University of Alberta

Elemental impurities, defects and carbon isotopes in mantle
diamond

by

Greg Lee Melton

A thesis submitted to the Faculty of Graduate Studies and Research
in partial fulfillment of the requirements for the degree of

Doctor of Philosophy

Earth and Atmospheric Sciences

©Greg Lee Melton
Fall 2013
Edmonton, Alberta

Permission is hereby granted to the University of Alberta Libraries to reproduce single copies of
this thesis and to lend or sell such copies for private, scholarly or scientific research purposes
only. Where the thesis is converted to, or otherwise made available in digital form, the University of
Alberta will advise potential users of the thesis of these terms.

The author reserves all other publication and other rights in association with the copyright in the
thesis and, except as herein before provided, neither the thesis nor any substantial portion thereof
may be printed or otherwise reproduced in any material form whatsoever without the author’s prior

written permission.



Dedication

This is dedicated to Julie, Chloe, Tatiana, Gavin and Oliver:

my favorite collaborators.



Abstract

Monocrystalline gem-quality diamonds from Akwatia, Ghana and De
Beers Pool, South Africa have trace-element concentrations ranging
from ppt to ppm levels, but mostly are below the limit of quantification.
Ce,/Eu, (1-6; N = chondrite normalized) and Ce /Ti (0.6 to 12) indicate
mildly elevated LREE/MREE and variable LREE/Ti. Syngenetic garnet
inclusions indicate that the diamond growth medium must have been
highly enriched in LREE, with Ce,/Eu, and Ce /Ti, from 9 to 370 and 10 to
3400, respectively. One sample, G103, has trace-element characteristics
that closely resemble a carbonatitic fluid. The remaining samples

show discrepancies in trace-element ratios between these diamond

and inclusion-based fluid/melt compositions is inconsistent with the
generalized interpretation that trace impurities in gem diamond represent

trapped inclusions of the diamond-forming fluid/melt.

Model mixtures of submicroscopic inclusions of common peridotitic

and metasomatic phases fail to mimic expected modal relationships for
peridotitic sources. Additionally, the calculated inclusion abundances in
these models would affect sample transparency, which is not observed.
Trace-element patterns for most of the studied gem diamonds are not a

direct representation of the diamond growth medium.



Gem-quality micro-diamonds from the Panda kimberlite (Ekati, Canada)
have 8'3C values that are on average 1.3%. higher than macro-diamonds
from the same pipe. This documents either distinct diamond-forming fluids,
fractionation process, or growth histories for these two populations. A
broad trend to more 13C enriched compositions with decreasing mantle
residence temperature (proxy for decreasing depth) is interpreted to reflect
diamond formation from a carbonate-bearing metasomatic fluid/melt that
isotopically evolves as it percolates upward through the compositionally

layered Central Slave cratonic lithosphere.

The linear relationship between platelet peak area and N, concentration
that defines “regular”, non-cuboid diamonds is evaluated with a world-wide
database of FTIR diamond data. This relationship is expressed as I(B’) =
0.61N; and can be projected with confidence to at least ~550 at. ppm N..
This database also shows that maximum hydrogen-related IR absorbance
(3107 cm™ center) correlates with increasing N, concentrations, implying a
relationship between IR-active hydrogen at 3107 cm™ and the aggregation

process that forms B-centers in diamond.
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Chapter 1 — Introduction

This thesis is aimed at expanding previous research into diamond genesis
by focusing on elemental impurities and carbon isotopic compositions. The
samples utilized in these studies are derived from De Beers Pool (South
Africa), Akwatia (Ghana) and the Ekati mine (Canada). The thesis will
explore topics in diamond genesis by investigating the following: |) trace-
elements in gem diamond from De Beers Pool and Akwatia; 2) nitrogen
and carbon isotope data for micro- and macro-diamonds from the Panda
kimberlite (Ekati); 3) a detailed analysis of a world-wide database of FTIR
spectral characteristics in an effort to understand the behavior of various

defects.

Before considering these works, it is necessary to first discuss the general
provenance of natural diamond in the deep Earth and the geologic settings

of the sample sources.

1.1. Background

Below the crust is the part of the Earth’s interior called the mantle.

The major distinguishing property between these two layers is their
composition. While the crust is enriched in fusible major elements

(e.g. Ca, Na, Al), the mantle is relatively enriched in elements like Mg,

Ni and Cr (McDonough and Sun, 1995; Palme and O’Neill, 2007). As

a consequence of their divergent geochemical makeup and ambient
temperatures and pressures, these two layers naturally possess
contrasting mineralogies. Despite being extremely heterogeneous, the
continental crust has an average composition of andesite. That is to say, it
is dominated by quartzofeldspathic minerals. However, the vast majority of

the mantle is ultra mafic with varying proportions of olivine, orthopyroxene,
1



clinopyroxene and garnet (peridotite). Eclogite (garnet and pyroxene-rich
rock) and pyroxenite (pyroxene-rich rock) are the only other rock types

in the lithospheric mantle of significant abundance. The upper mantle
behaves in a brittle fashion and, together with the crust, comprises the
lithosphere. Just below the lithosphere is the asthenospheric mantle which
is broadly similar in its chemical composition to the lithsopheric mantle, but

behaves in a more ductile manner.

One element that is significantly enriched in the crust versus the mantle
is carbon. Despite its partitioning into the crust, carbon naturally occurs
in the upper mantle with an expected concentration of 400 ppm (Javoy
1997). Because of its incompatible and volatile nature it can be efficiently
concentrated in very low degrees of partial melt. If it is not a dissolved
component of a melt/fluid, then it can be stored in the mantle in solid
phases like carbonates or elemental carbon (graphite or diamond). At low
oxygen fugacity, in a metal saturated mantle, carbon may also be stored
as a dissolved component in Ni-Fe alloys. At even lower oxygen fugacity,

carbides may represent an important carbon reservoir.

With the appropriate temperature, pressure and oxygen fugacity, diamond
will be a stable solid carbon phase. A “cool” geotherm is generally needed
for diamond to be stable in the lithosphere. Otherwise the temperatures
required for diamond formation will correspond to greater depths (i.e.
higher pressure) exceeding the thickness of the lithosphere, where
diamond formation is less feasible. Specifically, in a peridotite host rock,
diamond is stable at temperatures above ~900°C (4.25 GPa) and at an
oxidation state of Alog fO, <-1.8, relative to FMQ (Luth, 1999). In eclogitic

host rocks, diamond is stabile at more oxidizing environments.



The Archean shield (cratonic) geotherm, which is “cooler” than a typical
continental geotherm (Hasterok and Chapman, 2011), is an ideal
environment for diamond. Cratons are remnants of old crustal domains
that have survived destructive tectonic processes for billions of years and
retained deep reaching lithospheric mantle roots. In addition to old age,
cratonic lithosphere is different from younger continental lithosphere in that
it is thicker and colder. Typical continental lithosphere extends to depths
of ~100 km, whereas cratonic “keels” can be as deep as 250 km (Boyd
and Gurney, 1986). The lithospheric mantle below cratons was created
during the Archean during high degrees of partial melt extraction in the
mantle. This left the lithospheric mantle depleted relative to the ductile,
more fertile asthenospheric mantle. This compositional contrast causes
the lithospheric mantle to be colder and less dense than asthenospheric
mantle, contributing to its preservation from convective forces of the

asthenosphere.

Despite our understanding of the mantle environment required for
diamond precipitation, many questions regarding diamond-forming
processes still exist. Some of the questions | hope to address are: 1) what
is the diamond-precipitating medium? Is it a fluid or melt and how do the
high density fluids identified by Klein-BenDavid et al. (2009) in fibrous
diamonds relate to gem-diamond growth? And 2) what are the diamond-
forming redox reactions: carbonate reduction (EMOD) or CH, oxidation
(Taylor and Green, 1989)?

Elemental impurities in diamond are one source for answers to these
questions. But due to the strong covalent carbon-carbon bonds which
give diamond its superior hardness, few elemental impurities can

be accommodated in the diamond structure. Nevertheless, nitrogen

substitutes into the diamond lattice in concentrations reaching thousands



of ppm and can be used to investigate formation and residence conditions
of diamond in the upper mantle. In addition to nitrogen, other trace-
elements have been measured in natural diamond that can contribute to

our understanding of their formation.

1.2. Geologic settings

1.2.1. De Beers Pool, South Africa

The De Beers Pool mines consist of four kimberlites that have been

in production since the late 1800’s: De Beers, Dutoitspan, Bultfontein
and Wesselton. These kimberlites are located near Kimberley, South
Africa and intruded the Kaapvaal Craton between 83 and 90 Ma (Figure
1.1; Allsop and Barrett, 1975). Data from detrital zircons in sedimentary
sequences in the craton indicate that craton formation began at about 3.7

Ga (de Wit et al., 1992). Crustal generation continued with accretion of

Zimbabwe

Botswana

Namibia Mozambique

Klmbe.rley

South Africa

Figure 1.1. Map of southern Africa showing the location of Kimberley, South
Africa. Shaded region indicates extent of the Kaapvaal craton (simplified from de
Wit et al., 1992).



oceanic crust, granite generation and chemical differentiation of the upper
lithosphere. Accretion, magmatism and tectonic processes continued

to expand and modify the craton until a final collisional event with the
Zimbabwean Craton to the north created the Kalahari Craton around 2.6
Ga (de Wit et al., 1992).

The lithospheric mantle below the De Beers Pool kimberlites, based on
garnet xenocryst data, is dominated by “fertile peridotite” in the upper
portion of the lithospheric mantle (Griffin et al., 2003). In this context,
“fertile peridotite” is used to represent the composition of mantle

garnets (major and trace-elements) that show little to no evidence of

a depletion event. At depths > 100 km, however, the mantle section
becomes increasingly depleted, with signs of subsequent refertilization

by metasomatism. Finally, at depths > ~160 km the lithosphere below De
Beers Pools is melt metasomatized, indicated by the enrichment of melt-
mobile elements like Zr, Ti and Y. Enrichment by melt metasomatism at the
base of the cratonic lithosphere is observed, in varying degrees, for almost
all of the sample locations throughout the Kaapvaal Craton (Griffin et al.,
2003).

Diamonds recovered from De Beers Pool with a peridotitic paragenesis
have been dated at 3.3 Ga to 3.2 Ga (Richardson et al., 1984) but those
of the eclogitic paragenesis are younger (2.9 Ga, Richardson et al., 2001).
Studies on inclusions in diamonds indicate that most of the peridotitic
diamonds trapped inclusions that were in equilibrium with the highly
depleted section of the lithosphere (< 160 km) and only a few showed
signs of interaction with melt metasomatism similar to the deeper (>160
km) garnet xenocrysts (Griffin et al., 2003; Phillips et al., 2004; Banas et
al., 2009).



1.2.2. Akwatia, Ghana

Diamonds from Akwatia are hosted in alluvial stream sediments of the
Birim and Bonsa rivers (Figure 1.2; Milesi et al., 1992). These sediments
are sourced from the Paleoproterozoic Birimian Supergroup, situated on
the southern edge of the West African Craton. The Birimian Supergroup
includes volcanic belts with intermittent sedimentary basins and ubiquitous
outcroppings of granitoids (Taylor et al., 1992). Crustal generation in this
part of the craton initiated at ~2.2 Ga with large degrees of magmatism
and its volcanic counterparts (Hirdes and Davis, 1998). There is no
indication that an Archean crustal component exists; however, Sm-Nd
isotope data suggests much of the basaltic magmatism was derived from
a previously depleted mantle source. The diamonds themselves were
likely derived from weathering of metakimberlites within the Birimian

Supergroup (Appiah et al., 1996).

Geothermobarometry from diamond inclusions indicates the host
diamonds grew in deeper conditions than typically observed for other
peridotitic locations (Stachel and Harris, 1997). These inclusions also
record a history of metasomatic re-enrichment of a depleted lithospheric

mantle. A deep lithospheric source is confirmed by a slight increase of Si

Figure 1.2. Location map of the Birim diamond field
near Akwatia, Ghana (from Stachel et al., 1997).




in garnet, i.e. the presence of the majorite component (Mg,Si,O,,) in some

garnet inclusions.

1.2.3. Panda (Ekati), Canada

The Ekati mine of the Northwest Territories began operations in 1998

and was Canada’s first diamond mine. The Ekati property includes

150 kimberlite pipes, six of which have been, or are currently, under
production: Panda, Koala, Koala North, Fox, Misery and Beartooth. These
kimberlites are hosted by 2.6 Ga Archean granitoids (Davis et al., 2003).
The Slave Craton is bound on the east and west by the Paleoproterozoic

Thelon-Taltson and Wopmay orogens, respectively (Figure 1.3).

Figure 1.3. Map
showing the extent
of the Slave Craton
and the location of the
Ekati mine (simplified
from Bleeker and
Davis, 1999). The
Central Slave Craton
100 is that part between

. the dashed lines
(Gratter et al., 1999).

helon-
Taltson
Orogen




The “Central Slave Basement Complex” is overlain by thick mafic (and
lesser intermediate) volcanic rocks and turbidititic graywackes. These
sequences are intruded by voluminous 2.62 - 2.58 Ga granitic plutons
(Bleeker et al., 1999).

The Central Slave domain is defined, geochemically, by differences in
degrees of depletion in the lithospheric mantle as recorded by garnet
xenocrysts from kimberlites. The northern domain of the Slave has a high
proportion of Iherzolitic and eclogitic garnets with moderately subcalcic
garnets (i.e. G10 garnets, Grutter et al., 2004) being less common.

The central Slave has a distinctive subpopulation of ultra depleted
(possibly dunitic) garnets with CaO < 1.8 wt% but in general, garnets are
moderately subcalcic. The southern most domain consists of lherzolitic
and eclogitic garnets, similar to the northern domain, but some subcalcic
garnets have high Cr,O,. These data indicate that the lithospheric mantle
below the Slave Craton has experienced significantly variable degrees of

melt depletion, or has been unequally modified by metasomatic process.

Within the Central Slave lithospheric mantle, garnet xenocrysts also
display strong vertical heterogeneity that indicates a highly depleted
“harzburgitic” upper lithosphere overlies a less-depleted “lherzolitic”
layer at the bottom of the lithosphere (Griffin et al., 1999). This chemical

layering is further explored in Chapter 4 of this thesis.
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Chapter 2 — Trace-elements in gem
diamond from Akwatia, Ghana and De
Beers Pool, South Africa

The content of this chapter, in part, has been published as: Melton, G.L.,
McNeill, J., Stachel, T., Pearson, D.G. and Harris, J.W., 2012, Trace-
elements in gem diamond from Akwatia, Ghana and De Beers Pool, South

Africa. Chemical Geology, v 314-317, p. 1-8.

2.1. Introduction

Investigations into the provenance of mantle-derived diamonds through
direct analysis of their trace-element contents have historically been
obstructed by analytical limitations relating mainly to exceedingly low
concentrations of these elements in diamond. The first quantitative
measurements of trace-elements in diamond were obtained by Raal
(1957), who determined impurity abundances at low ppm levels using
optical emission spectroscopy. These results may, however, have been
influenced by the presence of minute mineral inclusions. Fesq et al. (1973;
1975) quantitatively determined 40 elemental impurities in diamonds from
South Africa using instrumental neutron activation analysis (INAA) and
observed a correlation between color and diamond chemistry, affecting
elements commonly associated with mafic and ultramafic magmas. Fesq
et al. (1975) concluded that these elemental impurities, therefore, reside
in trapped melt inclusions that apparently also may influence diamond

coloration.

