right in each row.
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3.2 Morphology and Colour
All diamond samples were examined carefully under a stereo microscope for shape,
colour, surface features, and any other interesting traits, using Orlov (1977) and Stachel (2007) as
guides. Colours were judged by eye in a variety of lighting conditions, using the suite itself as a
basis of comparison. Each stone was weighed to 0.01 mg accuracy. These data are summarized
in Appendix A.
Samples 1–19 (unknown origin) are mostly light grey or very light brown resorbed forms
or resorbed fragments. Figure 3.2 shows the resorbed forms of an octahedron and macle, for
reference. Four diamonds (samples 9, 11, 12, 14) show signs of abrasion, indicating an alluvial
source.

Two diamonds (samples 3, 18) have surface radiation spots.

Sample 8 has been

irregularly faceted and none of its original outer surface remains.

Figure 3.2. Shapes produced by typical resorption of original crystal forms. Corrosive fluids attack
the edges of octahedral faces (left), tending to result in rounded rhombic dodecahedral forms. The
same action on a macle (spinel-law twin) yields a triangular lens-shaped product (Orlov, 1977).

Samples 20–137 are consistent with those previously described from the Ekati Mine
(Gurney et al., 2004). These diamonds show a complete range in degree of resorption from sharp
octahedra to dodecahedroids. Most of these have been fractured and are not whole stones. Partial
coatings of milky grey or black diamond are common. Colours predominantly range from
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various shades of brown to colourless, and some grey. Very dark brown diamonds are rare in this
suite.
A tally of morphologies and colours of the whole 137-stone collection is given in Table
3.2. Colourless octahedra and brown dodecahedroids are the dominant populations. There are
some brown octahedra, but few colourless dodecahedroids.

The conditions that lead to

deformation and the development of brown colour may be conducive to resorption in certain
diamond populations at depth.

Alternatively, the correlation between brown colour and

dodecahedral forms may be coincidental or dependant on the unique properties of each diamond
(e.g. nitrogen).
Table 3.2. Morphology and colour summary of all samples. The octahedron group includes partly
resorbed octahedra. The coated group includes partial (non-pristine) coats. The resorbed macle
group is distinguished from the macle group by having no preserved octahedral faces. A
pseudohemimorph is a dodecahedroid with a portion of octahedral morphology that was protected
from resorption. Stones with mixed brown/grey colour are counted as brown.

Every diamond was carefully checked for plastic deformation surface features. Many of
the diamonds have very fine lamellae that can be easily missed with a 10× hand lens. All colours
were examined in the same detail. A randomly ordered blind recheck of all samples helped
minimize observational bias due to colour (e.g. expecting a colourless sample to have no signs of
deformation). Overall, about half of the diamonds have recognizable plastic deformation surface
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features in the form of lamellae or aligned negative trigons (e.g. Figure 2.10). Most of these are
brown, but some are grey or colourless. In addition to deformation features, the presence or
absence of etch channels (e.g. Figure 3.4, sample 53) was noted. Etch channels are notches
created by dissolution acting along cracks in surrounding country rock (Orlov, 1977). The cracks
control the nature of the contact between a given diamond and the corroding fluids.

3.3 Diamond Polishing
Polishing rough diamonds into plates makes spectroscopic analysis easier and more
accurate. It also makes it possible to observe the details of internal features, such as fractures and
anomalous birefringence due to lattice deformation. Furthermore, cathodoluminescence imaging
of growth features requires polished surfaces. A selection of 5 diamonds was taken from each of
the four subsets (unknown origin, Panda, Misery, and Fox) for polishing. Consideration was
given to select a range of colours from colourless, light brown, dark brown, and black or grey
from each subset. Samples with inhomogeneous brown colour were of particular interest. The 20
selected diamonds were sent to Aurora College, Yellowknife, to have two parallel facets with
{100} orientation (cube plane) polished on each. Orientation for polishing is established by
examining crystal morphology and cleavage cracks. Unfortunately, due to logistical constraints,
only 4 diamonds could be polished (Figure 3.3). Although it would have been ideal to have all 20
selected stones polished and more, this was not crucial to completing the thesis objective.
Anomalous birefringence shows up very well in the polished samples. Sample 5 has
some slight anomalous birefringence delineating internal {111} slip planes that is restricted to
one end the diamond. The pattern is not associated with any visible difference in colour across
the stone. Sample 12 has a similar birefringence pattern to sample 5, except that it is more evenly
34

distributed. Sample 15 has a sinuous, woven appearance to its birefringence pattern, which is
common in type II diamonds (Orlov, 1977). Sample 20 has strong anomalous birefringence,
especially in the darker brown region of the diamond.

The brown region contains many

intersecting slip planes.

Figure 3.3. Completed polished diamond plates, shown with sample number. (A) Image taken in
incandescent light against an opaque white background. (B) Image of the same samples in
transmitted cross-polarized light, shown at roughly the same scale.

3.4 Interesting Features
Each diamond has subtle features that record its history.

Only a few of the more

interesting brown diamonds will be discussed here. Figure 3.4 shows a selection of some brown
diamonds with different colour distributions and surface features. Sample 20 has its brown
colour concentrated toward the outside of the octahedron. This might be caused by internal
strength variation with nitrogen content, whereby the centre is stiffer and less deformed. Sample
21 has a brown tip adjacent to an etch channel. The two features might be cogenetic, or the etch
channel could have formed first and localized later deforming stresses. Sample 24 is a coated
brown octahedron with minimal resorption. There is no way to determine whether the colour or
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Figure 3.4. Examples of some brown diamonds, shown with sample numbers. Unlabelled scales are
in mm divisions. (20) Octahedron with colour concentrated toward the outside of the diamond. (30)
Uniformly coloured dodecahedroid. (21) Octahedron with brown tip adjacent to an etch channel
(channel indicated by arrows). (24) Sharp brown octahedron with grey diamond coat. (25)
Fragment of a brown/colourless octahedron with sharp colour contact along cleavage fracture. (12)
Resorbed macle with deformation lamellae (arrows). (42) Slightly pinkish brown dodecahedroid
with deformation lamellae (arrows). (53) Uniformly brown dodecahedroid with four etch channels
(filled with black material).
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coat developed first. Another diamond with a partial diamond coat (sample 111, not shown) has
deformation lamellae clearly expressed within the coat, indicating deformation after coat growth.
Sample 25 has a very sharp colour contact between brown and colourless diamond along a {111}
cleavage fracture. This might be a combined function of internal strength variation and the
configuration of applied stresses. Samples 30 and 53 have a uniform brown tone. Sample 53 has
several etch channels cut into it that probably formed after the brown colour. If the etch channels
had formed first, the deformation and therefore colouration would more likely be non-uniform.
Samples 12 and 42 display plastic deformation lamellae where {111} slip planes intersect the
resorbed dodecahedral surface.
Sample 76 is a pseudohemimorph with an etch channel (Figure 3.5). Its brown colour is
not localized by the etch channel, so deformation to form brown colour probably happened before
etching.