The advent of laser ablation inductively coupled mass spectrometry (LA-

ICPMS) opened up the possibility to quantify trace-element concentrations
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in diamond in situ and with high spatial resolution (Rege et al., 2005) with
application initially to trace-element rich fibrous and cloudy diamonds
(Tomlinson et al. 2005) and recently to gem diamonds (Araujo et al.,
2009; McNeill et al., 2009). Using an on-line LA-ICPMS method, Rege

et al. (2010) measured 36 elements in 538 samples from 27 locations
worldwide and presented a new model for the origin of gem diamonds.
Rege et al. (2010) suggested that gem diamonds precipitate from hydro-
silicic high-density fluids that acquired a unique trace-element signature
(e.g. low light rare earth elements over heavy rare earth elements (LREE/
HREE) and negative Sr and Y anomalies) through immiscible separation
from a parental carbonatite-silicate fluid/melt. They propose that
subcalcic garnets, which have been shown to be closely associated with
diamond (e.g., Gurney 1984), equilibrated with the highly LREE enriched
residual carbonatitic melt fraction. An integral part of this new model is
the assumption that, similar to fibrous and cloudy diamonds, elemental
impurities in gem diamond are hosted by trapped fluid/melt inclusions, and
therefore, the trace-element ratios in diamond and its growth medium are
the same.

For gem diamonds from Akwatia (Ghana) and De Beers Pool (South
Africa), | will explore the establishment of equilibrium between these
diamonds and their garnet inclusions based on their trace-element
contents and then investigate the potential for elemental impurities in
diamond residing (1) in melt inclusions, (2) in the diamond lattice and (3)

in dispersed sub-microscopic mineral inclusions.

2.2. Methods

Trace-element concentrations in monocrystalline gem-quality diamonds
were determined using an ‘off-line’ LA-ICP-MS method developed at

Durham University (McNeill et al., 2009). Samples were ablated off-line
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with a 213 nm New Wave Nd:YAG laser in an enclosed PTFE cell. The
laser operated at 20 Hz and produced an energy density of 5 J/cm? to 6

J/cm? with a 160 ym spot size.

Diamond samples were prepared by being washed in an ultrasonic bath
with an ultra-pure 16N HNO, - 29N HF solution, rinsed in Milli-Q water,
then washed in 6N HCI and allowed to dry at 100°C. The custom-made
PTFE ablation cell was prepared by leaching in HCI at 120°C for 48 h then
16N HNQ, for 24 h followed by a Milli-Q water bath. Finally it was put in
ultra-pure 6N HCI for 48 h before being loaded with the diamond sample.

A 500 pym x 500 ym area was rastered for 180 min with ablation depths
varying between 200 ym and 400 ym. Ablation pits were sharp sided, with
minimal graphitization. After ablation, the cell was opened in a Class 10
HEPA-filtered environment and leached with 6N HCI. Details of the post-
ablation extraction process are given by McNeill et al. (2009). Leaching
products were collected, dried down, and then digested with 3% ultra-pure
HNO, for introduction into the ICP-MS. All samples were weighed to a
precision of 0.1 pg before and after the ablation process and the weight
difference was used to quantify trace-element concentrations (McNeill et
al., 2009).

Twenty seven isotopes (24 elements) were measured using a Thermo
Scientific ELEMENT 2 double focusing magnetic sector-field ICP-MS: #Ti,
“8Ti, “°Ti, 8°Rb, 8Sr, &Y, 9Zr, %Nb, ¥Cs, ¥"Ba, '*La, *°Ce, *'Pr, *3Nd,
47Sm, 9Sm, S'Eu, *’Gd, '*°Tb, '®'Dy, %Er, "2YDb, '5Lu, '°Hf, 28Pb, 23%2Th,
238. Operating conditions of the ICP-MS were the same as described

in McNeill et al. (2009). A calibration line was established by at least six
points from 1000x and 5000x diluted solutions of USGS standards AGV-

1, BHVO-1 and W2. The dilution resulted in standard concentrations

14



close to those expected for gem-quality diamonds. Multiple blanks were

analyzed to establish an a priori limit of quantification (LOQ = 100 that

)
blank
is constant for all samples (McNeill et al., 2009). Table 2.1 shows count

rate ranges, medians and standard deviation for samples and a 3% wash

blank solution for Ti, Ce and Eu.

cps (samples) cps (blank)
Min Max Median Median s.d
Ti 6922 30959 13870 1847 318
Ce 328 178540 2404 39 94
Eu 144 505 193 164 20

Table 2.1. Sample count rate ranges, medians and 3% wash blank medians
and standard deviations for Ti, Ce and Eu.

2.3. Samples

The diamonds from this work originate from two distinct cratons in the
African continent. Ghanaian diamonds studied herein come from the
alluvial deposits of the Birim Diamond Field, near Akwatia, on the West
African Craton. The diamonds are weathered from metakimberlites of the
Birimian Supergroup (~2 Ga) (McKitrick et al., 1993; Appiah et al, 1996).
De Beers Pool samples come from the cumulative production of four
kimberlites on the De Beers property in Kimberly, South Africa. These
kimberlites intruded into the Kaapvaal craton at ~84 Ma (Allsopp et al.,
1989).

All samples are fragments of diamonds that were previously studied for
their mineral inclusion content (Stachel and Harris 1997a and b; Phillips
et al. 2004; Banas et al. 2009). The fragments are from gem-quality (i.e.
fully transparent) monocrystalline diamonds with octahedral primary

morphologies and are either colorless or have a very faint brownish
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coloration. In preparation for ICP-MS analysis, sample fragments were
screened based on size and shape and only large and flat (cleavage)
fragments were chosen. A large (= 1.7 mm) fragment size is necessary to
maximize the amount of potential ablation product and to avoid sample
movement (“jumping” of grains) during laser beam impact. Because of the
extremely low trace-element contents in our samples, a previous analytical
attempt via direct (on-line) laser ablation ICPMS in a different laboratory
resulted in signals below or near the limit of detection and invariably

distinctly below the limit of quantification.

A major-element study on garnet inclusions in diamonds from Akwatia,
Ghana (Stachel and Harris, 1997a) revealed that they are principally

of harzburgitic paragenesis (~80% of all garnets and 84% of peridotitic
garnets). Olivine and orthopyroxene Mg number modes are 93.0 and 93.5,
respectively, and average Cr,O, in chromite inclusions is high compared
to a worldwide database. Garnet-opx geothermobarometry results in a
range from 1100°C to 1370°C at 5.0 GPa to 6.7 GPa (Stachel and Harris,
1997a). The combined results of all geothermobarometric data indicate

a slightly deeper and hotter origin than typically observed for peridotitic
diamonds worldwide (Stachel and Harris, 2008). Of particular interest,
0,,)

component and a slight excess of Si per formula unit in garnet sample

Stachel and Harris (1997a) observed a high knorringite (Mg,Cr,Si,
G303-305, supporting the interpretation of an unusually deep lithospheric

origin for some of the samples from Akwatia.

Trace-element partitioning between garnet and clinopyroxene
inclusions occurring together in two Akwatia diamonds is consistent with
experimentally determined partition coefficients, establishing that the
inclusions are in equilibrium (Stachel and Harris, 1997b). Harzburgitic

garnet inclusions show systematically lower concentrations of Ti, Y, Zr,
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HREE, and higher LREE than those from lherzolitic samples (Stachel

and Harris, 1997b). These differences imply that the source of Iherzolitic
garnets was affected by a metasomatic agent comparatively rich in high
field strength (HFSE) such as Ti, Zr, Hf and Y and with moderate LREE/
HREE, characteristics typically associated with melt metasomatism
(Stosch and Lugmair, 1986; Menzies et al., 1987, Stachel et al. 2004).
Harzburgitic inclusions, however, bear the characteristics of a source that
was overprinted by a highly fractionated C-H-O fluid with very high LREE,/
HREE, (Stachel and Harris, 1997b) and low other HFSE (Ti, Zr, Hf and Y)
(Eggler, 1987).

The De Beers Pool samples come from a population of 425 inclusion-
bearing diamonds (Phillips et al., 2004). Garnet inclusion compositions
reflect strongly depleted sources with 94% of peridotitic garnets being
harzburgitic, 78% of which have CaO < 2 wt % (Phillips et al., 2004).

High Cr,O, in chromites (up to 68 wt%), high Mg-numbers for olivines

and orthopyroxenes (93 to 97) and low Ca concentrations in garnets
provide further evidence for highly depleted, Cr-rich sources (Phillips et
al., 2004). Temperature and pressure estimates range from 1080°C to
1320°C at 4.6 GPa to 7.7 GPa (Phillips et al., 2004). A trace-element study
(Banas et al., 2009), based on a subset of the garnet inclusions suite of
Phillips et al. (2004), showed that despite their highly-depleted, major-
element signature, inclusions in De Beers Pool diamonds invariably reflect
metasomatic re-enrichment of incompatible trace-elements. Garnets from
the diamonds selected for our study fall into the low TiO, (<0.02 wt%)
group of Banas et al. (2009) and have sinusoidal or “humped” chondrite
normalized REE patterns, with the exception of DBP457, containing a
high-Ti garnet (TiO, = 0.06 wt%) with weakly sinusoidal REE.
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2.4. Results

Concentrations of trace-elements in diamonds from Akwatia and De Beers
Pool are generally very low and fall in the ppm to ppt range, with most
analyzed elements being < 100 ppb (Table 2.2). Ti, Ba and Sr are the only
elements to exceed 1 ppm in at least one sample, although Sr is very
variable (0.05 to 9.3 ppm) and Ba is detected for sample DBP457 only. A
variation of one to two orders of magnitude over the whole sample suite is
observed for Eu, Pr, Gd, Tb, Ce, La, Dy, Y, Sr and U (in order of increasing
variability), whilst Ti, Zr, Nb, Sm, Hf and Th vary by less than an order of
magnitude. DBP457 is the only sample with quantifiable amounts of Ba,
Rb, Cs, Yb, Lu and Pb. Conversely, sample DBP406 has no elemental
data above the limit of quantification with the exception of Ti. Nd, a REE
with relatively high natural abundance, is below the limit of quantification in
all samples. This is likely a consequence of a comparatively high LOQ for

Nd resulting from an instrumental problem during analyses.

Chondrite-normalized trace-element patterns are incomplete for most
samples but an overall trend of only modest enrichment of LREE over
MREE is present: Ce,/Eu, ranges from 1.2 to 5.7 (average 2.7). Of the
three samples with fairly complete REE, patterns, G103 and G201 have
smooth REE with negative LREE,-HREE, slopes (Figure 2.1); DBP457
shows an irregular pattern from Sm to Y, and overall flat MREE to
HREE,. Large ion lithophile elements (LILE) and non-REE HFSE analyses
above the limit of quantification are also sparse; the present data show
minor inter-elemental variations with the one exception of DBP457, which
has Ba, and Sr, two orders of magnitude higher than Ti, Zr, and Hf.
DBP457 is overall unique and does not even remotely match the trace-

element patterns observed for the other nine samples in this study.
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Figure 2.1. C1 chondrite (composition of McDonough and Sun, 1995)
normalized REE and HFSE patterns for gem diamond samples from De Beers
Pool (Kimberley area, South Africa) and Akwatia (Birim diamond fields, Ghana).
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Figure 2.2. Average |herzolitic and harzburgitic diamond compositions
normalized to C1 chondrite with 10 bars.
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Averages based on paragenesis established from garnet inclusion
analyses (Stachel and Harris 1997b; Banas et al., 2009), excluding G103
and DBP457, were calculated for the three elements that were found to
be above the limit of quantification for at least four of the 10 analyzed
diamonds (Ti: n=8; Ce: n=4; Eu: n=6) (Figure 2.2). Samples G103 (see
section 5.1) and sample DBP457 were excluded from these averages
because of their unusual composition, high trace-element concentrations
and unique inter-elemental relationships. The average harzburgitic
diamond has higher Ce,, (by a factor of 3.2) than the average Iherzolitic
diamond whereas Eu and Ti  overlap considerably when accounting for

standard deviation (Table 2.2).

2.5. Discussion

2.5.1. Melt inclusions in G103

The REE, pattern for G103 is fairly complete and shows the highest
LREE,/HREE, of all diamonds analyzed in this work. A La /Y of 89

in sample G103 sharply contrasts with values of 2 and 7 in the other
samples (DBP457 and G201, respectively) where these elements were
detected. The trace-element pattern of G103 agrees well with that of
low-Mg carbonatitic melt inclusions measured in the outer fibrous coat of
sample ON-KAN-381 from Kankan, Guinea (Weiss et al., 2009). The REE,
concentrations of ON-KAN-381 can be superimposed on G103 (Figure
2.3) if the former values are diluted by a factor of 40,000, implying a low

modal abundance (~25 wt. ppm) of melt inclusions.

Disseminated melt inclusions at such a concentration level may affect the
transparency of sample G103 (which is not observed). Light scattering by
nanometer sized particles contained within diamond (Rayleigh scattering)
was calculated to constrain qualitatively the maximum permissible size

of the melt inclusions (at the given concentration level of 25 ppm) using
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Figure 2.3. C1 chondrite normalized trace-element plot of sample G103
(squares) and ON-KAN-381 (crosses, Weiss et al., 2009). The trace-element
concentrations of the fibrous Kankan diamond has been diluted by a factor of
40,000 in order to be superimposed on G103.

equation 3 from Elim et al. (2011) for spherical inclusions with diameters
between 1 and 80 nm. | assumed a bulk index of refraction of 1.6 (average
carbonate) for the melt inclusions and constrained the maximum Rayleigh

ratio for fully transparent diamond to 0.007 cm™ (Elim et al., 2011).

Rayleigh scattering strongly increases with decreasing wavelength of
the incident light. Therefore, within the visible light spectrum, a maximum
permissible particle size for fully transparent diamond is obtained by
looking at light of 400 nm wavelengths. With these (approximate)
constraints, for diamond G103 the carbonatitic melt inclusions cannot

exceed 25 nm in diameter without affecting transparency.
Sample G103 is, however, distinct from all other samples, which have

significantly lower LREE,/HREE, and LREE,/MREE, implying a different

host for their trace impurities and requiring a different explanation.

22



2.5.2. Garnet fluid/melt modeling

To test further the possibility that trace-element impurities in diamond

are contained in trapped melt pockets (Fesq et al. 1975), | converted
garnet inclusion data (Stachel and Harris 1997b; Banas et al., 2009) for
the analyzed diamond samples into hypothetical equilibrium fluid/melt
compositions. Unfortunately, data collected for three known peridotitic gem
diamonds by McNeill (2011) cannot be incorporated into this modeling as
too much of the data is below the LOQ to be of use. Garnet/liquid partition
coefficients for all important trace-elements are available for garnet/basalt
(Johnson, 1998) and garnet/carbonatite (Dasgupta et al., 2009). These
two partition coefficient datasets produce models that cover two principal
end-members of metasomatic melts in the mantle. | exclude the garnet
inclusion from sample G303 from the trace-element modeling because

of its unusually deep origin, that may link unusually high LREE /HREE
to a possible pressure effect on partition coefficients (Stachel and Harris,
1997D).

A comparison of these calculated fluid/melt compositions with the host
diamond analyses rests on the assumption that garnet inclusions and
host diamonds are syngenetic and precipitated from or re-crystallized

in equilibrium with the same fluid/melt. Irrespective of whether diamond
inclusions belong to the peridotitic or eclogitic diamond growth
environment, they commonly show negative diamond morphologies
(Harris and Gurney, 1979; Meyer 1987). The most common shapes for
these inclusions are cubo-octahedron with lesser octahedra and cube
(Sobolev, 1977). Detailed X-ray studies show that the inclusions belonged
to their normal crystal system despite the imposed morphology (Sobolev,
1977 and references therein). These studies also reveal crystallographic
orientation between the diamond and inclusion, or deviation within

the limits permitted by the rules of epitaxy and topotaxy (Harris 1968).
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Furthermore, growth zones within diamond are typically observed to be
cross-cut by, as opposed to wrapping around, their inclusions (Bulnova,
1995). The evidence, therefore, is that diamond externally imposes a
morphologic control and internally provides a template for a preferred

structural orientation for its inclusions during a period of mutual growth.

Trace-element concentrations in the basaltic and carbonatitic model

melts are one to four orders of magnitude higher than in the respective
host diamonds, which may well reflect dilution of the melt inclusions

in the diamond matrix. For this reason, element ratios are used in the
subsequent discussion instead of absolute concentrations. Ce /Eu, can

be used as a proxy for LREE,/MREE and Ce /Ti signifies the enrichment
of LREE over a mildly incompatible HFSE, typically associated with melt

metasomatism.

Diamond analyses and garnet-based model fluids/melts are plotted in
Figure 2.4 together with melt compositions calculated from a worldwide
database of peridotitic garnet inclusions. Melts calculated from Akwatia
and De Beers Pool garnet inclusions overlap with worldwide values
(calculated using the garnet inclusion trace-element data base of Stachel
et al. 2004) and show a clear compositional dependence on paragenesis.
Melts calculated for Iherzolitic garnet inclusions have lower Ce /Eu, and
Ce,/Ti,, ratios than their harzburgitic counterparts, indicating the lherzolitic
inclusions were in equilibrium with a less fractionated fluid or melt. This
observation has been related to a transition from melt metasomatism for
Iherzolitic diamond sources to fluid metasomatism for harzburgitic sources
(Stachel et al., 1998).

Comparing the analyzed diamonds with fluids/melts modeled from garnet

inclusions shows that two harzburgitic diamonds (DBP457 and G103)
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Figure 2.4. Trace-element ratio plot for Iherzolitic (circles) and harzburgitic
(squares) diamonds (filled) and basaltic (a) and carbonatitic (b) fluid/melt (open)
calculated from garnet inclusions within them (matching diamond-melt pairs

are connected with a tie line). The small black circles represent modeled fluids/
melts in equilibrium with peridotitic garnets from worldwide sources. The outline
contains 95% of the calculated melt compositions.

plot at the lower end of the basaltic and carbonatitic melt fields in Figure
2.4. The other harzburgitic (DBP398) and the lherzolitic diamonds (G050
and G201) plot far outside this field for both melt types at very low Ce,/

Tiy, ratios. In addition, a clear compositional separation between Iherzolitic
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and harzburgitic diamonds, as seen for the garnet inclusions and the melt
compositions modeled from them, is not observed in the diamonds. Most

importantly, the LREE /MREE, and LREE,/Ti fractionation in the basaltic
model melts (Figure 2.4a) is one to three orders of magnitude greater than

observed for the respective host diamonds.

Based on carbonatitic model melts (Figure 2.4b), the same comparison
also shows one to three orders of magnitude difference in LREE/
MREE, and LREE,/Ti ratios in the harzburgitic diamonds. The lherzolitic
diamonds display better agreement in Ce, /Eu,, ratios, but still vary by
more than a factor of 10 in Ce /Ti ratios. With the exception of the latter
observation, the overall large differences in Ce,/Eu, and Ce /Ti, clearly
imply that fluids/melts reflected in garnet inclusion compositions are not

the principal source of trace-element impurities in the host diamonds.

The good match in Ce,/Eu, between the two Iherzolitic diamonds (G50
and G201) from Akwatia and their associated carbonatitic model melts
must be viewed with caution. It is very unlikely that these lherzolitic
diamonds precipitated from carbonatites: equilibration conditions of
clinopyroxene inclusions (1190°C and 53kbar are obtained for both
diamonds, applying the equations of Nimis and Taylor, 2000) suggest
diamond precipitation occurred at least 50°C above the wet solidus of
Iherzolite (Kessel et al. 2005 and references therein). This implies that any
carbonatitic component present should have been diluted by a silicate melt

component, and hence the first model (Figure 2.4a) likely is more realistic.

The above comparisons demonstrate that if trace-element impurities
in diamond were accommodated as trapped fluids/melts, these fluids/
melts never equilibrated with the garnet inclusions in the same diamonds.

Besides this discrepancy between garnet and host diamond compositions,
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the low LREE,/MREE, and LREE,/Ti of the analyzed diamonds cannot

be matched to the composition of possible low volume fluids/melts in

equilibrium with cratonic garnet peridotite (Thompson et al., 1984; Pearson

et al., 2004). All these observations strongly suggest that in the majority
of gem-quality diamonds studied here, the trace-elements reside not in
fluid/melt inclusions but as part of the diamond lattice, which leads to an
elemental fractionation between diamond and the fluid/melt from which
it precipitated. This complicates the application of gem diamond trace-
elemental signatures to constraining the composition of the diamond-

forming fluids.

2.5.3. Trace-elements in the diamond lattice

Instead of being hosted by melt inclusions, trace-elements could be
accommodated directly by diamond through defect structures. Some
transition metals (Ni and Co) have been observed substituting into
synthetic HPHT diamonds (lsoya et al., 1990; Twitchen et al., 2000).
Nickel, for example, has a covalent radius that is 57% greater than that
of C, nevertheless, concentrations can reach ppm levels in synthetic
diamond (Lowther, 1995; Collins et al., 1998; Collins, 2000; Baker,
2003 and references therein). If the trace-elements studied here were
accommodated in the diamond structure in a fashion similar to that of Ni
in synthetic diamonds, then the unexpectedly low LREE /HREE, could
reflect preferential incorporation of HREE into defect structures, based
on their smaller ionic radii. Such a behavior should be reflected in the
existence of reasonably constant diamond/melt trace-element partition

coefficients.

Values for D% calculated from our data set vary, however, by up to
three orders of magnitude from sample to sample (Figure 2.5). These

partition coefficients were calculated assuming equilibrium with basaltic
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Figure 2.5. Hypothetical partition coefficients (D) for diamond samples and
melts calculated from garnet inclusions within them.

melt models calculated from inclusions from each diamond. Variability
increases from LREE to HREE: cerium shows the smallest (one order

of magnitude) and Y the largest (three orders of magnitude) range in
calculated D values. This observation, in addition to the inconsistent
inter-elemental relationships, indicate that equilibrium partitioning of trace-
elements between diamond and its growth medium is unlikely for the

majority of our samples.

2.5.4. Sub-microscopic inclusions

A third possibility to explain the apparently decoupled relationship between
the studied diamonds and their garnet inclusions is that trace-elements

in diamond are allocated in submicroscopic mineral inclusions. These
inclusions could be syngenetic, i.e. precipitating from the diamond-forming
melt/fluid, protogenetic, i.e. represent minute fragments of the mantle host
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rock, or a combination of both. Bulk distribution coefficients, based on the
relative modal proportions of all submicroscopic inclusion phases present
in a given diamond chip, would then determine the incorporation of trace-
elements. In this scenario, the observed low ratios of LREE to HREE and
to Ti would reflect the well established incompatibility of LREE in common

mantle minerals.

To test this possibility, | calculated mixtures of common mantle minerals
in equilibrium with basaltic and carbonatitic fluid/melt compositions (see
above) that would match the relative Ce-Eu-Ti patterns measured in the
diamonds. Calculations included olivine, orthopyroxene, clinopyroxene,
and garnet, i.e. a garnet lherzolite assemblage. Mg-chromite was

not considered because of negligible incorporation of REE. | also
evaluated the addition of minor apatite, carbonate, monazite, davidite
(REE crichtonite group mineral), and fluid/melt inclusions to the various
assemblages in an effort to reproduce elemental ratios observed in the

diamonds.

Using the average modal proportions of peridotitic inclusions in diamonds
worldwide (Stachel and Harris 2008) and excluding Mg-chromite, the
mineral proportions of our initial model were 38% olivine, 40% garnet,
16% orthopyroxene and 6% clinopyroxene. The resulting REE pattern
for this bulk mixture in equilibrium with melt/fluid modeled from lherzolitic
garnets provides a poor match to the average lherzolitic diamond analysis
with both Ce,/Eu, and Ce,/Ti  being < 1. Using lower garnet:cpx ratios
and higher modal opx than in the initial model, increases the bulk Ce,/
Eu, and Ce/Ti,, respectively. To match the observed Ce,/Ti ratio, small
proportions of a Ti-bearing phase such as spinel or ilmenite may be

included in the models as well (rather than choosing very high modal opx).
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The best fit for Iherzolitic diamonds is achieved through a mixture of
80% opx, 10% cpx, 10% garnet and 0% olivine. The Ce,/Eu, and Ce,/
Tiy, of a melt in equilibrium with this mineral inclusion mix is 1.60 and
1.21, respectively, compared to 1.53 and 1.20 for our average lherzolitic
diamond. An inclusion mix of 95.4% opx, 4% garnet and 0.6% cpx and
0% olivine best reproduces the harzburgitic diamond composition, with
Ce,/Eu, and Ce /Ti ratios in the equilibrium melt of 2.90 and 3.79,
respectively, compared to 3.12 and 3.37 for our average harzburgitic

diamond (Figure 2.6).

Incorporation of minor phases such as apatite, carbonate, monazite,
davidite and pure fluid/melt were counterproductive in the modeling.
These minerals all have strong inter-element fractionation behaviors that
drastically affected the models, even in very low proportions. Their effects
in the models consistently resulted in poor fits of the average diamond

compositions.

Inclusion mixtures were also calculated for a carbonatitic melt environment
using partition coefficients for common peridotitic minerals (Dasgupta et
al., 2009) as well as apatite and carbonate (Dawson and Hinton, 2003).
The best possible fit for our average Iherzolitic diamond is achieved using
an inclusion mixture of 99% garnet and 1% apatite, resulting in Ce /Eu,, of
0.86 (observed: 1.53) and Ce /Ti, of 2.58 (observed 1.20), which clearly is
not satisfactory. Mineral proportions for the best fit harzburgitic model are
99.94% garnet and 0.06% apatite with Ce,/Eu,, of 1.11 (observed: 3.12)
and Ce,/Ti, of 10.28 (observed: 3.37), respectively, again providing a very
poor match (Figure 2.6).

The above calculations indicate that for the minerals employed only

inclusion mixture models based on basalt-mineral partition coefficients
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Figure 2.6. Comparison of lherzolitic (circle) and harzburgitic (square) gem
diamond element concentrations (normalized to C1 chondrite) and calculated
bulk concentrations of mineral inclusion mixtures based on the principal phases
in garnet peridotite (olivine, orthopyroxene, clinopyroxene and garnet) for basaltic
(horizontal diamonds) and carbonatitic (vertical diamonds) fluids/melts. Basaltic
inclusion mixtures provide perfect matches for the diamond trace-element
patterns. The approximately two orders of magnitude higher concentrations of the
pure inclusion mixtures relative to the diamond analyses indicate the approximate
dilution factor. Carbonatitic inclusion mixtures fail to match the diamond patterns.

can provide reasonable fits for the observed trace-element patterns

for Iherzolitic and harzburgitic diamonds. There are, however, some
inconsistencies. Firstly, the mineral proportions in the model mixtures
correlate neither with a “normal” peridotitic assemblage (McDonough and

Rudnick, 1998) nor with the relative abundance of macro-inclusions in
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diamond, (Stachel and Harris, 2008) but instead have no olivine and are

dominated by opx.

Secondly, the best fit harzburgitic model contains minor clinopyroxene,
which should not be present in this paragenesis. Clinopyroxene in

this model provided an addition of Ce without affecting Eu and Ti too
adversely. None of the other phases considered in this model gave this
result. So although the clinopyroxene is in such low modal abundance, it is

necessary for a good fit.

Thirdly, if the calculated inclusion mixtures are diluted in the diamond
matrix to match absolute diamond trace-element concentrations, then the
resulting inclusion concentrations likely will be too high to be consistent
with the transparency of their gem quality hosts. Translucent but non-
transparent coats on natural diamonds contain hundreds of ppm to >1%
of finely dispersed inclusions (Lang et al., 1995; Weiss et al., 2010). The
trace-element concentrations in the calculated mineral inclusion mixtures
for Iherzolitic diamonds are, greater than the host diamonds by a factor of
up to ~500, requiring that = 0.2% of these diamonds should be occupied
by inclusions. This would affect transparency for inclusions >1nm in
diameter. Reduced transparency is, however, not observed for the studied
diamonds. Possible inclusion mixtures, therefore, need trace-element
concentrations at least one order of magnitude higher than achievable
with the minerals evaluated here. The addition of REE-rich minerals such
as apatite (see above) or the LIMA group (Jones and Ekambaram, 1985;
Haggerty, 1991; Charzot et al., 1996) would lower the required inclusion
volume fraction, but at the same time would invariably produce high
LREE,/HREE,, which is not observed. The incorporation of Ti-bearing
oxide and silicate (e.g. phlogopite) minerals (Sobolev et al., 2009; Klein-

BenDavid et al., 2010) — which cannot be modeled using D-values and
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hence were not incorporated in our models — would eliminate the need
for a large modal orthopyroxene component and may thereby lower

the required volumetric abundance sufficiently to sustain transparency.
Therefore, | conclude that accommodation of the trace-element content
of gem diamonds in mineral inclusions remains a highly probable
explanation, but that the exact modal composition of such inclusion
mixtures cannot be constrained based on the relative abundance of only

three trace-elements.

2.6. Conclusions

Gem-quality diamonds from De Beers Pool (South Africa) and Akwatia
(Ghana), containing peridotitic garnet inclusions, show modest Ce,/

Eu, (LREE,/MREE,) and Ce,/Ti, (LREE /HFSE,) enrichment. Only one
sample (G103) shows trace-element ratios compatible with trapping of

a low-Mg carbonatitic melt (c.f., Weiss et al 2009). Such melt inclusions
cannot exceed 25 nm in diameter without adversely affecting diamond
transparency. The absence of significant LREE enrichment in the other
peridotitic diamonds implies that their trace-element content cannot
represent inclusions of a low volume fluid/melt fraction in equilibrium with
normal cratonic garnet peridotite. In addition, fluids/melts calculated from
garnet inclusions have no correlations with the analyzed trace-element
composition of their host diamonds. This suggests that the trace-element
content in gem diamond is not hosted in nano-inclusions of the diamond-
forming fluid/melt. Most likely, trace-element patterns of gem diamonds
reflect complex and variable mixtures of mineral inclusions instead. In
consequence, the composition of gem-diamond-precipitating fluids/melts
for all but one diamond analyzed herein from Ghana and De Beers Pool

cannot be directly constrained from diamond trace-element analyses.
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Chapter 3 - Infrared spectral and carbon
isotopic characteristics of micro- and
macro- diamonds from the Panda
kimberlite (Central Slave Craton, Canada)

The content of this chapter, in part, has been published as: Melton, G.L.,
Stachel, T., Stern, R.A., Carlson, J., Harris, J.W., Infrared spectral and
carbon isotopic characteristics of micro- and macro- diamonds from the
Panda kimberlite (Central Slave Craton, Canada), 2013, Lithos, v 177, p
110-119.

3.1. Introduction

The Panda kimberlite, Canada’s first diamond mine, was mined from
1998 to 2003 as an open cut and from 2005 to 2010 as a sub-level retreat
underground operation. The overall ore grade was approximately one
carat per tonne. The Panda pipe is located on the Ekati Diamond Mine
Property, 25 km north of Lac de Gras, Northwest Territories, Canada.

The kimberlite is 53.3 + 0.6 Ma, based on Rb-Sr dating of macrocrystal
phlogopite (Creaser et al., 2004). Diamond source lithologies, established
through inclusion studies, are dominantly peridotitic but include a small
proportion of eclogitic and rare sublithospheric sources (Stachel et al.,
2003; Tappert et al., 2005). These previous studies provided data on
inclusion-bearing, gem-quality (i.e. fully transparent) diamonds that

measure between 2.5 mm and 3.4 mm.