Resorption to pseudohemimorphic form could have happened after etch channel

formation, but such resorption would be expected to widen the channel and round off its sharp
edges. Pseudohemimorphic shape is often interpreted to mean part of the diamond was sticking
out of a xenolith during magmatic transport (Robinson et al., 1989). However, in the case of
sample 76, this interpretation requires the etch channel in the resorbed face to form after
magmatic transport. Assuming that etch channels form in the mantle (Orlov, 1977), sample 76
likely developed brown colour, resorbed shape, and then the etch channel, all at depth before
magmatic ascent.
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Figure 3.5. Sample 76 is pseudohemimorphic (shape is half octahedral, half dodecahedral). The
dodecahedral side has an etch channel cut into it. The image in (A) has been sketched in (B) for
clarity. (C) View of the dodecahedral half of the sample, showing and etch channel (filled with black
material).
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Chapter 4
Infrared Spectroscopy

Infrared radiation can stimulate crystal lattice vibrations. Impurities, such as nitrogen in
diamond, change the way the lattice vibrates in such a way that it will absorb certain
characteristic infrared frequencies.

By passing infrared radiation through a diamond and

analyzing how much radiation is absorbed at each frequency, it is possible to detect different
nitrogen centres and determine their concentrations (Taylor, 2004). The amount of nitrogen in A,
B, and C centres gives information about the thermal history of a diamond (Taylor et al., 1990)
and its mechanical properties (Brookes and Daniel, 2001).
Modern infrared absorption spectroscopy is commonly performed with Fourier transform
infrared (FTIR) equipment.
absorption spectroscopy.

It is cheaper and faster than traditional wavelength-scanning

FTIR spectroscopy uses an interferometer to produce a signal

‘encoded’ with many wavelengths rather than a monochromator that selects one wavelength at a
time.

4.1 Fourier Transform Infrared Technique
Fourier transform infrared (FTIR) spectroscopy was carried out at the University of
Alberta, Department of Earth and Atmospheric Sciences. The equipment consisted of a Thermo
Nicolet Nexus 470 FTIR spectrometer combined with a Continuum infrared microscope with
motorized stage. Nitrogen was purged through the system for beam stability. Spectra were
collected through 650–4000 cm-1 with 200 scans at a resolution of 8 cm-1. Each collected
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spectrum was given an appropriate baseline and normalized for sample thickness using a
reference type II diamond spectrum.
The adjusted spectra were processed using a spectral deconvolution program developed
by D. Fisher (Diamond Trading Company). The program calculates A and B centre (or A and C)
concentrations and total nitrogen concentration by fitting reference curves to entered spectral
data. Aggregation state is conventionally expressed as the percentage of total nitrogen that exists
in the B aggregated state. The detection limit is approximately 5–10 ppm and concentrations
typically have an error of 5–10%. Exceptionally transparent, clean, flat-faced samples can have
smaller errors. The focussed beam footprint is approximately 100 μm across, but imperfections
can scatter the beam and make the analyzed region more diffuse.
All samples were cleaned in petrol ether to remove adhesive residue. Samples were
mounted on the edge of a glass slide with double-sided tape and set on the microscope stage,
without an aperture. Samples with rough surfaces were troublesome to analyze because of
difficulty associated with focussing the beam through the diamond onto the exiting surface of the
diamond. As a result, some samples could not be analyzed.

4.2 Infrared Spectroscopy Results
All samples from the unknown locality (1–19) and the Panda pipe at Ekati (20-33) were
analyzed successfully.

Of the remaining samples, only the smoother and more transparent

looking ones were selected because they are more likely to yield good quality data.
Consideration was given to include a variety of colours and morphologies. Examples of typical
measured spectra are shown in Figure 4.1 (all spectra are shown in Appendix B). The shape of a
spectrum in the nitrogen absorption region depends on the concentrations of A and B nitrogen
centres (and the rare C centre), as well as the platelet peak near 1360–1380 cm-1 (Taylor, 2004).
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Figure 4.1. Examples of infrared spectra, showing samples 15, 24, and 30. Sample 15 is a type II
diamond that lacks absorption in the nitrogen region. Samples 24 and 30 are in low and high
aggregated states, respectively. The nitrogen absorption for sample 24 is almost exclusively from A
centres. The upper two spectra have been vertically offset by one and two units for clarity.
Horizontal scale is reversed, following convention.

The results of spectral deconvolution to determine total nitrogen concentration and
aggregation state are summarized in Table 4.1. A few diamonds were analyzed at multiple points
to explore different colour zones. Samples with no clear nitrogen absorption are below the
detection limit and are therefore type II by definition. Sample 32 (yellow cube) has absorption
due to C centres, and therefore must have no B centres (Field, 1992). Sample 50 has an irregular
absorption profile that is obscured by a large, unidentified absorption band around 920 cm-1. It is
only possible to tell that sample 50 has low (<100 ppm) nitrogen levels. Samples 132 and 133
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contain enough nitrogen to absorb all the incident radiation at the A centre region. The shapes of
both spectra indicate low levels of B aggregates.
Table 4.1. Total nitrogen concentration (ppm) and nitrogen aggregation (%B) for all spectra
collected (except traverses). Multiple spectra were collected from some samples. The error is
approximately ±5% for nitrogen concentration and ±10% for aggregation. Samples below the
detection limit (BDL) have no clear nitrogen peaks in their spectrum (below ~5ppm).
Sample
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
21
21
22
23
24
25
25
26
27
28
29
30
31

[NT] ppm
BDL
BDL
BDL
BDL
404
353
31
BDL
208
BDL
34
58
100
157
BDL
209
13
67
116
410
301
316
327
426
303
128
307
218
233
763
632
735
357
569

%B

notes
type II
type II
small N peaks?
type II

36
76
14
type II
16
type II
0
24
38
33
type II
69
56
43
84
23
12
12
12
29
39
1
13
16
33
54
61
44
83
24

colourless region
brown region
brown region

colourless region
brown region

Sample
32
33
35
36
42
45
45
45
45
50
53
60
61
67
78
95
98
101
102
106
107
110
111
113
114
118
123
128
128
131
132
133
136
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[NT] ppm
821
1005
670
47
652
BDL
265
255
218
low
253
952
715
1608
364
585
532
296
975
546
528
577
87
745
840
752
343
635
618
661
high
high
138

%B
0
36
24
66
6
83
81
83
82
24
29
50
29
12
11
84
25
23
16
16
18
36
29
100
85
41
37
30
low
low
63

notes
type Ib, [C]=252 ppm

type II region?
brown region
brown region
colourless region
large band at 920 cm-1

bulk stone
along brown plane
over absorbance
over absorbance

Nitrogen concentration and aggregation state for the Ekati diamond samples (20–136) are
shown in Figure 4.2.

This type of plot is useful for identifying diamond populations by

identifying similar time-temperature histories (Taylor, 2004).

The diamond populations or

‘building blocks’ suggested by Gurney et al. (2004) on the basis of colour and morphology do
not define consistent time-temperature zones here. There may be multiple populations with
similar colour and morphology characteristics or individual diamond populations may contain a
wider variety of colour and morphology combinations than suggested by Gurney et al. (2004).

Figure 4.2. Nitrogen concentration and aggregation for Ekati diamond samples, organized by colour.
The dashed curves are isochronotherms redrawn from Taylor et al. (1990) with temperature labels
for 400 Ma, 1200 Ma, and 3200 Ma residence times. The curves show how aggregation varies with
total nitrogen concentration when temperature and residence time are held constant. Error bars
have been omitted for clarity. Vertical error is ~5% and horizontal is ~10%.

43

Several measurements in a traverse were taken across the surface of the polished samples
to investigate variability in nitrogen. Sample 15 is a type II diamond, so it was omitted. The
results of the measurement traverses for samples 5, 12, and 20 are shown in Figure 4.3.
Measurement locations on the surface of each sample are shown by Figure 4.4. The red arrow for
sample 5 indicates the order of the points to relate both figures.

Figure 4.3. Total nitrogen and aggregation state for traverses across polished samples. Sample 5 has
one side with lower total nitrogen. Sample 12 has more nitrogen at its edges. Sample 20 has a
steadily decreasing nitrogen content and aggregation away from its centre.

Sample 5 has one side that is lower in nitrogen than the other. The low-nitrogen side is
associated with strain-related birefringence (Figure 4.4). Sample 12 has a nitrogen-enriched rim.
Sample 20 has a steadily declining total nitrogen concentration away from the centre. The
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aggregation varies linearly with nitrogen concentration in sample 20, probably indicative of a
uniform time-temperature history.

Figure 4.4. Maps of samples 5, 12, and 20 showing approximate locations of traverse measurement
points corresponding to Figure 4.3. Samples 5 and 12 are shown in cross-polarized light. Sample 20
is shown in transmitted plane light. Images are not to scale.

It has already been established in Section 2.1 that nitrogen is not the cause of brown
colour, but there is a connection between nitrogen and brown colour. Nitrogen tends to stiffen the
diamond lattice, an effect that could inhibit dislocation movement and the development of brown
colour. The infrared spectroscopy results presented here provide some support of this idea.
Section 7.3.2 examines the relationship further.
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Chapter 5
Single-Crystal X-Ray Diffraction
X-ray diffraction relies on reflection of X-ray beams off different crystal lattice planes at
different angles.

Constructive interference occurs only when the monochromatic beam

encounters a favourably-oriented set of lattice planes, with the right spacing to satisfy Bragg’s
law of diffraction. Single-crystal X-ray diffraction provides information about the interplanar
spacing and organization within the crystal lattice. A perfect single crystal produces diffraction
spots.
Homogeneous crystal strain produces a range of altered interplanar spacing, causing
diffraction peaks to broaden in the 2θ direction. Strain in polycrystalline or powdered materials
is routinely characterized in this way (Gross, 1965). Extreme broadening and flattening of the
diffraction profile signifies a loss in crystallinity (Horz and Quaide, 1973). Peak broadening in
the 2θ direction can be reduced by annealing the material to restore regular interplanar spacing
(Gross, 1965).
A different strain effect can be observed in single crystals. Inhomogeneous strain of a
single crystal causes distortion of the lattice planes. Planes can become curved and bent so that
they are no longer aligned perfectly throughout the crystal. This leads to smearing of perfect
diffraction spots into streaks in the χ dimension (Orowan and Pascoe, 1941), sometimes called
mosaic spreading or strain-related mosaicity. Mosaic spreading increases during inhomogeneous
lattice deformation. Extreme mosaicity would resemble a powder-diffraction ring, having many
small regions of the crystal with different orientations. Recrystallization allows dislocations to
form boundaries between domains of different orientation, forming subgrains.
recrystallization resolves a streak into many small diffraction spots (Flemming, 2007).
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Therefore,

5.1 Micro-X-Ray Diffraction Technique
Micro-X-ray diffraction (μXRD) employs a fine, collimated beam that can be aimed at
particular parts of a sample. μXRD work was carried out at the University of Western Ontario,
Department of Earth Sciences. The equipment consisted of Bruker D8 Discover diffractometer
system with CuKα radiation (λ=1.5418 Å) and a 500 μm pinhole collimator. Göbel mirror
parallel optics were used to remove CuKβ radiation. A video camera with a laser guide fitted
above the computer-controlled sample stage allows for accurate sample positioning. The detector
is a 2-dimensional screen (2θ versus χ) rather than a point or line detector. This particular setup
is described in detail by Flemming (2007).
Samples were placed on a glass slide with double-sided tape such that a diamond {111}
(octahedral) plane was horizontal. This positioning was accomplished by using reflected light
from a desk lamp to align the reflection from the glass slide with reflection from an octahedral
face or cleavage plane on the sample.
During data collection, the source was powered to 40 kV and 40 mA. The ‘omega scan’
method was used (Flemming, 2007), whereby the source and detector rotate synchronously
though a predefined angle (Figure 5.1). The stage remains stationary. Rotating the source and
detector allows more sets of lattice planes to potentially reach a favourable orientation to satisfy
Bragg’s law and produce a signal. The 2θ angle (θ1 + θ2) remains constant through the scan. θ2
is measured to the centre of the detector screen. This geometry is equivalent to keeping the
source and detector fixed while rotating the sample about an axis normal to the plane defined by
the source, sample and detector (3 points of a plane).
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Figure 5.1. Geometry of the ‘omega scan’ method on the Bruker D8 Discover μXRD diffractometer.
The source and detector maintain a fixed angle with respect to each other. During the scan, the
source and detector rotate through an angle omega (ω). The 2θ angle (θ1 + θ2) stays constant.