While most diamond studies from the Central Slave Craton focus on
inclusion chemistry, much has been learned through carbon isotope and
nitrogen abundance data as well. Inclusion studies have observed that

sulfide-bearing diamonds of both peridotitic and eclogitic parageneses
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resided in cooler portions of the subcratonic lithospheric mantle
(Westerlund et al., 2006; Aulbach et al., 2009). This observation is based
on nitrogen concentration and aggregation characteristics that indicate
silicate inclusions span a much broader range of residence temperatures
(Westerlund et al., 2006). Discrepancies between nitrogen-based
temperature estimates and silicate geothermometry have been attributed
to cooling below the Slave Craton by 100°C to 200°C after ancient (>1 Ga)
diamond formation or to heating events (Stachel et al., 2003; Donnelly et
al., 2007).

Most diamonds from the Central Slave Craton have a range of 8'*C
values similar to typical mantle values of -5%. + 2%. and are attributed

to the peridotitic paragenesis (Donnely et al., 2007; Creighton et al.,
2008; Aulbach et al., 2009; Cartigny et al., 2009). However, lower 3'*C
values (< -8%o) are reported in coats of stones where fibrous overgrowth
enclose (typically) octahedral cores (Klein-BenDavid et al., 2007; Araujo
et al., 2009) and diamonds of eclogitic paragenesis (Davies et al., 1999;
Davies et al., 2004). This detailed study of carbon isotope and nitrogen
systematics in diamonds from Panda spanning the size range from micro-
to macro-diamonds provides further insights into the diamond-forming

environment beneath the Central Slave Craton.

In this study, | report new data on nitrogen and its aggregation states,
the hydrogen and platelet peak areas and the isotopic properties of
multiple growth zones in 121 micro-diamonds (<1 mm) from the Panda
kimberlite (Table 3.1). Additionally, using macro-diamond fragments from
the original work of Stachel et al. (2003), | have reproduced the nitrogen
characteristics of this diamond dataset and completed hydrogen and

platelet peak analyses on all the diamonds (Table 3.2).
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3.2. Samples

The Panda “micro-diamonds” here defined as the Diamond Trading
Company (DTC) minus 1 sieve class (i.e. passing through 1.1 mm circular
aperture), were obtained by sieving and removing that entire fraction

from an exploration bulk sample. To minimize sample bias, that fraction
was further divided by cone and quartering (bulk sample is poured onto

a surface forming a cone, then split into four equal proportions) to obtain
125 samples. Note that subsequently, four samples were lost at various
stages of sample preparation (see Table 3.1). Individual sample weights

range from 0.40 mg to 3.09 mg (average of 1.30 mg).

3.2.1. Physical characteristics of the diamond datasets

Morphology and color distributions of the micro-diamonds are shown

in Table 3.1 and graphically represented in Figure 3.1. Octahedra
dominate (40%) with less common dodecahedral (26%) and cuboid

(18%) morphologies. The morphology class “other” includes aggregated,
twinned and fragmented diamonds. Forty percent of the micro-diamonds
are “gem-quality” (i.e. fully transparent) the remainder being cloudy (at
least in part). Cloudy diamonds are mildly translucent to opaque and in
this instance most of these diamonds are grey (see Figure 3.1). Only in
two instances was a distinct “coat” noted, where there was a sharp contact
between the inclusion-free core. Similar coated diamonds from the Central
Slave Craton have previously been reported (Klein-BenDavid et al., 2004;
Tomlinson et al., 2006; Araujo et al., 2009). Additionally, five samples show
signs of plastic deformation during mantle residence, denoted by a series
of parallel, linear surface features extending across dodecahedral faces.
Surface features such as hillocks, etch pits and negative trigons, are

common.
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Figure 3.1. Pie charts illustrating the distribution of Panda micro-diamond
physical characteristics (n=121).

Details on the morphology and color of a representative parcel of Panda
macro-diamonds can be found in Table 1 of Gurney et al. (2004). Macro-
diamonds of 2-3 mm size are characterized by abundant octahedra

(56% of regular samples) mostly colorless but with some browns, and
13% of these octahedra have fibrous coats. The remaining population
consists of 26% of opaque cubes, 14% of dodecahedra and a few percent
each of twinned and aggregate diamonds. Of the total parcel of 779
diamonds, 39% are irregular: fragments with no discernible morphology.
By comparison, the micro-diamonds of this study consist of smaller
proportions of octahedra and cubes with much less abundant coated and

irregular diamonds. Conversely, dodecahedroids are more common.

Morphology and color of macro-diamonds from Panda utilized in this study
were described in detail by Tappert et al. (2005) and are listed in Table 3.2.
The physical characteristics of the 90 gem-quality macro-diamonds are not
representative of the overall macro-diamond population of Panda as the

available parcels were preferentially sampled for clear, mineral inclusion-
51
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bearing diamonds (Stachel et al., 2003). As noted above, approximately
40% of our micro-diamond parcel is opaque. Thus, there is a stark
contrast in physical characteristics between the present micro-diamond
population (representative sample) and the available macro-diamond

population (non-representative sample).

Among the diamonds described by Tappert et al. (2005), octahedral
(37%) and irregular (34%) crystal shapes dominate with lesser amounts
of dodecahedroids and aggregates. Also, the macro-diamonds are

either brown (n= 64) or colorless (n = 26) and 49% show signs of

plastic deformation (Tappert et al., 2005). Fragments of the original 90
samples from that study were reanalyzed by FTIR for this study to ensure

consistent application of analytical procedures.

3.3. Methods

3.3.1. FTIR

Nitrogen concentrations (at. ppm) and aggregation states (%B=1001aB/
[laA+laB]) and hydrogen and platelet peak areas (cm®) were measured
on whole micro-diamonds and macro-diamond cleavage fragments in the
De Beers Laboratory for Diamond Research at the University of Alberta,
Canada (see Tables 3.1 and 3.2). Samples were cleaned with petroleum
ether in an ultrasonic bath for at least 15 minutes and analyzed using a
Thermo-Nicolet Nexus 470 Fourier transform infrared (FTIR) spectrometer
coupled to a Continuum microscope. The instrument and the sample
stage area were purged with a mixture of nitrogen and oxygen to minimize
interference from the ambient air and to maintain a constant background
signal. Two hundred scans were accumulated per sample and background

measurements were taken every four hours. The spectral range and data

55



spacing were 4000 cm™to 650 cm™ and 1.93 cm (i.e. resolution of 4),

respectively.

Diamond spectra were normalized to 1 cm sample thickness with an
absorption coefficient of 11.92 cm™ at wavenumber ~1992 cm-'. Spectral
deconvolution was done by a least squares method to segregate the A
(nitrogen pairs), B (tetrahedron of four nitrogens surrounding a vacancy)
and D (platelet related absorption at 1282 cm™) components (program
provided by David Fisher, Diamond Trading Company, Maidenhead, UK).
Absorption coefficient values (peak heights) for nitrogen A and B centers
at 1282 cm were converted to atomic parts per million (at. ppm) using
the coefficients of 16.5 (Boyd et al., 1994) and 79.4 (Boyd et al., 1995),
respectively. Detection limits range between 5 at. ppm and 15 at. ppm and

spectra quality is dependent on IR transparency of the diamond.

Integration of the platelet and hydrogen peak areas (cm?) was completed
using the peak area function of the Omnic software supplied by Thermo
Nicolet, after local background fitting by the Omnic software to remove

diamond and nitrogen related absorbance.

3.3.2. Carbon Isotope Measurements

Prior to isotopic analysis, 13 to 17 micro-diamonds were mounted in
each of 8 epoxy blocks, which were then polished with 15 micron and 6
micron diamond plates, exposing randomly oriented sections through the
samples. The epoxy mounts were reshaped into smaller blocks and then
multiple blocks were pressed into indium pucks surrounding a centrally
positioned standard, cleaned with ultra-pure ethanol and coated with 25

nm thick gold layer.
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Carbon isotope ratios (reported in per mil '3C and nitrogen

veos)
concentrations of individual growth zones were determined using a
Cameca IMS 1280 multicollector secondary ion mass spectrometer
(MC-SIMS) at the Canadian Centre for Isotopic Microanalysis (CCIM)

at the University of Alberta. The primary cesium ion beam had an

impact energy of 20 keV and a spot size of ~15 ym diameter. lon beam
rastering to remove potential surface contamination preceded each spot
analysis and spots were analyzed for a total of 100s (carbon) and 50s
(nitrogen). Charge compensation with the normal incidence electron

gun was not required. Carbon ('2C-, '®C") secondary ions were collected
by dual Faraday cups (L’'2, FC2) at medium mass resolution (Am/m =
1850, >2600 with peak center offset) to resolve interference of 2C'H-

on '3C. For nitrogen determinations, the secondary ions of ?C'C- and
12C'N- were collected simultaneously by either a Faraday-Faraday (L’2,
FC2) or Faraday-electron multiplier (L2, EM) configuration, depending
on concentrations. Mass resolution for '?C'N- was tuned to ~6900 to
resolve interferences associated with *C'*C- and '?C'*C'H". There is no
significant bias within the stated uncertainties associated with the use of
FC-FC or FC-EM methods. The 2C'*N7/'2C'2C" ratio was utilized as the
proxy for relative N. Synthetic diamond reference materials S0011B and
S0011C (8'C = -22.38%., -22.78; R. Stern, unpublished data, 2012),
were analyzed repeatedly during analyses of the unknowns to correct for
instrumental mass fractionation (~25%. in favor of '2C-) and error analysis.
A linear working curve (R. Stern, unpublished data, 2012) relating FTIR-
determined N to 2C'*N/2C'2C- in synthetic, N-zoned diamond S0011G
was utilized for N calibration. Uncertainty (20) for 8'*C ranged from 0.16%-
to 0.24%.. For N, the uncertainties are estimated at +10% of the reported

value.
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Macro-diamond isotopic compositions were previously determined at the
Laboratoire de Géochimie des Isotopes Stables at I'Institut de Physique
du Globe, Paris by Cartigny et al. (2009) using a conventional dual-inlet
mass spectrometer. Procedures follow those described by Cartigny et al,
(2004) and analytical uncertainty is reported to be < 0.1%.. This laboratory
is where the synthetic reference material used at CCIM for diamond
analyses was established, thereby ensuring comparability between the

micro- and macro-diamond d'3C data sets.

3.3.3. Cathodoluminescence (CL) imaging

CL imaging was conducted at CCIM using a Zeiss EVO MA 15 scanning
electron micro-scope equipped with color (Gatan ChromaCL) and wide
spectrum (ETP Semra Proprietary Ltd.) CL detectors. Analytical conditions
were typically 15 kV and 3 nA to 5 nA beam current. Samples were

coated with 5 nm Au, and imaged prior to SIMS analysis.

3.3.4. Statistical methods

The quantitative statistical comparison of gem-quality micro- and macro-
diamond data involves two-tailed student’s t-test and two-sample f-test
for variances. The first test compares the means of two populations for
significant differences and the second the variances of two independent
populations. The tests assume both populations are normally distributed,
but are still valid for non-normally distributed populations if they are large
(n > 40; Moore, 2000) . The results can be compared to critical values
depending on degrees of freedom and chosen confidence level (here 98%
for all tests) to establish whether to reject or accept the null hypothesis. In
every case in this study, the null hypothesis is that both populations being
tested are the same and although some of the populations tested herein
are not normally distributed, they are large and so these tests are still

robust.
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3.4. Results

3.4.1. Nitrogen concentrations and aggregation states

Nitrogen concentrations determined by FTIR (100 ym spot size) is similar
to a bulk analysis in that the FTIR signal is integrated over the entire
sample thickness. Because of a penetration depth of <1 ym, a SIMS ion
beam (15 ym spot size) only probes the sample surface. In consequence,
comparison of the nitrogen in the datasets presented here may be

expected to show some differences.

Within the micro-diamonds, 102 diamonds were analyzed by FTIR and

the remaining 19 samples were either too heavily included to transmit a
detectable IR signal or yielded only poor spectra. Nitrogen contents range
from detection limit (Type Il < 10 at. ppm) to 1696 at. ppm with a median at
805 at. ppm (Table 3.1).

Of the 49 gem-quality (fully transparent) micro-diamonds, two are Type |l
(N <10 at. ppm) and two had unreliable spectra, the remainder having a
nitrogen concentration between 51at. ppm and 1688 at. ppm. Including
the Type Il samples, gem-quality micro-diamonds have a median of 631
at. ppm nitrogen. For the whole of this subpopulation aggregation states
range from 0% to 97% and are skewed towards < 30%B (median = 18%).
The 55 cloudy micro-diamonds measured by FTIR range in nitrogen

from 366 at. ppm to 1696 at. ppm with a median of 966 at. ppm and are
aggregated from 0% to 59%B with a normal distribution (median = 25%B).
Based on previous studies, on average, greater nitrogen concentrations
have been observed in cloudy/fibrous diamonds compared to gem-quality
diamonds (Boyd et al., 1987; Hauri et al., 1999; Araujo et al., 2009; Howell
et al., 2012).
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The 90 gem-quality macro-diamonds re-examined for this study also
provide additional information. Nitrogen values range from below detection
(Type Il (n = 4)) to 1260 at. ppm with a median at 187 at. ppm. Nitrogen
aggregation states in macro-diamonds range from 0% to 100%B, but

again are also strongly skewed towards < 30%B with a median at 26%B.

Nitrogen contents measured by SIMS were obtained on polished diamond
surfaces, within individual growth zones exceeding 20 ym in width.

The growth zones were observed by cathodoluminescence imaging,

two examples being given in Figure 3.2. Samples with reasonably
homogeneous luminescence patterns were typically probed in two spots to
test intra-grain consistency. Samples with complex zonation were probed
in up to seven locations to explore variations in nitrogen content between

distinct zones (see Table 3.1).

All 121 micro-diamond samples were analyzed and “spot” concentrations
range from 0.2 at. ppm to 2639 at. ppm with a median of 907 at. ppm.
This is a much larger range and higher median than the “bulk” FTIR
results (<10 at. ppm to 1696 at. ppm and 805 at. ppm, respectively). Bulk
and individual spot measurements from the same samples differ by up

to 1244 at. ppm and the median difference is 210 at. ppm, with higher
concentrations in spot analyses (Figure 3.3). Similar differences between
FTIR and SIMS data have previously been observed in Diavik samples
(Klein-BenDavid et al., 2007). This difference likely relates to the fact that
typically during polishing only a limited number of growth layers close to

the crystal edge were exposed.

Individual growth zones within samples that display highly contrasting

luminescence can have extremely divergent nitrogen concentrations. Intra-
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Figure 3.2. Cathodoluminescence images of PMi119 (above) and PMi071
(below). Both are sectioned in a random direction. PMi119 displays concentric
growth zones while PMi071 luminesces homogeneously. ™C and N values (top
and bottom numbers, respectively) from SIMS analyses are labeled. Note growth
layer truncation in the bottom corner (see black arrow) of sample PMi119.
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Figure 3.3. Nitrogen concentrations determined by FTIR (N and SIMS

(N on the same Panda micro-diamonds.

FTIR)
SIMS)

sample variations reach up to 1842 at. ppm, but 65% of the samples vary

by 164 at. ppm or less. Luminescence colors are dominantly blue with very

minor yellow to yellow-green in discrete growth zones. No relationship
between the intensity or color of luminescence and nitrogen content or
aggregation state is apparent. High nitrogen growth zones ( > 1000 at.

ppm) occur as both bright and dark regions in CL imaging.

3.4.2. Platelet and hydrogen peaks

Platelets are an assemblage of interstitial carbon atoms, related to

the creation of vacancies during the aggregation of nitrogen from

A- to B-centers, that form extended two dimensional defects in the
diamond lattice (Woods, 1986; Kiflawi et al., 1998; Goss et al., 2003).
The stretching vibration of carbon-carbon bonds in the interstitial sites
produces a measurable IR absorption band in the 1370 cm™ region
(Sobolev et al., 1968). The position of this peak, known as B’, can shift

from 1358 cm™ to 1372 cm™ likely relating to platelet size (Hanley et al.,
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1977; Mendelssohn and Milledge, 1995) and the peak symmetry can

change depending on bulk nitrogen concentration (Woods, 1986).