The {111} diffraction spot was chosen as the prime target to collect from each sample
because it is the brightest reflection (Orlov, 1977) and simplest to orient each sample for. With
the omega scan method, the chances of collecting a {111} diffraction spot were increased for
non- ideally oriented samples. The {111} interplanar spacing is 2.05 Å (Orlov, 1977), so 2θ is
44° for the CuKα radiation used. The diffractometer was set up with θ1 + θ2 = 44° to put the
{111} diffraction spot near the centre of the detector screen. Angles were set to θ1+ω/2 = θ2-ω/2
so that a perfectly horizontal octahedral diamond face would produce a diffraction spot half-way
through the scan. The first set of samples were analyzed using ω=20° and a 20-minute scan time,
but this was deemed unnecessary and changed to ω=10° and a 10-minute scan time. The spot to
be analyzed on each sample was chosen using the video camera and stored temporarily as a 3dimensional stage coordinate. High, flat points were chosen, where possible. Rounded surfaces
had to be chosen on dodecahedroids and resorbed macles.

5.2 Micro-X-Ray Diffraction Results
A variety of colours from each of the three pipes at Ekati and from the unknown origin
were selected for analysis. Stones both with and without plastic deformation surface features
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were chosen. Two diamonds proved difficult to orient properly and were switched for similar
samples. Only samples for which FTIR spectroscopic data had been previously collected were
considered for μXRD analysis. Clear {111} reflections were measured for a total of 18 different
samples. Multiple reflections near the {111} reflection were produced in some samples by
diffraction of internally reflected rays. This effect is common in large, high-quality samples with
strong reflections (Post, 1976).
The reflections obtained displayed different degrees of strain-related mosaicity, ranging
from tight spots to elongated streaks (Figure 5.2). Longer streaks correspond to greater extents of
lattice deformation (Flemming, 2007). The diffraction patterns shown in Figure 5.2 have 2θ
increasing toward the left. A powder ring pattern would look like a series of vertical lines,
slightly convex to the left.

Figure 5.2. Examples of a {111} diffraction spot and streak for sample 28 (left) and 30 (right),
respectively. Misalignment of lattice planes due to plastic deformation causes the spot to spread out
in the χ dimension. The extra two spots to the right of each {111} reflection are an effect of multiple
reflections in the diamond.

49

Most of the samples exhibited some horizontal streaking (in the 2θ dimension), likely as
an artifact of the equipment. The full width at half maximum (FWHM) in the 2θ dimension was
nearly constant at 0.4° for all the {111} reflections measured (Table 5.1). The apparent streaking
in the 2θ dimension is not an indication of strain-related peak broadening due to altered lattice
spacing of the kind described by Gross (1965).
Streaking in the χ dimension however, does give an indication of crystal strain. The
length of the diffraction spot or streak along the χ dimension, provides a proxy for misalignment
of the crystal lattice due to plastic deformation (Orowan and Pascoe, 1941). To quantify the
length of each streak, the diffractometer software (Bruker) was used to integrate the signal 0.5°
on both sides of the {111} 2θ position (i.e. 43.5°–44.5°), along the χ dimension (Figure 5.3). All
the diffraction images were processed in this way (see Appendix C for raw data). The results of
the pattern integrations and peak width determinations are summarized in Table 5.1.

Figure 5.3. The diffraction streak from sample 50 is shown on the left, with a box defining the area
to be integrated. Integration of the signal strength from 43.5° < 2θ < 44.5°, along the χ dimension
yields the diffraction profile shown to the right.
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Table 5.1. Summary of peak widths measured from the {111} reflection of each sample. The width
of the base of the peak in the χ dimension is a measure of the length of the spot or streak, which can
be taken as an indication of lattice misalignment due to plastic deformation. Full width at half
maximum (FWHM) is also shown for both the χ and 2θ dimension. Some measurements in the χ
dimension incorporate multiple coalesced peaks and are not a true “peak width,” but rather a
measure of mosaic spreading.
Sample
5
12
15
19
20
25
28
29
30
33
36
45
50
60
95
101
111
128

χ full base width (°)
4.4
3.6
5.1
5.1
5.5
8.3
3.6
3.3
7.1
2.6
5.6
10.8
5.9
3.6
3.2
5.4
8.1
4.7

χ FWHM (°)
0.4
0.9
0.5
0.4
0.4
0.5
0.4
0.4
1.1
0.3
1.2
0.7
1.0
0.5
0.5
0.6
1.2
0.4

2θ FWHM (°)
0.4
0.5
0.4
0.4
0.3
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4

The integration produces a diffraction profile along χ, rather than along 2θ as per the
more commonly presented powder XRD plot. The FWHM and width of the base of the peak (or
coalesced peaks) in the χ dimension were measured (Table 5.1). The FWHM measure excludes
shoulders in some cases (Figure 5.3). The total extent of streaking of the diffraction spot is better
gauged by the width of the base of the peak. Base width corresponds very well with the length of
the streak, measured to where it is just brighter than the background. This measure conveys the
extent of plastic deformation in a sample and allows comparison between samples.
The width of the {111} reflection signal in the χ dimension provides a more quantitative
way to describe the extent of plastic deformation a diamond has undergone, rather than relying on
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plastic deformation surface features or anomalous birefringence. Lattice distortions measured in
μXRD reinforce the link between plastic deformation and brown colour in diamonds. This link
will be examined further in Section 7.2.
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Chapter 6
Cathodoluminescence Imaging
Cathodoluminescence (CL) is the emission of light from a sample during excitation by an
electron beam. The penetration depth of an ordinary 10 keV beam is only 0.9 μm (Field, 1992).
Higher energy beams penetrate deeper, but the majority of the CL still occurs near surface. CL
imaging of internal features requires diamonds to be cut and polished. Variability of trace
element concentrations during growth represents the dominant CL feature in most diamonds,
making it an excellent technique to examine growth history. Observation of plastic deformation
is often possible when slip traces are ‘decorated’ with defects (Collins et al., 2000). The slip
traces are oriented along octahedral planes and usually cut through non-parallel growth layers,
indicating post-growth deformation.

6.1 Cathodoluminescence Technique
Cathodoluminescence (CL) work was conducted at Queen’s University, Department of
Geological Sciences and Geological Engineering. The equipment consisted of a Technosyn Cold
Cathode Luminescence MKII sample chamber and electron gun controller combined with a Nikon
binocular microscope and digital camera. The sample chamber was at room temperature and held
at a vacuum of 0.04–0.1 Torr. The electron beam was air-supported. Operating conditions of the
beam varied from 10–15 keV with a current of 60–200 μA, within the range used by Lindblom et
al. (2005) for diamonds. The system was somewhat unstable due to loose/worn seals on the
sample chamber and a worn needle valve for the vacuum control air bleed. This was the main
cause for variability in operating conditions. Samples rested loosely on a glass slide inside the
sample chamber.
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6.2 Cathodoluminescence Results
The four polished samples (5, 12, 15, and 20) luminesced readily (Figure 6.1). Sample 5
has a faint CL pattern compared to the other three. All four polished samples have fairly regular
octahedral growth zoning. Sample 20 has a ragged, completely healed fracture network in one
corner, which is undetectable in visible light (Figure 6.2). The fracture extends to the outer
surface and is not overgrown by later diamond layers. Plastic deformation slip traces overprint
the fracture pattern. Sample 20 also contains an unhealed brittle fracture system near the centre
of the stone, which is obvious in visible light.
Samples 5, 12, and 20 all contain fine, parallel sets of slip traces that cut through the
growth zones. The distinct CL from slip traces might be due to localized defective B centres
(Collins et al., 2000). Growth zones in samples 5, 12, and 20 separate regions of differing
nitrogen content, as expected. Sample 15 has a dark network of dislocations, a common feature
in natural type II diamond (De Corte et al., 2006).
Samples 8, 25, and 45 were loaded into the CL machine out of interest. Although they
luminesced, their rough or misoriented surfaces made it impossible to discern anything about
their internal growth patterns. Unexpectedly, all samples examined in the CL machine acquired a
uniform smoky discoloration. No graphitization should be expected at these conditions. This
discolouration may be what is loosely referred to as ‘electron burn’ in the literature (e.g. Garlick,
1955). Scratching, rubbing, or soaking in dilute HCl does not remove the smoky tone. The glass
slide under the samples was not discoloured.
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Figure 6.1. CL images of the four polished samples labeled by sample number (samples shown at top
in incandescent light against a white background for reference). Samples 5, 12, and 20 have fairly
regular octahedral growth zoning, intersected by fine, parallel slip traces. The light, feathered region
in sample 20 is reflection from an unhealed internal fracture. Sample 15 shows a dark network of
dislocations, with a straight vertical band of growth zoning lines. The contrast has been enhanced in
these images to highlight patterns.
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Figure 6.2. CL images of sample 20 showing its healed fracture system. The dashed curve (A)
outlines the healed fracture, the sharper unhealed fracture is indicated by an arrow. (B) is a close-up
view of the red box shown in (A). The diamond is oriented as it is in Figure 6.1.

None of the polished samples contain evidence of irregular growth or multiple growthresorption events. The CL pattern of sample 20 does not indicate anything unique about its
darker brown region compared to the rest of the stone. The results of cathodoluminescence
imaging confirm that plastic deformation by dislocation movement has occurred in these four
samples.
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Chapter 7
Synthesis and Analysis
7.1 Extrapolating High-Pressure–High-temperature Treatment Conditions to the
Subcontinental Lithospheric Mantle
Given that brief HPHT treatment can remove the colour of a natural brown diamond, it is
reasonable to assume that storage in the subcontinental lithospheric mantle (SCLM) could
similarly remove the colour. Combining experimental HPHT treatment data with our knowledge
of the cause of colour provides a quantitative basis to evaluate the effect of SCLM conditions on
brown colour.
Temperature is the important difference between HPHT conditions and SCLM
conditions. Higher temperatures result in faster colour removal (De Weerdt et al., 2004). HPHT
treatment uses temperatures of 1800–2700 °C (Shigley, 2005), whereas inclusion thermometry
places most lithospheric diamonds in the range of 900–1400 °C (Stachel and Harris, 2008). The
effect of pressure is insignificant and is ignored herein.
Destroying brown colour involves gradually breaking up vacancy clusters into isolated
vacancies (monovacancies). This requires heat and time. How quickly this can be done depends
on the concentration of clusters as well as the reaction rate constant, whose temperature
dependency is described by the Arrhenius equation (Hounsome et al., 2007). The key to the
temperature effect is the activation energy (Ea) for the removal and isolation of a single vacancy
from a vacancy cluster, as follows:

Equation 7.1

E a = E monovacancy − E clustered vacancy + E vacancy migration
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Table 7.1 shows data from the literature used to calculate the activation energy. The formation
energy per vacancy for a vacancy cluster is based on density functional theory for a globular 71vacancy cluster (Fujita et al., 2008). Even if the vacancy cluster responsible for brown colour is
actually slightly different in size or shape than the modelled one, the formation energy per
vacancy will be comparable. The 7.1 eV formation energy of a monovacancy also comes from
density functional theory (simulates electron interactions using functionals). Using a quantum
Monte Carlo technique (simulates electron interactions using the Monte Carlo method) places this
value at 6 eV (Hood et al., 2003), but the density functional theory value will be used here for
consistency. Neither value has been proven over the other.
Table 7.1. Determination of activation energy for the removal and isolation of a single vacancy from
a vacancy cluster.
Value (eV)

Uncertainty (eV)

Source

Emonovacancy

7.1

±0.1

(Fujita et al., 2008)

Eclustered vacancy

1.7

±0.1

(Fujita et al., 2008)

Evacancy migration

2.3

±0.2

(Davies et al., 1992)

Ea

7.7

±0.4

The disaggregation of vacancies from vacancy clusters can be treated as a reaction with
the following equation and rate expression:
Equation 7.2