Platelet peaks in micro-diamonds were observed in 40 of the 49 gem-
quality samples and in only five of the 72 cloudy diamonds. Peak areas
in the gem-quality samples range from 2.2 cm? to 348 cm and values
are strongly skewed to smaller numbers (median = 38.2 cm?). Platelet
peaks in the cloudy micro-diamonds appear in only five samples and are
variable: 0.7 cm? up to 101 cm (see Table 3.1). Platelet peaks in the
macro-diamonds occur in similar proportions as in the gem-quality micro-
diamonds (in 71 of 90 samples) with a range and median of 1.2 cm2to

432 cm? and 24.2 cm, respectively (Table 3.2).

Hydrogen impurities in diamond result in IR absorption at various

wave numbers, but are most readily observed at 3107 cm™'. This sharp
absorption band is attributed to vibration stretching in the vinylidene group
(C=CH,, Woods and Collins, 1983). A hydrogen peak at 3107 cm™ was
observed and measured in 45 (92%) of the gem micro-diamonds and 49
(68%) of the cloudy micro-diamonds. Peak areas range from <1 cm?to
113 cm2 in the gem-quality micro-diamonds and the distribution is strongly
skewed (median = 2.8 cm™). Hydrogen peak areas in cloudy micro-
diamonds range from < 1 cm™ to 42.9 cm® and are normally distributed
(median = 17.1 cm™). The macro-diamond range (<1 cm2to 127 cm™)

is similar to the gem-quality micro-diamond population. Hydrogen peaks
were observed in 68 macro-diamonds (76%) and were also strongly

skewed to lower numbers (median = 3.4 cm®), (see Tables 3.1 and 3.2).

Several additional peaks were observed in the FTIR spectra indicating
the presence of water (1630 cm™, 3420 cm™), carbonate (1430 cm™, 876

cm') and silicate inclusions (1080 cm™ to 876 cm™) in many of the micro-
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diamond samples (Navon et al., 1988; Izraeli et al., 2004). Absorption
from these inclusions is particularly common in the cloudy samples (see
Appendix A). Inasmuch as the focus of this paper is on the nitrogen data
derived from FTIR analysis, these ancillary inclusions will not be further

discussed.

3.4.3. Carbon isotopes

All 121 micro-diamonds were spot analyzed for their carbon isotope
compositions. The number of analyses per sample is identical to SIMS
nitrogen measurements discussed in Section 4.1 (see Table 3.1). The
range in carbon isotope compositions varied between -6.9 and +1.8%-
with a normal distribution and a median of -4.2%. (see Figure 3.4). The
median is isotopically slightly heavier than the typically assumed mantle
value of -5%. (Deines, 1980). For both the gem and cloudy subdivisions,
isotopic variation between growth zones is less than 0.5%. in 88 of the 121
samples, but is more than 2%, in six samples. Isotope compositions do not
correlate with nitrogen concentrations or aggregation states. One hundred
sixteen analyses on 49 gem-quality samples have a median 6'3C of -4.4%.
and the 72 cloudy micro-diamonds (153 analyses) have a similar median
of -4.2%.. Both gem-quality and cloudy samples have identical averages:
-4.2%.. Compared to micro-diamonds, macro-diamonds cover a larger
range (-19.4%. to -3.0%0) and have a slightly lower average (-5.4%-) and
median (-5.1%o; Cartigny et al., 2009).

3.5. Discussion

3.5.1. Central Slave diamonds
Diamond studies from the Central Slave Craton (DO-27, Ekati and Diavik
properties) have focused on mineral inclusion work that is integral to the

investigation of cratonic diamond formation (Chinn et al., 1998; Davies et
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Figure 3.4. Carbon isotopic composition of Panda micro- and macro-diamonds
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Probability curves are calculated using a 20 of 0.2%.. Dark and medium colored
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al., 1999; Stachel et al., 2003; Davies et al., 2004; Tappert et al., 2005;

Klein-BenDavid et al., 2007; Creighton et al., 2007; Donnelly et al., 2007;

Araujo et al., 2009; Aulbach et al., 2009; Van Rythoven and Schulze,

2009). Based on these studies 8'3C values of all Central Slave diamonds

range from -35.8%. to +0.7%. with the average carbon isotope value of
-6.2%0. As the &'3C distribution is skewed to lower values, the median is
-5.1%. (see Figure 3.5).

Figure 3.5 also shows that the Panda micro-diamonds studied here have

carbon isotope compositions that are, on average, more '*C-enriched

than not only Panda macro-diamonds, but also all other diamonds from

Lac De Gras, regardless of size. Previous studies (see above) also show

that diamond paragenesis at Panda (Ekati) and Diavik is largely peridotitic

while that of DO-27 is predominantly eclogitic. Linking this evidence to

Figure 3.5 confirms that the strongly 6'*C depleted compositions (< -10%.)

almost exclusively relate to eclogitic micro-diamonds from pipe DO-27.
If the “unusual” diamonds from DO-27 are excluded from the present
analysis, the bulk of Lac De Gras diamonds fall between -8%. and -4%o.
When the Panda micro-diamonds are considered, this main range is

extended up to +2%. (see Figure 3.5).

The eight inclusion-bearing eclogitic macro-diamonds from Panda
(Cartigny et al., 2009) have a 6'C range of -19.4%. to -4.4%. (see Table
3.2) and half of those samples are more *C-depleted than the most
depleted micro-diamond (8'C = -6.9%.). Thus, the absence of strongly
3C-depleted (< -10%0) samples in the micro-diamond population may

suggest the absence of an eclogitic suite within this group.

Figure 3.5 also outlines both the highly variable nitrogen concentrations

in diamonds from the Central Slave Craton and the overlap with the

66



Panda micro-diamonds
- 30

=4 20
=4 10

80 Panda micro-diamonds
60
40
20
Lliltitand Lo 1

Panda macro-diamonds

30

40 t Panda macro-diamond —
20 -
L1 LAl LA b Ll L1 1 | I |

- Diavik

uanbaiy

Diavik] 40
4308
420
410

80

Frequency

DO-27
-4 30

=4 20
X} =4 10

500 1000 1500 2000 2500 3000
N (at. ppm)

Figure 3.5. Histograms showing the nitrogen (at. ppm) concentration and
carbon isotope composition (%. 8'*C) of diamonds from Panda, Diavik and DO-
27. Panda micro-diamond nitrogen data were determined by SIMS and all others
were measured by FTIR. Dots denote bars that are too small to identify because
of scale and black lines are probability density curves. Black lines are probability
curves calculated with a 20 of 0.2%. for 5'°C and 20% for N.

new micro-diamond measurements for Panda. Despite this overlap, a

greater proportion of these micro-diamonds have N__ . concentrations

FTIR
above 1000 at. ppm (24%) versus all other Lac De Gras samples (5%).
This observation is considered to be principally due to the inclusion of
clouded and coated samples, which are not present in other studies,

into the Panda micro-diamond data set. Aggregation states in micro-

and macro-diamonds from Panda range from 0 to 100%B and have a
median at 23%B. Diamonds from Diavik and DO-27 are overall much less
aggregated with a median value of 9%B. This difference is most likely a

consequence of broadly lower source nitrogen concentrations at DO-27
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and Diavik although there are similar mantle residence temperatures for

Diavik and Panda.

3.5.2. Panda diamond characteristics

3.6.2.1. Platelets

Woods (1986) recognized a linear correlation between platelet peak area
and the absorption coefficient (peak height) related to B-centers (i.e.,
B-center concentration). Samples that do not fall along this correlation

line are considered “irregular” (Woods, 1986) and indicate platelet
degradation, most likely as a result of transient heating (Evans et al.

1995) or strain (Woods, 1986). As Figure 3.6 shows, the majority of Panda
micro- and macro-diamonds are “regular” and fall close to or along the
expected linear correlation between [(B’) and B-center concentration.
Excluding samples that are completely aggregated (100%B), all the
macro-diamond and all but six of the micro-diamond samples are “regular”

and show no evidence of platelet degradation.

These six “irregular” micro-diamonds have either octahedral,
dodecahedral or irregular morphologies and all of them are non-cloudy. As
previously noted, the degraded samples probably reflect a local heating or
straining event that has not affected the other samples. However, if these
samples contained cuboid growth sectors a linear relationship between
I(B’) and N would not be expected (Howell et al., 2012). Thus regular
platelet development for the vast majority of micro- and macro-diamonds
document similarly undisturbed thermal residence histories in the Central

Slave subcratonic lithospheric mantle.

3.56.2.2. Nitrogen thermometry
If the age of a population of diamonds can be determined independently,

additional information about their thermal residence histories can be
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Figure 3.6. Platelet peak area (I(B’), cm™®) versus the concentration of N_,, in B
centers (at. ppm) for micro-diamonds (squares) and macro-diamonds (triangles).
Line represents “normal” linear relationship between these two variables (from
Johnson et al., 2012).

gained from their nitrogen contents and aggregation characteristics
(Evans and Harris, 1989; Leahy and Taylor, 1997; Taylor et al., 1990).
Panda diamonds with peridotitic sulfide inclusions give a Re-Os isotope
age of 3.52 + 0.17 Ga (Westerlund et al., 2006). Assuming the diamonds
from the present study are peridotitic (see above) and share a single age
of formation, time averaged mantle residence temperatures, based on

nitrogen thermometry, range from 990°C to 1290°C (Figure 3.7).

The control of mantle residence time on temperature estimates, however,
is minor, as the temperatures calculated for these diamonds at 1.5 Ga
versus 3.5 Ga differ by only about 20°C. Uncertainties associated with
this nitrogen thermometer are assumed to be comparable to conventional
silicate thermometry (x 50°C, Taylor et al., 1990). Plastic deformation,
observed in 5 micro-and 44 macro-diamonds, has been suggested to

enhance nitrogen diffusion, thus effecting aggregation kinetics (Evans,
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Figure 3.7. Nitrogen concentrations versus nitrogen aggregation states for
Panda diamonds. Time averaged mantle residence temperature contours are
shown for a 3.5 Ga mantle residence period (calculated after Leahy and Taylor,
1997).

1992). The effect of plastic deformation on nitrogen aggregation may,
however, not be consistent (Shiryaev et al., 2007). Nevertheless,
enhancing nitrogen aggregation by 20% would be equivalent to increasing
mantle residence temperatures by < 50°C, even in highly aggregated

samples, which is within error.

As seen from Figure 3.7, the majority of the micro-diamonds cluster
between about 1030°C to 1130°C with < 60%B and moderate to high N_, .
concentrations and a second abundance maximum at 1160°C to 1180°C
between 40%B and 100%B and N < 550 at. ppm. Macro-diamonds show
an approximately bimodal temperature distribution with a first broad cluster
between 1050°C and 1150°C, < 50%B and at N > 100 at. ppm. A second
cluster lies between 1160°C and 1250°C between 25%B and 100%B at N

< 1000 at. ppm.
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Re-plotting the data as a function of temperature only (Figure 3.8), more
clearly identifies two distinct diamond subpopulations; a group below
1130°C and a second group at temperatures = 1160°C. Both micro- and
macro-diamonds show this temperature distribution, including the gap
between the two groups, suggesting similar thermal mantle residence

histories and depths of origin.

One explanation for the bimodal spread in nitrogen temperatures is

that the diamonds could have variable formation ages. For example,

a difference in formation ages of about 1.6 Ga between eclogitic (~1.9

Ga) and peridotitic (~2.5 Ga) diamonds is observed in the nearby A154
(Diavik) kimberlite (Aulbach et al., 2009). However, all samples are at least
Paleoproterozoic. As discussed above, the control of mantle residence
time on time averaged residence temperatures is minor, as long as the
diamonds are generally old (>1 Ga); Paleoarchean to Paleoproterozoic
diamond formation, thus, cannot generate the observed spread in T, .
The spread in average residence temperatures for Panda diamonds is
most likely a result of diamond residence at variable depths within the
cratonic mantle. Assuming a 38 mW/m? geotherm (Pearson et al., 1999;
Menzies et al., 2004) this means a distinct depth interval below the Central
Slave Craton, between ~155 km and ~165 km that either is characterized
by a paucity of diamonds or was not sampled by the Panda kimberlite
(Figure 3.8). However, the latter possibility is considered to be unlikely, as
indicator mineral thermometry shows continuous sampling throughout the
lithospheric mantle below the Central Slave Craton (Menzies et al., 2004).
Rather, conditions may have been unfavorable for diamond formation or

storage over a ~10 km thick region.
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Figure 3.8. Histogram of nitrogen-based temperatures estimated for micro-
diamonds (dark bars) and macro-diamonds (light bars) illustrating a significant
decrease in sample density between 1130°C and 1160°C. Black line is a
probability density curve calculated with a 20 of 25°C.

Lithospheric layering has been observed for the Central Slave Craton and
indicates at least a two stage history (Griffin et al., 1999). The shallower,
cooler lithosphere from ~100 km to 150 km depth is dominated by ultra
depleted garnet harzburgite with rare lherzolite (Griffin et al., 1999;
Menzies et al., 2004). The deeper layer is less depleted and dominated
by garnet lherzolite and extends to ~ 200 km. It is therefore possible that
the residence temperatures of the two groups reflect the upper and lower
layers of the Central Slave subcratonic lithospheric mantle. At the ~150
km transition between these two layers, Griffin et al. (1999) observed

an absence of Cr-pyrope garnet xenocrysts, and a distinct spike in Mg-
chromite abundance in some Lac de Gras kimberlites. Malkovets et al.
(2007) showed for kimberlites in the Dalldyn-Alakit Province (Yakutia)
that high Mg-chromite/garnet ratios in the deep lithospheric mantle

are commonly indicative of poor diamond grades. Griffin et al. (1999)

estimated the garnet-poor region at ~150 km depth to be ~10 km thick,
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which exactly corresponds with the depth and thickness of the diamond-

poor region observed from the nitrogen thermometry of Panda diamonds.

3.5.3. Micro- and macro-diamond relationship

McCandless et al. (1994) proposed a genetic commonality between micro-
and macro-diamonds, but other works suggest a genetic disconnect
based on differences in morphology, inclusion chemistry and N and 3'C
compositions (Haggerty, 1986; Pattison and Levinson, 1995; Davies et

al., 2004; Sobolev et al., 2004; Johnson et al., 2012). To investigate this
relationship for the micro- and macro-diamond populations at Panda,

12

Micro-diamond

gem-quality
average= 621 -
median = 631

16 - B Micro-diamond ]|
B cloudy -]
12 average= 957

median = 966

Frequency
oo

48 —

: C Macro-diamond —

L average= 307 ]
32 median = 187 _|
16 | i
0 B | | | | 1 L ] 1 1 ]

0 400 800 1200 1600 2000

N (at. ppm)

Figure 3.9. Histograms of nitrogen concentrations (as determined by FTIR)

for (A) cloudy micro-diamonds, (B) clear micro-diamonds and (C) clear macro-
diamonds. Cloudy micro-diamonds have significantly higher average and median
N than gem-quality micro- and macro-diamonds.
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statistical comparisons of the FTIR generated nitrogen concentrations and

the SIMS generated carbon isotopic compositions have been completed.

As previously noted, a strong disparity in nitrogen concentrations between
micro- (median = 805 at. ppm) and macro-diamonds (median = 187 at.
ppm) is observed in the Panda data. Figure 3.9 illustrates the contrasting
nitrogen concentration distributions of gem-type clear (Figure 3.9a) and
cloudy micro-diamonds (Figure 3.9b) with that of macro-diamonds (Figure
3.9c). Gem quality micro-diamonds have lower average and median
nitrogen contents than their cloudy counterparts. If those cloudy micro-
diamonds are excluded from the micro-diamond population, a clear
distinction between the micro- and macro-diamonds is still observed:

t- and f-tests with 73 and 46 degrees of freedom, respectively, have
probabilities less than 0.02 (t(73) = 4.77, p < 0.02; f(46) = 1.80, p < 0.02)
for the null hypothesis (micro- and macro-diamond populations are the

same) to be accepted.