[V]clustered + Ea Æ [V]isolated

Equation 7.3

d [V ]clustered
m
= −c[V ]clustered
dt

where c is the rate constant (usually denoted by k, but k will be used for the Boltzmann constant),
and m is the reaction order. This is a zeroth order reaction (Hounsome et al., 2007), so m = 0.
Therefore, the rate depends directly on the rate constant, given by the Arrhenius equation:
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Equation 7.4

c = Ae-Ea/kT

where A is a pre-exponential factor, k is the Boltzmann constant (8.617×10-5 eV K-1), and T is
temperature in Kelvins. The pre-exponential factor represents lattice vibrations in this instance
and is assigned the first-order Raman frequency for diamond (Collins et al., 2005). The Raman
frequency can be taken as a constant at 4×1013 Hz over the temperature range of interest (Herchen
and Cappelli, 1991).
For any given brown diamond, the rate constant determines the time needed to remove a
certain amount of colour. The Arrhenius equation can be modified to show how this reaction
time would vary with temperature. Consider the rate of colour destruction at temperatures T1 and
T2 :
Equation 7.5

rate = Δbrown/(t) = c

Equation 7.6

(rate at T1) = c1 = Ae-Ea/kT1

Equation 7.7

(rate at T2) = c2 = Ae-Ea/kT2

Assuming the reaction times (t1 and t2) are such that the same colour change (Δbrown) is achieved
at T1 and T2, then it follows:

Equation 7.8

c1 Ae − Ea / kT1
=
c2 Ae − Ea / kT2
Δbrown

Equation 7.9

Δbrown

1

Equation 7.10

Equation 7.11

1

t1

t2

t1
t2

e − Ea / kT1
= − Ea / kT2
e

= e − Ea / kT1 + Ea / kT2

ln( 1t1 ) − ln( 1t2 ) = − E a / kT1 + E a / kT2
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Equation 7.12

ln(t 2 ) = ( E a / k )( 1T2 −

1

T1

) + ln(t1 )

Thus, it is possible to extrapolate reaction times from HPHT temperatures to SCLM
‘diamond window’ temperatures. For a certain reduction in brown colour achieved by HPHT
treatment (T1, t1), Equation 7.12 shows the time required (t2) to produce the same reduction at a
different temperature (T2). For example, a relatively potent treatment of 1 hour at 2500 °C is
equivalent to about 109 years at 1150 °C. Most diamonds would lose any brown colour in this
scenario, provided no new brown colour is introduced. Time values of t1 and t2 are expressed in
the same units (e.g. hours or years). The next section will define the uncertainty associated with
Equation 7.12.

7.1.1 Uncertainty in Extrapolated High-Pressure–High-Temperature Conditions
Equation 7.12 can be used to determine the time required at SCLM temperatures to
imitate HPHT treatment. The uncertainty associated with this time is fairly large, so it will be left
in logarithmic form. Equation 7.13 shows the uncertainty in ln(t2). The associated partial
derivatives are given in Table 7.2.

Equation 7.13

δ ln(t 2 ) =

∂ ln(t 2 )
∂ ln(t 2 )
∂ ln(t 2 )
∂ ln(t 2 )
∂ ln(t 2 )
δEa +
δk +
δT1 +
δT2 +
δt1
∂Ea
∂k
∂T1
∂T2
∂t1

Table 7.2. Partial derivatives for Equation 7.13 obtained using Equation 7.12.

∂ ln(t 2 )
∂E a

1 ⎛⎜ 1 − 1 ⎞⎟
k ⎝ T2
T1 ⎠

∂ ln(t 2 )
∂T2

Ea

∂ ln(t 2 )
∂k
∂ ln(t 2 )
∂T1

− Ea

∂ ln(t 2 )
∂t1

1

Ea

⎛ 1 − 1 ⎞
⎜
T1 ⎟⎠
k 2 ⎝ T2

⎛ 1 ⎞
k ⎜⎝ T12 ⎟⎠
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⎛−1 ⎞
k ⎜⎝ T22 ⎟⎠

t1

Ea is the most important source of error in the present context so Equation 7.13 can be simplified:

Equation 7.14

δ ln(t 2 ) =

1⎛ 1 1 ⎞
⎜ − ⎟ δE a
k ⎜⎝ T2 T1 ⎟⎠

Uncertainty is strongly asymmetrical above and below the calculated time due to the logarithmic
nature of the equation. The earlier example of HPHT treatment for 1 hour at 2500 °C is
equivalent to 2 ± 18.6 billion years (i.e. ln(t2)=21.5±1.6) at 1150 °C.

The uncertainty in time

values calculated with Equation 7.12 increases as the difference between T1 and T2 increases.

7.1.2 Graphical Representation
Given any HPHT treatment temperature and time, Equation 7.12 defines a line in timetemperature space (ln(t) versus 1/T) (Figure 7.1). This is similar to an Arrhenius plot, where
ln(rate constant) is plotted against 1/T. An Arrhenius plot is often used to determine activation
energy. In Figure 7.1 the activation energy has been determined separately and is being used to
extend a single point of data over different temperatures.
It should be possible to use this plot to verify the proposed activation energy with
detailed experimentation. A chemically/physically homogeneous brown diamond could be sliced
into many pieces and all the pieces could be HPHT treated at different temperatures until the
same colour change is reached. The temperatures used and times required for all the pieces
should (ideally) define a line in a plot of ln(t) versus 1/T, with slope Ea/k.
However, the collection of published data for HPHT treatment of brown diamonds does
not define a line. There are four main reasons for the non-linearity. Firstly, the starting materials
have a wide variety of colour depths, requiring different treatment times. Secondly, there is no
metric given to quantify the loss of brown colour. Thirdly, the range of treatment times is
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restricted by practicality. High-temperature experiments are not feasibly conducted over many
days, and the heating/cooling lag time makes it difficult to conduct trials shorter than about a
minute. The fourth factor is that removing brown colour is not always the sole objective of
HPHT treatment. Conditions are sometimes intended to not only remove brown but also enhance
other defects to make yellow, orange, green, or pink colours. Even though these data points may
not form a trend themselves, the independently-determined activation energy provides a slope.

Figure 7.1. Extrapolation of a single point of HPHT treatment conditions along a slope. Uncertainty
increases farther from the point due to uncertainty in the activation energy (Ea). As before, k is the
Boltzmann constant.

Constructing a line like the one show in Figure 7.1 for many points defines a linear zone
of similar time-temperature combinations. Figure 7.2 shows a collection of HPHT treatment
temperatures and times, with a linearly extrapolated zone (blue) into SCLM temperatures. Points
below this blue region provide insufficient heat and time to remove brown colour.