Looking just at the clear micro-diamonds, Type Il (N-free) diamonds have
a lower abundance (4%) than among macro-diamonds (8%). Including
cloudy micro-diamonds lowers the Type |l abundance to 2% as none of
the cloudy diamonds are Type Il. This observation is in stark contrast to
micro- and macro-diamonds, for example, from the Artemisia kimberlite,
Northern Slave Craton (Johnson et al., 2012). There, Type Il micro-
diamonds are much more abundant than Type |l macro-diamonds (68%

versus 21%, respectively).

The carbon isotopic compositions of the gem-quality micro-diamond
(-4.1%o0) and macro-diamond (-5.4%.) populations from Panda are
statistically distinct (1(148) = 5.02, p < 0.02; f(89) = 0.45, p < 0.02). Both

populations have a near-normal distribution and exclusion of the top
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and bottom 2.5% of the data gives the same statistical results. A similar
result, micro-diamonds having a significantly higher average &'°C values
over macro-diamonds, was observed for diamonds from the Artemisia
kimberlite (Johnson et al., 2012).

Because | am comparing only gem-quality micro- and macro-diamonds,
the effect of sample bias should be largely eliminated. Hence, the 1.3%-
difference in average 6'*C between gem micro- and macro-diamonds is

most likely a consequence of different growth histories.

To test the potential of isotopic subpopulations, specifically in the smaller
size classes, | divided the micro-diamonds into groups of 0.25 mg,

starting at a weight of 0.5 mg (Figure 3.10). Isotopic compositions in
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these weight fractions do not show any systematic bimodal (or otherwise)
distribution. In addition to this, no systematic change in median isotopic
values correlating with weight classes is observed. The results of this test,
however, should be viewed with some caution as each weight class has
between 10 and 24 samples. This low number of samples may not be
sufficient to reliably represent each weight fraction and additional data is
needed make more robust observations. A similar weight-based test on
the macro-diamonds was not possible as their original sample weights

were not recorded.

3.5.4. Carbon Isotope Evolution

Variations in carbon isotope values among growth zones of single micro-
diamond samples from Panda are complex and similar observations

were made on macro-diamonds from other localities (Boyd et al., 1987;
Fitzsimons et al., 1999; Harte et al., 1999; Bulanova et al., 2002; Hauri et
al., 2002; Klein-BenDavid et al., 2004; Schulze et al., 2004; Zedgenizov
et al., 2006; Smart et al., 2011). In the present data, a few samples have
0'3C values (see Figure 3.2, for example) with more than +2%. variation
from core to rim. This amount of variation can be modeled through
Rayleigh fractionation of a single evolving fluid/melt (Stachel et al., 2009,
Smart et al. 2011). Such a shift between growth zones would require

75% or 85% crystallization of a carbonate melt or methane-bearing fluid,
respectively. Distinct growth layering with evidence for intermittent stages
of resorption and non-systematic variations in N-content and &'3C indicate
that diamond precipitation has involved discrete pulses of fluids/melts with
different isotopic signatures which may or may not have evolved through

fractionation processes.

The carbon isotope data also show a qualitative trend to *C-enriched

values with decreasing mantle residence temperature for both micro-
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and macro-diamonds (Figure 3.11). Diamonds with mantle residence
temperatures below 1130°C have an average 8'3C value (-4.3%o) that is
discernibly higher than the -5.0%. average for the group of diamonds at
T>1160°C. (1(56) = 4.04, p < 0.02). The five samples that fall between
1130°C and 1160°C in T

Tables 3.1 and 3.2). Further, to eliminate outliers, the top and bottom 2.5%

Nirogen Ar€ €xcluded from these averages (see

of the data have been excluded for each group, a procedure which did not
change the 2 sigma around the averages. Thus, although overlap exists,
an overall increase in 8'*C with decreasing residence temperature is,

therefore, evident.

Taking T

may be attributed to two models. The first is that diamonds in the shallow

as an indication of residence depth, the above relationship

Nitrogen

harzburgitic and the deep lherzolitic layer in the lithospheric mantle

n=218

3

n=44

o"C

<1130°C > 1160°C

Figure 3.11. Box and whisker plot graphically displaying the spread (ends

of dashed lines), first and third quartiles (“interquartile,” top and bottom of
boxes), and medians (line through the middle of the boxes) of the low and high
temperature groups (see text). N = number of samples represented by each box
and whisker. Each 8'*C value is treated as a single sample.
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beneath Lac de Gras reflect distinct diamond-forming events with unique

geochemical signatures.

The second and preferred model is continuous fractionation of diamond
precipitating fluids/melts as they percolate upwards through the deeper
Iherzolitic and shallower harzburgitic layers in the mantle. An evolution to
heavier isotope values can be explained through reduction of an oxidized
C-O-H fluid or melt (Richet et al., 1977; Deines, 1980; Stachel et al.,
2009). Supporting evidence comes from fO, studies on garnet peridotite
xenoliths from Diavik, approximately 30 km southeast of Panda (Creighton
et al., 2010) that identified a metasomatic event that mildly oxidized the
lithospheric mantle beneath the Central Slave Craton. A reduction of the
CO,? component of upward percolating fluids/melts by the depleted and
reduced lithospheric mantle would result in the precipitation of diamond

and, consequently, a gradual *C enrichment in the fluid/melt.

3.6. Conclusions

Micro-diamonds from the Panda kimberlite show higher proportions of
high nitrogen concentrations (>1000 at. ppm) and higher &'*C values

than diamonds from the other Central Slave Craton deposits of DO-

27 and Diavik. Both macro- and micro-diamonds from Panda show

little to no platelet degradation and indicate a broadly similar mantle
residence history. Time averaged mantle residence temperatures for both
macro- and micro-diamonds display bimodal distributions that indicate
derivation from the depleted upper and less-depleted lower portions of the
subcratonic lithospheric mantle below the Central Slave province, with the

presence of a diamond-poor zone in between.
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Gem quality (fully transparent) micro- and macro-diamonds show
a disparity in carbon isotopic compositions that may indicate either

differences in fractionation processes or growth histories.

A broad shift for Panda diamonds from lower to higher 8'*C values with
decreasing residence temperature suggests that as the diamond-forming
fluids/melts percolated up through the mantle, their isotopic signatures
evolved to more ®C-enriched compositions. The direction of this evolution
(higher 6'3C) is consistent with interaction between an oxidized carbonate-

bearing fluid and a reduced lithosphere.
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Chapter 4 - Fourier Transform Infrared
characteristics of natural diamond

4.1. Introduction

Fourier Transform Infrared (FTIR) spectroscopy is a routine analytical
technique in diamond research. The diamond crystal lattice absorbs
infrared radiation between 1500 cm™ and 2665 cm™ (two-phonon region)
with characteristic sharp peaks at 1975 cm™, 2026 cm™ and 2158 cm"
and a broad peak between 2355 cm™ and 2665 cm™ (Figure 4.1). A one-
phonon region due to nitrogen impurities is observed between 1055 cm™
and 1345 cm™ and can be integrated to obtain relative proportions and

concentrations of nitrogen species.

Diamonds with singly substituted nitrogen atoms are referred to as

Type Ib (Dyer et al., 1965). Single nitrogen atom defects are unstable

at mantle conditions and quickly diffuses to form aggregates of nitrogen
(Chrenko et al., 1977). Diamonds with aggregated nitrogen (Type la) are
subdivided into laA and laB classes (Sutherland et al., 1954) for diamond
with nitrogen pairs (Davies, 1976) and tetrahedrons of four nitrogen atoms
surrounding vacancies (Evans and Qi, 1982), respectively. Referred to as
aggregation state, the form in which nitrogen occurs can be quantitatively
evaluated and is reported as %B = 100N_/[N,+N.] where N, is the
concnetration of nitrogen atoms in the X center. Deconvolution of the
absorption peaks in the one phonon region by a least-squares method of
curve fitting returns A (N,), B (N,), and D (platelet related) components as

absorption coefficient values (peak height) at 1282 cm™'.
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Figure 4.1. Characteristic FTIR spectra of Type Il, laA and laB diamonds. Type
laAB diamonds have IR spectra reflecting both A and B cetners with heights
proportional to the varying proportions of those nitrogen defects.

The migration of N to form pairs and tetrahedrons of four is both a
function of time and temperature (Evans and Qi, 1982). A side effect

of B-center development is the formation of interstitial carbon defects
along {100} called platelets (Evans and Phaal, 1962). Platelets absorb
infrared radiation and create a sharp peak (B’) in the 1360 to 1375 cm™’
range (Woods, 1986) with the exact position depending on platelet size
(Mendelssohn and Mllledge, 1995). Additionally, the asymmetry of the
B’ peak increases as it moves towards lower wavenumbers (i.e. closer
to the nitrogen peaks). The platelet peak area correlates with B-center
concentrations (N;) in diamonds without cuboid growth sectors that have
not experienced a complex thermal or tectonic history (Woods, 1986;

Howell et al., 2012b).
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Hydrogen-related peaks cannot be reliably correlated to hydrogen
concentration because not all hydrogen complexes in diamond are FTIR
active (Sellschop 1992; Sweeney et al., 1999). Nevertheless, integration
of these peaks provides information, albeit ambiguous, about hydrogen in
diamond. The most prominent and common hydrogen-related absorption
peak occurs at 3107 cm™ and has been attributed to either the vibration
of bonds in C=CH, groups (Woods and Collins, 1983) or nitrogen (N,-H)

complexes (Goss et al., 2011).

The purpose of this study is to report new IR data from diamonds from De
Beers Pool, South Africa and Akwatia, Ghana together with reprocessed
IR data for diamonds from various localities in Brazil, Botswana, South
Africa and Canada. This database was compiled to analyze specific IR
characteristics of diamonds with various parageneses and from different
cratons. With this database the relationship between platelet peak area
and N concentration is reevaluated and the significance of the hydrogen-

related peak at 3107 cm is explored.

4.2. Samples

Sixty-nine diamonds from Akwatia, Ghana and 96 from De Beers Pool,
South Africa were analyzed by FTIR. These samples were fragmented
in previous works to liberate inclusions, thus analyses were performed
on residual cleavage fragments. All sample fragments are inclusion free
and fully transparent (i.e. “gem-quality”). The samples from Ghana were
previously analyzed by Stachel et al. (1997) but that study did not report
quantitative hydrogen and platelet peak information. Morphology, color,
presence of deformation and carbon isotope data were also reported

by Stachel et al. (1997) and are included in the diamond database
discussed below. The morphology of samples from Ghana comprises
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48% octahedrons, 45% dodecahedroids, 6% macles and 1% mixed. Color
distribution is dominated by colorless grains (86%) with lesser brown

(13%) and 1% with a transparent green coat.

Information regarding the physical properties of the De Beers Pool
samples is not reported by Phillips et al., (2004) with the exception of
a general size bracket: DTC -13+5 (circular sieve apertures of 2.9 mm
to 1.5 mm). Light brown coloration was observed in 9 samples, and
the remaining diamonds are colorless. As the samples are cleavage
fragments, it is impossible to make any reliable observations on whole-

stone morphology.

4.3. Methods

Prior to analysis, samples were prepared by cleaning with petroleum ether
in an ultrasonic bath for 15 minutes. Analyses were made on a Thermo-
Nicolet Nexus 470 Fourier transform infrared (FTIR) spectrometer at the
De Beers Laboratory for Diamond Research at the University of Alberta
(Canada). The spectrometer is coupled to a Continuum microscope

that, together with its sample area, is purged with a mixture of nitrogen
and oxygen. This gas mixture reduces interferences and helps maintain

a constant background signal. Background measurements were taken
periodically (every 2 hours to 3 hours) during analytical sessions and

automatically subtracted from sample spectra.

Two hundred scans were averaged for each analysis and data were
collected between the wavenumbers of 4000 cm™ and 600 cm™ at a
spacing of 1.93 cm™'. Subsequent to background removal, spectra

were corrected to a baseline and normalized to a 1 cm Type |l diamond
standard to convert absorbance to absorption coefficient values. The
resultant absorption coefficient at 1282 cm was deconvoluted into A, B
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and D components using a program provided by David Fisher, Diamond
Trading Company, Maidenhead, UK. Conversion to atomic parts per
million (at. ppm) nitrogen was achieved using the coefficients of 16.5 for
A (Boyd et al., 1994) and 79.4 for B components (Boyd et al., 1995). The
detection limit for nitrogen is approximately 10 at. ppm, but depends on

the quality of the spectrum.

On the same spectra (baselined and converted to absorption coefficient),
platelet (1360 cm™to 1375 cm™ region) and hydrogen (3107 cm™) peaks
were integrated after further local baselining (removal of diamond

and nitrogen-related absorbance) and are reported in cm2. These
measurements were carried out using the peak area tool in the Omnic

software supplied by Thermo-Nicolet.

Analytical uncertainties for N and N are typically between 5% and 10%.
One variable impacting uncertainty for these two parameters is the method
in which a baseline and normalization are applied. To minimize this effect,
applying a consistent method for all samples is important. Uncertainty for
peak measurements for platelet and hydrogen peaks is < 5% on peaks >

1.0cm™.

4.4. Results

Nitrogen concentrations for the 69 diamonds from Akwatia range from <
10 at. ppm to 1616 at. ppm (median = 106 at. ppm) and include 8 Type |l
(<10 at. ppm) samples (Appendix B). N, concentration is highly variable
with a range from 0 at. ppm to 504 at. ppm and the median concentration
is 38 at. ppm. Nitrogen aggregation ranges from 0% to 100% laB, and is
skewed to lower values with a median at 38% laB. Platelet peaks occur in
52 (75%) of diamonds from Akwatia and their areas range from 1.4 cm=
to 196.5 cm™? (median = 23.9 cm™). Hydrogen peaks are observed in 60
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(87%) samples and have a range from 0.2 cm?to 27.9 cm? (median = 1.4
g

cm?).

The 96 De Beers Pool diamonds have a broadly similar range of nitrogen
concentration as Akwatian samples from < 10 at. ppm to 1459 at. ppm
(median = 65 at. ppm) but a larger proportion (n=18) of Type Il samples
(Appendix B). N ranges from 0 at. ppm to 557 at. ppm but has a much
lower median value (9.4 at. ppm.) than samples from Akwatia. Accordingly,
the degree of aggregation is more strongly skewed to lower values than
for samples from Akwatia: despite a range of 0% to 100% laB, the median
is 17% laB. Platelet peaks are observed in 58 (60%) of De Beers Pool
samples and their areas range from 0.5 cm?to 339.2 cm 2 (median = 16.6
cm2). Seventy-eight samples (81%) have hydrogen peaks with areas
ranging from 0.2 cm? to 113.6 cm 2 but this population is strongly skewed

to lower values (median = 1.1 cm ).

4.5. Database

A database of 696 diamond samples analyzed at the De Beers
Laboratory for Diamond Research was compiled to investigate population
characteristics and trends of samples from varying cratons and
parageneses (Appendix B). The database contains paragenesis, shape,
color, deformation and carbon isotope data reported in the literature.
Original spectra from previous studies were reprocessed to apply a
consistent methodology for applying baselines and normalization in

order to minimize uncertainties. Updated nitrogen concentrations and
aggregation states replace original values in the database. Additionally,
integrated platelet and hydrogen peak areas were added to the database.
Unreliable spectra that could not be corrected for fringing or poor signal

detection were removed.
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Samples in the database originate from Arenapolis, Boa Vista and
Canastra, Brazil (Tappert et al., 2006); Damtshaa, Botswana (Deines

et al., 2009); A154 South (Diavik), Panda (Ekati), Renard and Wawa,
Canada (Donnelly et al., 2007; Tappert et al., 2005a; Hunt et al., 2012;
Stachel et al., 2006, respectively) and Jagersfontein, South Africa (Tappert
et al., 2005b). Numbers of samples from different locations based on

paragenesis are reported in Table 4.1.