The

temperature difference between HPHT treatment and the lithospheric mantle has a dramatic
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impact on the ‘processing time’ needed to remove brown colour from diamonds. Surprisingly,
the temperature span of the SCLM induces rates of brown colour removal that range from fast (in
geological time) to exceedingly slow. Sublithospheric diamonds will quickly shed brown colour.

Figure 7.2. HPHT treatment data to remove brown colour extrapolated linearly using a theoretically
determined activation energy for the process. The blue region shows how HPHT treatment
conditions are achieved for different temperatures and times. Brown diamonds below the blue band
receive insufficient heat and/or time for colour destruction. Data sources: 1(Vins and Kononov,
2003), 2(Van Royen and Pal’yanov, 2002), 3(Van Royen et al., 2006), 4(Collins et al., 2000), 5(Fisher
et al., 2006), 6(Vagarali et al., 2008).

7.2 Evidence for Brown Colour Survival
Extensive plastic deformation produces brown colour in natural diamonds.

The

deformation bends and misaligns the crystal structure. HPHT treatment to remove the brown
colour does not modify dislocations, as once thought, and results in only a small strain reduction
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(Fisher et al., 2006). Brown diamonds show no significant change in dislocation density or
configuration during HPHT treatment to remove the colour (Willems et al., 2006). Treated
diamonds retain their lattice misalignments. Similarly, if natural diamonds lose brown colour
during mantle storage, there should be some colourless stones with preserved strain.
For the 18 diamonds examined by μXRD (see Chapter 5), crystal strain as gauged by
mosaic spreading exhibits a good correlation between strain and depth of brown colour (Figure
7.3). It should be noted that the presence or absence of deformation lamellae does not give an
indication of the extent of deformation. Given that HPHT treatment does not alter dislocations
(Willems et al., 2006), destruction of brown colour will produce a colourless diamond with
preserved strain. HPHT treated diamonds that have lost their colour retain their anomalous
birefringence pattern (Smith et al., 2000). Removal of colour would translate the points to the left
without decreasing the peak width. It could be argued that some samples have undergone partial
colour loss and a small translation to the left. However, none of the colourless diamonds in
Figure 7.3 have high strain (large peak width). The correlation between strain and colour depth
suggests there are few, if any, natural brown diamonds that lose their brown colour under natural
conditions.
An exception may be colourless type IIa diamonds with polygonized dislocation
networks, indicating prolonged annealing that could destroy brown colour.

The diffraction

‘streak’ in such a diamond may segregate into many subgrain spots, but would still indentify
deformation. Sample 15 has a network dislocation structure in CL imaging, but the stone is light
brown, not colourless. Perhaps this colour was produced after polygonization, during further
deformation. The diffraction pattern of sample 15 in μXRD does not reveal any kind of subgrain
structure, possibly due to the coarseness of the image resolution.
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Figure 7.3. Peak base width in χ dimension from μXRD analysis as function of brown colour depth.
The peak width is a proxy for crystallographic strain. The diamond images (with sample numbers)
correspond with the points above them. The presence or absence of plastic deformation (PD) surface
features is also noted. Sample numbers are given in the image.

In addition to μXRD, anomalous birefringence is a useful tool for investigating crystal
strain. The 18 diamonds shown in Figure 7.3 were divided into four groups based on qualitative
intensity of their anomalous birefringence (from dark and uniform to intricately mottled and
colourful).

Evaluation of birefringence was done blindly, with an assistant, and rechecked

randomly to reduce bias. Figure 7.4 shows the resulting relationship between birefringence and
crystal strain as measured by peak width using μXRD. A formerly brown diamond that has lost
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its colour, either naturally or by HPHT treatment, might be expected to have anomalous
birefringence in addition to preserved crystal strain. Figure 7.5 shows a second comparison
between crystal deformation and brown colour depth, this time using birefringence instead of
μXRD.

Figure 7.4. Peak width in χ dimension from μXRD analysis as function of birefringence in crosspolarized light. The 18 points shown are for the same samples as Figure 7.3 (in a different order).
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Figure 7.5. Anomalous birefringence as a function of brown colour depth. The diamond images
(with sample numbers) correspond with the points above them.

7.3 Controls on the Distribution of Brown Colour
Some diamonds have a uniform colour distribution and others do not. The following
sections discuss morphology and nitrogen content and how they might influence the distribution
of brown colour in natural diamonds.

7.3.1 Morphology and Brown Colour
Sample 128 has a brown region adjacent to an etch channel (Figure 7.6). The colour is
concentrated along a thin octahedral plane that terminates at one edge of the octahedron in a fine,
splintery chip.

It could be argued that a very hard grain pushed into the edge and chipped it, but
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the nearby etch channel lends itself to a different story. The etch channel probably formed first
by fluids along a crack in the surrounding rock. During subsequent deformation of the diamond,
the etch channel controlled the distribution of strain within the diamond. The resulting slip plane
intersects the etch channel. Plastic strain and brown colour developed along this plane, but brittle
failure occurred at the narrow lip at the edge of the etch channel (Figure 7.6C). Assuming
uniform strength within this diamond, localized brittle failure is arguably the result of nonuniform shear stress along the slip plane.

Figure 7.6. Sample 128 has a {111} slip plane of brown colour extending into the diamond, away
from an etch channel. (A) Etch channel with intersecting slip plane. (B) View parallel to the plane of
brown colour (brown stripe indicated by arrow) and the brittlely deformed ‘chip’. (C) Sketched
cross section through slip plane showing region of brittle failure near the etch channel. The green
circle and red dashed line in (A) outline the same point and face in (B).

Sample 21 has a similar colour concentration adjacent to a deep etch channel. The etch
channel in sample 21 is not aligned with an octahedral direction. The brown colour is confined to
a single pointed tip of the octahedron and terminates sharply at the etch channel. The remainder
of the octahedron, on the opposite side of the etch channel appears colourless.
Morphological features such as the etch channels in samples 21 and 128 may act to
localize what would otherwise be fairly uniform strain in a diamond. Localized plastic strain can
then create localized brown colour. However the majority of the samples show no localization of
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colour around etch channels. Uniform brown diamonds with etch channels may indicate that the
etch channels formed after deformation.

Any morphological features that localize plastic

deformation within a diamond have the potential to create localized brown colour.

7.3.2 Nitrogen and Brown Colour
Nitrogen should not be dismissed from the dialogue about brown colour, even though it is
not directly responsible for the colour. There is a measurable effect of nitrogen on diamond
strength. In general, nitrogen tends to increase the resolved shear stress (Brookes and Daniel,
2001). Although zonation and aggregation state may complicate the picture, diamonds with less
nitrogen should be more susceptible to extensive plastic deformation and the development of
brown colour. Of course, an appropriate stress field is required before any deformation will
actually occur. Small nitrogen variations do not have a noticeable effect. There is no relationship
between depth of brown colour and trace amounts of nitrogen (<5 ppm) in type IIa diamonds
(Fisher et al., 2006).
The Ekati diamond samples in this project do exhibit a loose relationship between
nitrogen and deformation. The colourless samples generally have more total nitrogen than the
brown ones. Similarly, μXRD strain determinations show less crystallographic deformation in
diamonds with higher nitrogen contents (Figure 7.7).
When comparing several different diamonds, the interplay between nitrogen,
deformation, and brown colour is obscured by their different stress histories. Diamonds are not
given equal opportunities to deform. Nitrogen distribution within a single diamond has a more
pronounced effect on the deformation and brown colour. Sample 25 has a sharp octahedral
fracture/contact between dark brown and colourless regions. The colourless region has 1.4 times
more total nitrogen than the brown region (307 ppm vs. 218 ppm). Similar results have been
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published for brown/colourless zoned diamonds from the Argyle Mine, Australia (Nailer et al.,
2007).

Figure 7.7. Peak base width in μXRD (measure of crystal strain) as a function of total nitrogen
concentration for 18 different diamonds. The diamonds with greater nitrogen contents generally
have less strain. Points are labeled with sample numbers.

Samples 5 and 12 (both polished) have anomalous birefringence that corresponds with
nitrogen content as it varies across each sample (Figure 7.8). In sample 5, the low nitrogen side
has more anomalous birefringence, suggesting more deformation. The deformation contrast
across this sample is apparently not enough to cause colour zonation. In sample 12, the interior
has a uniform nitrogen distribution and the anomalous birefringence is more uniform.
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Figure 7.8. Samples 5 and 12 in cross-polarized light to show anomalous birefringence. Total
nitrogen profiles are shown below each image. The lower nitrogen regions have more anomalous
birefringence and therefore plastic deformation.

Sample 20 is a brown octahedron with regular octahedral growth zoning (observed in CL
image) and steadily decreasing nitrogen content away from the centre. Brown colour in the
polished sample is restricted to one corner, where two sets of slip planes intersect outside of the
nitrogen-rich centre. One particularly prominent octahedral slip plane extends through the whole
crystal (Figure 7.9). The plane is manifested in a distinct plastic deformation lamination that
encircled the whole stone before polishing. A faint line on the polished surface delineates the
intersection of this slip plane and the polished surface. Plastic deformation slip planes are
strongly resistant to abrasion (DeVries, 1975).

Where this plastic deformation plane intersects

the nitrogen-rich centre it turns into a brittle fracture. This fracture is restricted to the interior and
is accompanied by a smaller fracture in the same orientation, but closer to the edge. A more
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ragged, non-planar, third fracture extends to meet the two planar fractures from a deep negative
trigon at surface. The important observation is that the extent of the planar brittle fracture lying
in the major slip plane appears to be controlled by nitrogen zonation. The fracture ends where the
total nitrogen concentration drops below about 300–350 ppm.

Figure 7.9. Sample 20 is a brown octahedron with a prominent slip plane. Brittle failure occurred
where the plane intersects the more nitrogen-rich interior. The octahedron edge length is 4 mm. (A)
Polished plate (polished on {100}) in transmitted light with internal fractures showing up as dark
regions. (B) Polished plate shown with dashed line along slip trace and strike/dip indicator for the
slip plane. The red triangles outline planar fractures. The green line indicates a more ragged nonplanar fracture. (C) Polished plate with superimposed schematic total nitrogen concentration map.
(D) End-on view of the polished plate with plastic deformation lamination shown by arrows. (E)
Sample before polishing, with deformation lamination indicated by arrow. (F) Polished plate, tilted
to show flat shape of the two planar brittle fractures (against white background).
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Chapter 8
Conclusions

Recent literature (within the last five years) identifies globular vacancy clusters of
perhaps 30–60 vacancies as the cause of common brown colour in natural diamonds. The exact
size and shape of the defect are yet to be determined. Vacancy clusters form during extensive
plastic deformation, which saturates the diamond lattice with vacancies. The isolated vacancies
aggregate into more energetically favourable vacancy clusters. Internal strength contrasts caused
by variable nitrogen content as well as morphological irregularities have the potential to localize
deformation and the development of brown colour in a single diamond. Generally, diamonds
with lower total nitrogen contents are more susceptible to plastic deformation. HPHT treatment
can break up vacancy clusters, resulting in loss of the brown colour component.
Analogous colour removal in the SCLM will progress more slowly because the
temperature is cooler than those used in HPHT treatment.

The time required to destroy brown

colour at SCLM temperatures can be extrapolated from HPHT treatment conditions using a
theoretical activation energy for the breakup of vacancy clusters. Uncertainty in the activation
energy translates into a large uncertainty in the extrapolation.
The time required to destroy brown colour in the SCLM is significant at the scale of
geological time. Brown diamonds should easily maintain their colour for many millions of years
during mantle storage at or below ~1000 °C. Warmer temperatures toward the base of the
lithosphere may be able to reduce or eliminate brown colour within thousands of years.
Nevertheless, the survival of brown colour in the SCLM does not require the colour to be formed
late in the storage history nor does it require metastable storage in the graphite stability field.
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Crystallographic strain (lattice distortion) as measured by μXRD increases with the depth
of brown colour in natural diamonds. Most of this lattice strain is preserved during colour
removal by HPHT treatment. Based on 18 examined diamonds, the rarity of colourless natural
diamonds with preserved strain suggests that removal of brown colour is not a common natural
occurrence. It remains unclear whether brown colour is created and maintained for millions of
years or is formed during events closely preceding magmatic ascent.
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Appendix A - Sample Summary Table
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Appendix B
FTIR Spectra
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Sample 21 - colourless region
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Sample 21 - brown region
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Sample 45 - type II? region, no nitrogen
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Sample 45 - brown region
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Sample 5 - traverse point analyses; nitrogen region of abs. spectra
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Sample 12 - traverse analyses;
nitrogen region of abs. spectra
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Sample 20 - traverse point analyses;
nitrogen region of abs. spectra
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Appendix C
μXRD Data
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