Paragenetic determinations included in the database are based on
mineral inclusion type and composition. In general, samples with

olivine, Mg-chromite, orthopyroxene, high Ni sulfide, Cr-pyrope garnet
or clinopyroxene with Cr# (100Cr/Cr+Al) > ~7 to 10 are considered
peridotitic. The peridotitic classification can be further subdivided into
Iherzolitic (fertile to mildly depleted) and harzburgitic (strongly depleted)
based on Ca contents of garnet and the presence of clinopyroxene (e.g.,
Gratter et al., 2004). Eclogitic samples are those with low Cr (< 1 wt%

Cr,0,) garnet and Na-rich clinopyroxene inclusions.

Peridotitic samples (including subdivisions of harzburgitic and lherzolitic)

account for 68% of the dataset and 16% are eclogitic. Deep eclogitic

Location P | h e w_deep-e deep-h Im uk Total
Akwatia 39 5 20 1 1 1 2 69
Arenapolis 14 4 18
Boa Vista 16 10 1 2 29
Canastra 7 1 6 14
Damtshaa 43 8 38 2 91
De Beers Pool 41 41 13 1 96
Diavik 40 3 2 7 3 55
Jagersfontein 21 10 42 4 10 23 110
Panda 40 12 22 7 5 4 90
Renard 57 6 5 32 100
Wawa 14 1 1 8 24
Total 332 26 119 110 7 10 3 5 84 696

Table 4.1. Table showing the distribution of inclusion parageneses for the
different locations in the database. Parageneses are p = peridotitic (unspecified),
| = lherzolitic, h = harzburgitic, e = eclogitic, w = websteritic, deep-e = majoritic
eclogitic garnet inclusions, deep-h = majoritic harzburgitic garnet inclusions, Im =
lower mantle and uk = unknown.
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and peridotitic samples (i.e. presence of a majorite component in garnet)
combined are 2% and websteritic and lower mantle samples account for
1%, each. For the remaining 12% no paragenesis is assigned because

either no inclusion was recovered or their inclusions were indeterminate.

Fifty-six percent of the samples in the database have morphology
information reported. Of this 56%, octahedra, dodecahedra and irregular
forms are the most common with 32%, 26% and 25%, respectively.
Macles account for 8% of the database and cubic samples are less than
1%. The remaining 8% of samples with morphology information have
either mixed morphologies or are aggregates. Color is recorded for 70%
of samples and colorless and brown samples dominate this population
(64% and 30%, respectively) followed by much lower proportions of green
(3%), yellow (1%) and pink (<1%). The presence or absence of plastic
deformation is reported for 53% of samples and positively identified in
19% of these.

Quantitative data in the database include carbon isotopic composition,
nitrogen concentration, N, concentration, hydrogen peak area and platelet
peak area. The diamond type is calculated from the proportion of l1aB
where N, < 10% = laA, 10% < N, <90% = 1aAB and N, > 90% = laB.

Nitrogen concentration differences between eclogitic and peridotitic
parageneses are illustrated in Figure 4.2. Peridotitic samples show a near
exponential decrease in nitrogen concentration from 0 at. ppm (e.g. Type
Il) to 1749 at. ppm. nitrogen with a median at 110 at. ppm. The high counts
in the < 100 at. ppm. bin includes 58 Type Il samples (25% of bin) which

predominantly come from De Beers Pool, Renard and Akwatia.
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significant numbers of samples are labeled on the diagram.

Although eclogitic samples have a similar range (0 at. ppm to 1739 at.

ppm.) as peridotitic samples, they have a more varied distribution with a

higher median at 311 at. ppm. Modes occur at 0-100 at. ppm, 300-400

at. ppm and 600-700 at. ppm. nitrogen, similar to results from a larger

worldwide database illustrated in Figure 11 of Stachel et al. (2009). The

0 at. ppm to 100 at. ppm nitrogen bin includes 10 Type |l diamonds (29%

of bin) and is dominated by samples from Jagersfontein which has a high

proportion of eclogitic samples (not including deep eclogitic) with N < 100

at. ppm. (n = 20).
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The degree of nitrogen aggregation in peridotitic samples has a near
exponential decrease towards higher degrees of aggregation whereas
the eclogitic subpopulation has a second mode in the 20% to 50% range
(Figure 4.2).

4.6. Carbon Isotopes

Carbon isotope data (%. 6'3C are reported for 82% of the smaples in

VPDB)
the database. When &'3C data is plotted against nitrogen concentration,
a majority of samples cluster around the average mantle 8'3C value of
-5%o (Deines, 1980) and extend up past 1500 at. ppm N. Correlations
between &'C and nitrogen are not apparent, however, a relationship of
decreasing nitrogen content with 8'3C values moving away from -5%. in
either direction is observed in Figure 4.3 (Stachel et al., 1997; Cartigny
et al., 2001). The nitrogen concentration decrease is steeper towards
values >-5%. than those <-5%.. These relationships between &'*C and
nitrogen are explored in greater detail by Stachel et al. (2009). Figure

4 3a illustrates the lack of correlation between nitrogen concentration and
carbon isotope composition in addition to degree of nitrogen aggregation
(i.e. Type). Figure 4.3b, however, shows strong population differences

in carbon isotope composition. This is to be expected as eclogitic
(including deep samples) are, on average, isotopically '*C-depleted
compared to peridotitic samples (Stachel et al., 2009). Nitrogen
concentration distributions completely overlap in all diamonds, regardless
of parageneses. Nevertheless, eclogitic samples have an average

N concentration that is 228 at. ppm greater than average peridotitic

diamonds (459 at. ppm versus 231 at. ppm, respectively).

The hydrogen-related 3107 cm™ center has been shown to migrate to a
lower wavenumber (3098 cm™) in highly *C-doped synthetic diamonds
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Figure 4.3. Total nitrogen (at. ppm) versus &'C values. Symbols are based on
either (A) diamond Type (proxy for degree of aggregation) or (B) paragenesis.

(De Weerdt et al., 2003). Although those samples have isotopic
compositions beyond natural values, nominal peaks on the shoulder of
3107 cm™ centers in some natural diamonds have been attributed to
absorption by *C-H bonds (Woods and Collins, 1983). These small peaks
were not resolvable in any of the samples in the dataset, including those

with extreme &'3C values.

4.7. “Regular” diamonds

A linear relationship between the strength of the B component absorption
and the integrated platelet-related absorption peak in FTIR spectra was
recognized by Woods (1986). “Regular” samples are those that adhere
to this linear relationship and samples that deviated significantly from this

line are termed “irregular.” The cause of irregularity in some samples has
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been attributed to transient heating and/or shearing events that effectively
anneal the defects (Evans et al., 1995; Woods 1986). Such platelet
degradation results in a smaller than expected platelet peak area for a

given Ng concentration.

More recent findings indicate that cuboid growth sectors are more
resistant to the formation of platelets (Howell et al, 2012b). Disc-crack-
like defects in cuboid growth sectors (Walmsley et al., 1987) may be
responsible for preventing interstitial carbon from migrating into IR
absorbing clusters. This means the term “irregular” cannot be applied
meaningfully to cuboid diamonds as they may not have experienced any
platelet degradation. Rather, their platelet formation has been stunted by
intrinsic defects of the cuboid habit (Howell et al., 2012a). Therefore, only
non-cuboid diamonds that are not fully aggregated and do not adhere to

the linear relationship between N and I(B’) area can be termed “irregular’

and a complex thermal or deformational history is implied.

The samples contained in the database (Appendix B) are inclusion
bearing, “gem-quality” diamonds. These inclusions were either silicates
or oxides large enough to be liberated and analyzed and are not the
sub-microscopic, light-scattering inclusions commonly found in cuboid
growth sectors (Welbourn et al., 1989). Despite the absence of such
micro-inclusions, some gem-quality diamonds can have a mixed growth
habit where octahedral and cuboid sectors grow simultaneously. This can
result in a center-cross pattern that is only detectable with techniques
like cathodoluminescence or X-ray topography (i.e. Lang, 1974). In the
absence of such data, other information is necessary to identify samples
where cuboid growth potentially accounts for a significant proportion of
a diamond’s volume. One way to identify such samples is to use 3107

cm peak data. Fritsch and Scarratt (1993) found that cuboid-growth
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layers are commonly hydrogen rich (e.g. Rondeau et al., 2004) and define
samples as “H-rich” when the absorbance at 3107 cm™ centers exceeds
the intrinsic diamond absorbance at 2450 cm™. This is the case for 28
samples in the database and therefore these are suspected of containing
cuboid growth sectors. By excluding these samples, the categorization of
Woods (1986) into “regular” and “irregular” can be evaluated with more

confidence.

Plotting N concentration versus platelet peak area (Fig. 4.4) reveals an
overwhelming majority of samples in the database adhere to the linear

“regular” relationship. Here this relationship is established as I(B’) = 0.61
N, where I(B’) is the integrated area of the platelet peak (cm ) and N, is
the concentration of B-centers (at. ppm) and the units of the slope of the

line is cm?/at. ppm.

Based on the number of samples in the database, this line can be
reliably extrapolated up to ~550 at. ppm N;. The number of samples in
our database with N; > 550 at. ppm is too small to extrapolate the line
with confidence beyond this point. The increase in spread in samples
where N, < 50 at. ppm is most likely due to increased uncertainty in the
determination of N, and platelet peak area at low total nitrogen contents
and platelet concentrations. Type laB diamonds are also excluded from
Figure 4.4 as the platelet-N, relationship breaks down once nitrogen is

completely aggregated.

4.8. Platelet degradation

If degradation of platelets was a by-product of heating, as suggested by
Evans et al. (1995), then a correlation between degree of “irregularity”

and time averaged mantle residence temperatures should be observed.
Figure 4.5 plots the degree of platelet degradation (ratio of platelet peak
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Figure 4.4. Plot of N, (at. ppm) and platelet peak area (cm™®). The solid black
line defines a “regular” trend where N, and platelet peak (I(B’)) area have a linear
correlation related by the equation I(B’) = 0.61N,. This line may be extrapolated
past 550 at. ppm (dashed portion) but with reduced confidence as the number of
samples beyond this point is very small. The samples plotted here are assumed
to be free of cuboid growth sectors (see text for filtering procedure). Pure type
laB samples were also excluded.

area and N, concentration normalized to the slope (0.61) of the regular
trend in Figure 4.5). Those samples that plot between a normalized
I(B’)-N, ratio of 0.9 and 1.1 are considered “regular” (grey bar). Samples
that fall below this range are variably platelet degraded. A lack of any
positive correlation in these plots suggests that platelet degradation is
not principally dependent on temperature. Indeed, it would seem that
temperature (as measured by T, ) has a minor role, as a large proportion
of degraded samples fall below 1150°C. This observation indicates that
another process, most likely strain (Woods, 1986), is the dominant cause

of platelet degradation. At temperatures > 1250°C the proportion of
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Figure 4.5. Normalized ratio of |(B’)/NB versus time averaged mantle residence
temperatures (TN1.5 Ga). Samples with NB < 50 at. ppm were excluded to
avoid increased uncertainty associated with small amounts of B aggregates (and
associated small platelet peaks). Pure laA and laB samples were also excluded.
Peridotitic samples are from Panda and Ghana and eclogitic samples are from
Damtshaa and Jagersfontein. The grey bar between x-axis values of 0.9 and 1.1
indicate the window of “regular” diamonds.

degraded samples increases which likely is a result of increased strain in
the deeper (and hotter) parts of the lithosphere close to the lithosphere-
asthenosphere boundary. In such a high temperature regime, softening of

the diamond lattice may aid plastic deformation.

To eliminate possible scatter caused by plotting diamonds of various
parageneses (possibly involving multiple generations of diamond with
strongly variable residence times), peridotitic (Panda and Ghana) and
eclogitic (Damtshaa and Jagersfontein) diamonds from four sources with
high data density were separated out. These filtered datasets confirm that
even on the level of single parageneses and individual mines, correlations
between the degree of platelet degradation and residence temperature are
not observed. These comparisons assume that all samples of a certain
paragenesis from a single location have broadly similar ages (e.g., for all
Panda peridotitic diamonds it is generally assumed that their formation

occurred in the Paleoarchean, Westerlund et al., 2006).
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Figure 4.6. Hydrogen related peak (3107 cm™) area versus N illustrating the
relationship between maximum H peak area and N, concentrations. These plots
exclude samples with negligible B-center nitrogen (Type Il and Type laA). The top
plot shows distribution of samples based on location of origin and the bottom plot
shows distribution based on paragenesis.
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4.9. The hydrogen-nitrogen relationship

The presence of IR active hydrogen is commonly attributed to C-H
bonding, specifically in the C=CH2 (vinylidene) complex (Woods 1986).
The stretching of the C-H bonds is predicted to cause IR absorption
close to the 3107 cm™ peak and the associated peak at 1405 cm™ can be
explained by a scissoring vibration of the two C-H bonds (Bellamy, 1975).
More recent theoretical models, however, link the 3107 cm™ absorption
with nitrogen, at least indirectly (Chevallier et al., 2002; Goss et al.,
2002). Correlations between nitrogen and IR-active hydrogen have been
observed in synthetic diamond (Kiflawi et al., 1996) and in natural diamond
from Argyle (lakoubovskii and Adriaenssens, 2002). This relationship is
supported by experiments and theoretical calculations relating the 3107
cm™ center to nitrogen aggreates (de Weerdt and Collins, 2006; Goss et
al., 2011).

Using the compiled database, the potential for a relationship between
the hydrogen peak area (at 3107 cm™) and nitrogen characteristics can
be explored in natural diamond samples from around the world. Eighty
percent of the samples in the database have detectable 3107 cm™ peaks
with a median peak area of 1.79 cm 2. Type Il and laA diamonds have the
smallest proportion of hydrogen peaks at 68% and 64% as well as the
smallest median peak area values at 1.02 and 1.42 cm 2, respectively.
Type laAB and laB samples have much higher proportions at 85% and
91%, respectively. The median peak area for these two subpopulations
are also higher: 2.16 and 7.30 cm?, respectively. These results indicate
a link between aggregated (B-center) nitrogen and IR-active hydrogen at
3107 cm™.
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Figure 4.7. Hydrogen peaks versus platelet peaks in diamond.

This relationship is further supported by the correlation between maximum
3107 cm™ peak areas and B-center concentration (see Figure 4.5). As
laB concentrations increase, a well defined limit in maximum H-peak area
increases exponentially. Such a defined limit is only weakly observed with
A-center concentrations, suggesting the link between nitrogen and IR-

active hydrogen is strongest with nitrogen B-centers.

This relationship can be explained if the nitrogen aggregation mechanism
affects hydrogen impurities in a way that converts them into IR-absorbing

centers. The maximum 3107 cm™ peak area then would be a function of1 03



the available hydrogen content in the diamond, the nitrogen concentration
and the degree of aggregation. As N, centers are well established as a by-
product of progressive nitrogen aggregation from A- to B-centers, a similar

relationship also appears likely for them.

Small H-peak areas in diamonds with high nitrogen concentrations and
aggregation states can be explained by low concentrations of available
hydrogen. Samples with high concentrations of available hydrogen,
however, may still have small 3107 cm™ peaks if nitrogen aggregation has
not progressed far enough to allow for formulation of N, and B-centers,

causing the hydrogen to be IR-active.

Despite the relationship between IR-active H and N, 3107 cm™ centers
are not exclusive to nitrogen bearing diamonds. Sixty-five of the 95

Type Il diamonds in the database have measurable, although relatively
small, hydrogen peaks (see Figure 4.5). A similar observation of a Type

Il diamond with weak absorption coefficient of 0.02 cm™ at 3107 cm™ was
reported by Kiflawi et al. (1996). One possible explanation for this is if the
diamond growth process incorporates a small proportion of hydrogen in

intrinsically IR-active defects.

It is also observed that, regardless of location or paragenesis, samples
completely overlap and show no perceptible differences nor correlations

in H peak area and N, (see Fig. 4.5). Similarly, Figure 4.6 shows how no
correlation or other relationship is discernible between hydrogen peak
area versus platelet peak area based on paragenesis. These tests indicate
the formation of IR-active hydrogen centers, nitrogen aggregation and

the associated development of the platelet peak are processes that are

independent of the diamond’s host rock composition.
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4.10. Conclusions

A database of FTIR data for 696 samples is used to delineate the trend

for “regular” samples that abide by the linear relationship between platelet
peak area and N, concentration (Woods, 1986). For cuboid diamond,

this relationship does not exist (Howell et al., 2012b) The samples in

the database are all fully transparent, i.e. fibrous cuboid growth was not
present. In addition, all “hydrogen-rich” samples (characteristic for cuboid
growth) were removed from the dataset. An overwhelming majority of
samples in the remaining database follow the “regular” trend. Those
samples which are irregular indicate that platelet degradation is not a
consequence of transient heating events, rather, the main influence on this

process is sheering.

Irfrared-active hydrogen centers at 3107 cm™ can occur intrinsically in
diamond, including nitrogen-free (Type Il) samples. The growth of the
3107 cm™' center nevertheless appears to be linked to the process of
nitrogen aggregation. With increased concentrations of aggregated
nitrogen, specifically the B-center, the maximum hydrogen peak area
increases exponentially (Figure 4.5). This agrees with new models linking
IR-active hydrogen responsible for the 3107 cm™ center with highly
aggregated (N, and B-center) defect groups in diamond (De Weerdt and
Collins, 2006; Goss et al., 2011).
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Chapter 5 — Conclusions

For decades our understanding of the formation of diamond in the mantle
has relied on investigations of mineral inclusions. Recent developments
in analytical techniques now enable us to analyze diamond directly.
Results indicate contrasting trace-element compositions between gem
diamonds and diamond inclusions. Despite the difficulty in obtaining
data above the limit of quantification for trace-elements in gem diamond,
ratios of certain HFSE from De Beers Pool and Akwatia diamonds imply
that these elemental impurities are not hosted by pockets of trapped
melt (Fesq et al., 1975). Assuming the establishment of mineral-melt
equilibrium, diamond-inclusion compositions can be used to model fluid/
melt composition. Such modeled fluids/melts can then then be compared
to trace-element patterns derived directly from diamond. In most cases
the match between model melts and diamond trace-element patterns is
very poor. | infer, therefore, that the trace-element impurities in diamond
are being included through processes that are fractionating the elements
relative to the diamond-forming medium. In one case, however, trace-

element ratios do agree with the composition of a known carbonatitic melt.

If the trace-element impurities are being hosted in dispersed mineral
micro-inclusions, then this may account for the disparity between

the modeled compositions of diamond growth medium and actual
concentrations. To test this, various mixtures of common minerals +

fluid were modeled to match the average compositions of lherzolitic and
harzburgitic diamonds. The closest fit model consists of unrealistic modal
proportions for a peridotitic source (high proportions of orthopyroxene,
minor clinopyroxene and garnet and no olivine). This does not, however,

preclude the possibility of trace-elements being accommodated in
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gem diamond through a complex and variable mixture of fluid/melt and

untested mineral (possibly exotic) inclusions.

Contrary to the difficulties in the analysis of most trace-elements in
diamond, nitrogen contentsand carbon isotopic composition can be
routinely analyzed with confidence. Such data from micro- and macro-
diamonds from the Panda kimberlite (Ekati mine, Canada) indicate a
disparity in compositions. Gem-quality micro-diamonds have an average
6'3C value that is 1.3%. higher than the gem-quality macro-diamonds.
Additionally, gem micro-diamonds have higher average and median
nitrogen concentrations than the macro-diamonds (differences of 314
at. ppm and 444 at. ppm, respectively) and a lower Type Il (N-free)
abundance (4% versus 8%). The geochemical disparity between micro-
and macro-diamonds indicates differences in either the composition of
the diamond-forming fluids/melts or fractionation processes or growth

histories.

Time averaged mantle residence temperatures, based on an age

of formation of 3.5 Ga (Westerlund et al., 2006), display a bimodal
distribution in micro- and macro-diamonds from Panda (Evans and Harris,
1989). The bimodal distribution is segregated by a lack of samples at
temperatures between 1130°C and 1160 °C. This gap corresponds exactly
with an observed compositional boundary between highly depleted (upper)
and less depleted (lower) portions of the cratonic lithosphere below the
Central Slave Craton (Griffin et al., 1999; Menzies et al., 2004).

FTIR data from world-wide locations have been used to reinvestigate
the relationship between platelet development and nitrogen aggregation
in diamond. “Regular” diamonds are those whose platelet peak areas

are linearly correlated with N, concentrations (Woods, 1986). This line,
11



expressed as I(B’) = 0.61N; is only applicable to samples with non-
cuboid growth sectors as cuboid growth habit may impede platelet
formation (Howell et al., 2012). An overwhelming majority of the samples
in the database fall along, or close to, this line. This indicates that many
gem-quality, silicate inclusion bearing diamonds have not experienced
significant platelet degradation and thus had a mantle residence history

that is characterized by the absence of major sheering events.

The newly assembled database also shows a strong relationship between
IR-active hydrogen defects measured at 3107 cm™ and the degree of
aggregation in natural diamonds. As the concentration of aggregated
nitrogen in B-centers increases, a corresponding, exponential increase

in maximum 3107 cm™ peak area is observed. This is most likely a result
of hydrogen defects being converted to IR-active centers as nitrogen
migrates to form aggregates of three (N,) and then four N (B-center)

surrounding a vacancy.

The findings of this thesis further our knowledge of diamond growth
processes in the mantle and the behavior of various defects within the
diamond lattice. Additional research, however, can provide greater insight
into how certain elements are being incorporated into diamond and what
that implies about the diamond-forming medium. This insight can be
further supported by a detailed analysis of IR-active defects that were not
discussed in this text. | would expect to see correlations that relate certain
IR peaks with other geochemical properties, included elemental impurities,

that have not yet been identified.
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Appendix A: FTIR spectra from Panda micro-
diamonds
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Appendix B: FTIR database

The following tables contain results of reprocessed FTIR data (shaded
columns) and new data for samples from DeBeers Pool, South Africa
and Akwatia, Gahna. Paragenesis: p = peridotitic, | = Iherzolitic, h =
harzburgitic, e = eclogitic, w = websteritic, deep-e = majoritic eclogitic

garnet inclusions, deep-h = majoritic harzburgitic garnet inclusions, Im =

lower mantle.

Shape: a = aggregate, d = dodecahedron, ¢ = cube, m =

macle, f = flattened, i = irregular and o = octahedra. Color: b = brown, ¢

= colorless, g = green, I/b = light brown, p = pink, t/g = transparent/green
and y = yellow. Type is based on the amount of aggregated nitrogen: N, <
10% = laA, 10% = N; < 90% = laAB and N; > 90% = laB.

Literature sources for the data:

Location

Brazil:
Arenapolis, Boa
Vista, Canastra

Botswana:
Damtshaa

Canada: Diavik

Canada: Panda

Canada:
Renard

Canada: Wawa

Reference
Tappert, R., Stachel, T., Harris, J.W., Muehlenbachs, K., Brey, G.P., 2006.
Placer Diamonds from Brazil: Indicators of the Composition of the Earth’s
Mantle and the Distance to Their Kimberlitic Sources. Economic Geology
101, 453-470.

Deines, P., Stachel, T., Harris, J.W., 2009. Systematic regional variations in
diamond carbon isotopic composition and inclusion chemistry beneath the
Orapa kimberlite cluster, in Botswana. Lithos 112, Supplement 2, 776-784.

Donnelly, C.L., Stachel, T., Creighton, S., Muehlenbachs, K., Whiteford, S.,
2007. Diamonds and their mineral inclusions from the A154 South pipe,
Diavik Diamond Mine, Northwest territories, Canada. Lithos 98, 160—176.
Cartigny, P., Farquhar, J., Thomassot, E., Harris, J.W., Wing, B., Masterson,
A., McKeegan, K., Stachel, T., 2009. A mantle origin for Paleoarchean
peridotitic diamonds from the Panda kimberlite, Slave Craton: Evidence from
13C-, 15N- and 33,34S-stable isotope systematics. Lithos 112, 852—-864.

Tappert, R., Stachel, T., Harris, J.W., Shimizu, N., Brey, G.P., 2005. Mineral
inclusions in diamonds from the Panda kimberlite, Slave Province, Canada.
Eur J Mineral 17, 423—-440.

Hunt, L., Stachel, T., McCandless, T.E., Armstrong, J., Muelenbachs, K.,
2012. Diamonds and their mineral inclusions from the Renard kimberlites in
Quebec. Lithos 142—-143, 267-284.

Stachel, T., Banas, A., Muehlenbachs, K., Kurszlaukis, S., Walker, E., 2006.
Archean diamonds from Wawa (Canada): samples from deep cratonic roots
predating cratonization of the Superior Province. Contributions to Mineralogy
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	Figure 1.1. Map of southern Africa showing the location of Kimberley, South Africa. Shaded region indicates extent of the Kaapvaal craton (simplified from de Wit et al., 1992).
	Figure 1.2. Location map of the Birim diamond field near Akwatia, Ghana (from Stachel et al., 1997).
	Figure 1.3. Map showing the extent of the Slave Craton and the location of the Ekati mine (simplified from Bleeker and Davis, 1999). The Central Slave Craton is that part between the dashed lines (Grütter et al., 1999).
	Figure 2.1. C1 chondrite (composition of McDonough and Sun, 1995) normalized REE and HFSE patterns for gem diamond samples from De Beers Pool (Kimberley area, South Africa) and Akwatia (Birim diamond fields, Ghana).
	Figure 2.2. Average lherzolitic and harzburgitic diamond compositions normalized to C1 chondrite with 1σ bars.
	Figure 2.3. C1 chondrite normalized trace-element plot of sample G103 (squares) and ON-KAN-381 (crosses, Weiss et al., 2009). The trace-element concentrations of the fibrous Kankan diamond has been diluted by a factor of 40,000 in order to be superimposed on G103.
	Figure 2.4. Trace-element ratio plot for lherzolitic (circles) and harzburgitic (squares) diamonds (filled) and basaltic (a) and carbonatitic (b) fluid/melt (open) calculated from garnet inclusions within them (matching diamond-melt pairs are connected with a tie line). The small black circles represent modeled fluids/melts in equilibrium with peridotitic garnets from worldwide sources. The outline contains 95% of the calculated melt compositions.
	Figure 2.5. Hypothetical partition coefficients (Ddia/l) for diamond samples and melts calculated from garnet inclusions within them.
	Figure 2.6. Comparison of lherzolitic (circle) and harzburgitic (square) gem diamond element concentrations (normalized to C1 chondrite) and calculated bulk concentrations of mineral inclusion mixtures based on the principal phases in garnet peridotite (olivine, orthopyroxene, clinopyroxene and garnet) for basaltic (horizontal diamonds) and carbonatitic (vertical diamonds) fluids/melts. Basaltic inclusion mixtures provide perfect matches for the diamond trace-element patterns. The approximately two orders of magnitude higher concentrations of the pure inclusion mixtures relative to the diamond analyses indicate the approximate dilution factor. Carbonatitic inclusion mixtures fail to match the diamond patterns.
	Figure 3.1. Pie charts illustrating the distribution of Panda micro-diamond physical characteristics (n=121).
	Figure 3.2. Cathodoluminescence images of PMi119 (above) and PMi071 (below). Both are sectioned in a random direction. PMi119 displays concentric growth zones while PMi071 luminesces homogeneously. δ13C and N values (top and bottom numbers, respectively) from SIMS analyses are labeled. Note growth layer truncation in the bottom corner (see black arrow) of sample PMi119.
	Figure 3.3. Nitrogen concentrations determined by FTIR (NFTIR) and SIMS (NSIMS) on the same Panda micro-diamonds.
	Figure 3.4. Carbon isotopic composition of Panda micro- and macro-diamonds shown as histograms (bars) and probability density curves (black line). Probability curves are calculated using a 2σ of 0.2‰. Dark and medium colored bars in the micro-diamond histogram represent cloudy and clear samples, respectively. The light grey vertical bar represents the interquartile range (values between the first and third quartile) of the macro-diamond data.
	Figure 3.5. Histograms showing the nitrogen (at. ppm) concentration and carbon isotope composition (‰ δ13C) of diamonds from Panda, Diavik and DO-27. Panda micro-diamond nitrogen data were determined by SIMS and all others were measured by FTIR. Dots denote bars that are too small to identify because of scale and black lines are probability density curves. Black lines are probability curves calculated with a 2σ of 0.2‰ for δ13C and 20% for N.
	Figure 3.6. Platelet peak area (B’, cm-2) versus the concentration of NFTIR in B centers (at. ppm) for micro-diamonds (squares) and macro-diamonds (triangles). Line represents “normal” linear relationship between these two variables (from Johnson et al., 2012).
	Figure 3.7. Nitrogen concentrations versus nitrogen aggregation states for Panda diamonds. Time averaged mantle residence temperature contours are shown for a 3.5 Ga mantle residence period (calculated after Leahy and Taylor, 1997).
	Figure 3.8. Histogram of nitrogen-based temperatures estimated for micro-diamonds (dark bars) and macro-diamonds (light bars) illustrating a significant decrease in sample density between 1130ºC and 1160ºC. Black line is a probability density curve calculated with a 2σ of 25ºC.
	Figure 3.9. Histograms of nitrogen concentrations (as determined by FTIR) for (A) cloudy micro-diamonds, (B) clear micro-diamonds and (C) clear macro-diamonds. Cloudy micro-diamonds have significantly higher average and median N than gem-quality micro- and macro-diamonds.
	Figure 3.10. Micro-diamond carbon isotope values divided into weight increments of 0.25mg from 0.5 mg to 2.0 mg.
	Figure 3.11. Box and whisker plot graphically displaying the spread (ends of dashed lines), first and third quartiles (“interquartile,” top and bottom of boxes), and medians (line through the middle of the boxes) of the low and high temperature groups (see text). N = number of samples represented by each box and whisker. Each δ13C value is treated as a single sample.
	Figure 4.1. Characteristic FTIR spectra of Type II, IaA and IaB diamonds. Type IaAB diamonds have IR spectra reflecting both A and B cetners with heights proportional to the varying proportions of those nitrogen defects.
	Figure 4.2. Histograms from a worldwide database of nitrogen contents (at. ppm) and %B of peridotitic (top) and eclogitic (bottom) diamonds. Locations with significant numbers of samples are labeled on the diagram.
	Figure 4.3. Total nitrogen (at. ppm) versus 13C values. Symbols are based on either (A) diamond Type (proxy for degree of aggregation) or (B) paragenesis. 
	Figure 4.4. Plot of NB (at. ppm) and platelet peak area (cm-2). The solid black line defines a “regular” trend where NB and platelet peak (B’) area have a linear correlation related by the equation B’ = 0.61NB. This line may be extrapolated past 550 at. ppm (dashed portion) but with reduced confidence as the number of samples beyond this point is very small. The samples plotted here are assumed to be free of cuboid growth sectors (see text for filtering procedure). Pure type IaB samples were also excluded.
	Figure 4.5. Hydrogen related peak (3107 cm-1) area versus NB illustrating the relationship between maximum H peak area and NB concentrations. These plots exclude samples with negligible B-center nitrogen (Type II and Type IaA). The top plot shows distribution of samples based on location of origin and the bottom plot shows distribution based on paragenesis.
	Figure 4.6. Peak areas for hydrogen and platelet defects in diamond with symbols based on paragenesis.

